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Preface
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work has been carried out at the Department of Mechanical and Industrial Engineering at NTNU,
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the Research Council of Norway and owned by Alloc AS. The consortium participants besides the
already mentioned were Norske Skog Saugbrugs AS, Thor Magne Hansen og Sgnn AS, Ranheim
Paper & Board AS and Abo Akademi (Finland).
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Abstract

High pressure laminates for floor and wall coverings mainly consist of wood fibres and resins. Such
laminates are made of a high density fibre board core and several paper sheets glued to the core
to obtain a decorative, strong, and durable panel. Disposal or reuse of multi-material composite
structures is challenging because the materials might not be separable. Interest in more sustainable
products and industrial solutions have increased in the recent years, and similarly, regulations and
laws are becoming stricter, for example on formaldehyde emissions in building materials. The
present thesis aims to develop a way of producing floor and wall coverings from biocomposites
by replacing, reusing and reducing material. This is to create biocomposite flooring that is more

sustainable and lighter while maintaining critical properties of the current flooring laminates.

To address the mentioned issues, a biocomposite formulation, a core panel design and a manufac-
turing method considered to be suitable for the application were developed. Requirements for the
biocomposite core were established to design the core accordingly. Biocomposite formulations of
poly(lactic acid), different weight fractions of thermomechanical pulp fibres and an industrial side
stream from laminate production were prepared and assessed. Different sandwich structure designs
with in-plane and out-of-plane oriented cells were manufactured by 3D printing and mechanically
tested. The 3D-printed core design was developed using finite element analysis. A bimodular
material model was applied and fitted to capture the elastic/plastic behaviour of the 3D-printed

parts under bending.

Additionally, a proof of concept of biocomposite core panels with unidirectional core stiffeners
manufactured in profile extrusion was performed. Promising alternatives for the biocomposite ma-
terial, core design and manufacturing method were weighted against each other using an approach
adapted from systems engineering. Finally, a biocomposite core made of poly(lactic acid) and
30 wt.% thermomechanical pulp fibres, with an arched core design and manufactured in profile
extrusion was demonstrated and considered to be a suitable replacement for the currently used

laminate core.
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Abbreviations and Symbols

Abbreviations
AR Arched cell shape PHA
CH Circular-cored hexagonal cell shape PhD
CNF Cellulose nano fibrils PLA
CO Corrugated cell shape S
CS Circular-cored squared cell shape SEM
DMA Dynamic Mechanical Analysis SQ
DSC Differential Scanning Calorimetry T
FE-analysis Finite Element-analysis TGA
H Hexagonal cell shape TMP
HDF High Density Fibreboard TMPg
HPL High Pressure Laminate TMPm
MEX Material Extrusion TR
MFI Melt Flow Index UMAT
MOE Measures of Effectiveness X-uCT
PBAT Poly(butylene-adipate-terephtalate)

Symbols

Cell wall angle

Sandwich panel width

Load acting on face sheets under bending

Cell wall distance

Bending rigidity

Young’s modulus

Bending stress

Force

Shear modulus

Sandwich thickness

Bending deflection constant

Shear deflection constant

Cell wall length

Span length

Deflection

Indicator for materials, components, proper-

ties or material direction:
Sandwich core
Face sheets
Compressive property
Tensile property

Poly(hydroxyalkanoate)
Philosophiae Doctor
Poly(lactic acid)

Industrial side stream
Scanning Electron Microscopy
Squared cell shape

Triangular cell shape
Thermogravimetric Analysis
Thermomechanical pulp

TMP fibre granulate

Milled TMP fibres

Trapezoid cell shape

User Material Subroutine
X-ray micro-computed tomography

a Cell pillar thickness P

b Distance between face sheet mid planes m

C Cell radius R

d Face sheet thickness s

D Cell wall thickness t

FE; Poisson’s ratio Vi

fi Yield stress o

F Yield strain £;

Gij Normal stress along the x-, y-, z-axis O,z

h Normal strain along the x-, y-, z-axis Eay,z
K, Normal shear stress Tay,yz 2z
K, Normal shear strain Voy,yz, 2w
l Relative density Prel,i

L Extensional stiffness matrix Aij

A

2%

¢ (° raster orientation 1

s 90° raster orientation 5

c Out-of plane direction 3

T
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1 Introduction

The present thesis is part of the ALLOC innovation project for the industrial sector owned by
Alloc As (Lygndal, Norway). The PhD work aims to develop a core for light-weight decorative
laminates with a greener profile and cost-effective processes by making use of bio-based materials.
Hence, thermomechanical pulp (TMP) fibres from the pulp and paper industry and a side stream
(S) from the flooring industry were assessed as reinforcement and filler, respectively. Additionally,
biocomposites were developed with the intention to be used for prototyping laminate cores in 3D

printing.

In the following subsections the context and motivation of the present thesis and its scope inside
the ALLOC innovation project is described. The current state of the art of decorative laminates
for floor and wall coverings and the use of cellular sandwich panels in this sector is provided.
Additionally, a brief overview on thermoplastic biocomposites with lignocellulosic reinforcements
for 3D printing applications and current numerical modelling approaches for predicting mechanical

properties of biocomposite structures fabricated by 3D-printing are given.

1.1 Context and motivation

Nowadays plastics are ubiquitous because they offer many benefits concerning manufacturing and
usage. Plastics in general are lightweight, stable, durable, versatile, and offer a high degree of
design freedom. In 2019, 368 million tons of plastic were produced globally. 50.7 million tons of
the plastic were demanded in Europe and 20.4% of this in the building and construction industry
[1]. The building and construction industry is accordingly the second-biggest end-marked user of
plastics after the packaging industry. After the product-life-time plastic waste is either collected
and used for energy recovery, recycled, stored in landfills or enters the environment. Indeed, the
amount of recycled plastics increased in the last few years but in 2018, 25% of collected plastic waste
was still stored in landfills [1] and uncertain amounts entered the environment. Therefore, new
and innovative manufacturing methods and materials are required for durable products fabricated

in large quantities with limited prospects for disposal.

In the construction sector, plastics are used for pipes, window frames, furniture, doors, floor
and wall coverings, such as laminates, and much more [2]. Decorative laminates must meet high
everyday requirements and must have high durability. Particularly important are the scratch and

impact resistance, bending stiffness, thermal insulation capacity and acoustic properties [3].

Laminates essentially consist of a composition of wood fibres and resin, paper sheets and a dec-
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orative top layer. A typical build up of a high pressure laminate (HPL) is shown in Section 1.2.1
(Figure 1). The number of paper sheets, type of resin and grade and type of wood fibres can vary

according to the desired properties of the laminate [4].

Such multi-layer laminate structures made of several different materials make recycling difficult as
the materials are not separable. Interest in more sustainable products and industrial solutions has
increased in the recent years, and similarly, regulations and laws are becoming stricter, for example
on formaldehyde emissions in building materials [5]. Another important concern of environmental
impact is the emission of greenhouse gases, like carbon dioxide. For example, during the on-
site construction process the carbon emission is mostly contributed by fuel consumption in the
transport of heavy materials or products. The impact on the environment is influenced by several
factors and is a shared responsibility. However, the selection of material and construction systems
is an important challenge for designers, engineers and architects, to continuously make products

and processes more environmentally friendly [1].

Resin-based products are mostly recycled by grinding them to a powder and reusing it in small
amounts as fillers in new products. However, due to the energy required and the low proportion
of filler in the end-product, this recycling process offers no economic or ecological benefits [6]. In
contrast, thermoplastic waste of known origin and composition is much more worthwhile to recycle
by its producer or specialised reprocessing companies because it is re-shapeable upon heating
[6, 7]. Recycling management of the containing wood fibres is equally important and there are
already successful strategies, like adding recycled paper flakes [8] or waste panel chips [9] to new

manufactured fibre boards.

As mentioned above, the goal is not only to manufacture HPL from more environmentally friendly
material, but also to use less material and end up with a lighter end-product. To achieve this,
hollowed or porous structures can be a useful approach. Many lightweight structures are inspired
by nature and especially the honeycomb structure is widely used because it offers maximum cell
space with minimal use of material. The structure has evolved into many different cell shapes
to meet specific requirements for certain applications, for example squared, triangular or circular

shapes [10].

To manufacture thermoplastic structures, plates or profiles, common methods are for example 3D
printing, injection moulding, compression moulding or extrusion. 3D printing is particularly suit-
able for prototyping, since it allows a high degree of design freedom and flexibility. In comparison
to extrusion or injection moulding, 3D printing does not need any dies or customised tools. The

major disadvantage of 3D printing compared to the other two mentioned methods is the relatively
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time-consuming printing process and the decreased quality in terms of mechanical, haptic, and

optical properties, caused by the layer-by-layer build-up [10].

1.2 State of the art

1.2.1 Laminate flooring

Flooring laminates are mainly composed of wood fibres and different types of resins to bind the
fibres and glue the different layers together. In Figure 1, the layered structure of a typical HPL
is shown. A high density fibre board (HDF) is the core of the laminate. The HDF core is placed
in between layers of phenol formaldehyde-impregnated kraft paper. On top is a décor paper. The
décor paper is printed with a decorative look, mostly wood or stone looks. It usually contains
CaCOg particles that provide whiteness, and smoothness and reduce the cost of the paper [11].
The décor paper is covered by an overlay. This is a melamine-based wear layer which is visually
and haptic appealing and highly resistant to scratches and stains. The overlay contains ceramic

particles (e.g., Al;O3) to provide mechanical surface protection [11, 12].

1. Overlay
2. Décor paper

3. Kraft paper

4. HDF core

5. Counterbalance paper
6. Rubber mat

Figure 1: Schematic view of a HPL and its multi-material structure.

In the manufacturing process, the various layers are pressed at relatively high temperature and
pressure (e.g., 110-150 °C and 75 kg/cm?2) to form a strong and durable HPL. The pressing process
ensures wear resistance and secures a good appearance and topography that should be pleasant to
look and feel for the end-users [11]. Afterwards, the laminate is cut to the correct size and sent to
a profiling section. The HDF core of the laminate is profiled by sawing. Each of this steps yields

a side stream. In the case of BerryAlloc® HPLs, an aluminium lock is attached through sheet
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roll forming. The profiled edges and the aluminium lock ensure easy assembling and a tight and
secure fit of the mounted panels [13]. The HDF and HPL production process is shown a simplified
form in Figure 2. In the following, a laminate made of overlay, decorative paper and several kraft

papers, which was produced by pressing, is referred to as the décor layer.

Refined Drying Addi.ng at formin: ‘
wood fibres resin ﬁ

HDF
Cutting & Cooling & Hot- Pre-
profiling sizing pressing pressing
I
Hot- Attaching
) e S
pressing décor layer

Figure 2: Flowchart of a HDF and HPL production process.

Current trends in laminate flooring point towards low or no formaldehyde emissions and high
water resistance. A study on consumer preferences for wooden and laminate flooring, conducted
in Sweden in 2008, suggested enhanced marketing of environmental attributes [14]. Besides, cost
and look were pointed out as the most important aspects for the customers [14]. To replace resins
or petroleum-based thermoplastic polymers, one of the most used bioplastics is poly(lactic acid)
(PLA). This is because PLA can be mass-produced from agricultural sources, is applicable to a
wide range of industries and products, and might be considered as an alternative to polypropylene
or polyethylene [15]. Most of the PLA-based products in the construction industry are related to
flooring. PLA involves fewer toxic substances during processing than other greatly used polymers
for flooring (e.g. PVC). Ideally, PLA products can be disposed without causing adverse effects to

the environment at the end of life [16].

The construction industry is one of the largest consumers of biocomposites world wide [17]. A
composite can be defined as a material composed of two or more components having distinct
morphology and chemistry, and giving synergetic effects. Additionally, the term biocomposite
also refers to materials having at least one bio-component. Here, a component is considered a
bio-component if it is obtained from natural resources and/or is considered to be biodegradable
(e.g., biopolymer, lignocellulosic pulp fibres, lignin or cellulose nano-fibrils (CNFs)) [18]. Terrace

flooring is the most important sales market for thermoplastic biocomposites [19].
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1.2.2 Sandwich structures

Sandwich structures generally are composite structures which consist of two thin, dense, and
strong face sheets and a thick, lightweight core. One well-known lightweight core design consist of
periodic hexagonal honeycomb cells. It is inspired by the honeycombs found in nature. Honeycomb
structure panels find their application in the automotive and aerospace industry, the construction
and building industry and sports and leisure equipment. Honeycombs are closed-cell pores, often

formed from thin sheets of material that are attached to each other [20].

The first patent for manufacturing a honeycomb core from kraft paper was issued in 1905 in
Germany by Budwig. In 1919 sandwich panels with a honeycomb core made from balsa wood
were used on the pontoons of seaplanes. From the late 1930s kraft paper honeycomb sandwich
panels were also manufactured for the use in furniture. The first aluminium sandwich panels were
produced around 1945, driven by the development of sufficient adhesives for the attachment of core

and face sheets [20]. A typical honeycomb sandwich panel construction is shown in Figure 3.

Facesheet

Adhesive layer

Figure 3: Illustration of a honeycomb sandwich panel.

The major reason for using honeycomb structures is to save weight and material. Hexagonal
cellular structures provide a maximum cell space, by using a minimum amount of material [21].

Other reasons are to maintain smooth skin surfaces under load [20].

A cellular sandwich panel can be stronger and stiffer than a solid panel having a similar weight.
However, sandwich panel constructions are often more costly than a solid panel of the same ma-
terial. Honeycomb cores are worthwhile to consider whenever lightweight is a design criterion and

when the skin sheets have a buckling problem [20].

Besides a hexagonal cell shape several other configurations, such as triangular, squared, or circular,
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can be found in sandwich panels. For example the triangular cell structure is known for higher
in-plane strength and stiffness compared to the hexagonal or squared cells [21]. Not only the
cell shape influences the core plate properties, but also the cell size and the thickness of the cell
walls. These attributes are often referred to as the relative density of a honeycomb core panel [22].
Relative density is the ratio of the density of a structured or porous material and the corresponding
solid material density. It can be calculated considering geometric unit cells. The area of the struts
is then divided by the full cell area. Examples of typical unit cells and the corresponding equations

to calculate their relative density are provided in Figure 4 [21].

Hexagonal (H) Triangular (T) Squared (SQ)
2 (2V3l—t) *t QL—t)*t
=1-—r vt~ ot I Cldi2 Al
PrelH ’ (H%t)z PrelT 2 Prels B
I g 3 > 1
A ——
=
[ =
=
Circular-cored Circular-cored
hexagonal (CH) squared (CS)
2v/3nR? nR?
Prelch =1— 5 Z Pretcs =1— e

1

Figure 4: Relative density of different unit cell configurations for in- plane-oriented cellular struc-
tures.

Honeycomb cells in sandwich core panels are usually in-plane-orientated [23]. If these cores are
rotated 90°about their horizontal axis, they become prismatic out-of-plane-orientated structures.
Such structures are often called corrugated structures or longitudinal core stiffeners. A few ex-

amples of longitudinal core stiffener unit cells are shown in Figure 5.

A huge variety of cell configurations can be found in the literature [21, 24]. The here presented

cell configurations are a limited selection of the most common and basic ones.
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Arched (AR) Corrugated (CO) Trapezoid (TR)
- mr? -1 sin(a) « L - (cos(a) + d) _2s 4 t(h—2s)
Praae =1 =g v R e T T T D+ Pretr = R (sin(a) - (2d + cos(a) - ) + )

t
tan((180° — a)/2)

Figure 5: Relative density of different unit cell configurations for longitudinal core stiffeners.

The resistance to bending loads of cellular cores increases with increasing relative density provided
that the skins are not changed. Additionally, the differences in load-bearing capacity of different
cellular configurations get less with increasing relative density. Thus, different cell configurations
might be beneficial for different relative densities [25]. Comparing panels having hexagonal and
circular-cored cells, the ones consisting of hexagonal cells resist higher bending-loads when having a
lower relative density (0.1), while the panels consisting of circular-cored cells resist higher bending-
loads when having a higher relative density (0.6) [25]. Some typical sandwich constructions with
different core types and materials are compared on their relative bending strength and rigidity
in Table 1. All sandwich configurations are 2.5 mm thick and have the same density (7 g/cm?).
Compared to the honeycomb panel, the foam shows greater deflection and has a lower load-bearing

capacity. The stringer and extrusion panel type have thin skins which tend to buckle [20].

Core design Designation Relative strength Relative rigidity

o Honeycomb sandwich 100% 100%
_ Foam sandwich 26% 63%
— Structural extrusion 62% 99%

; ;r J J - ;r Sheet stringer 64% 86%
- Plywood 3% 17%

Table 1: Relative bending strength and rigidity of different sandwich panel types in relation to a
typical honeycomb sandwich. Modified and reproduced from [20].

The traditional ways of manufacturing hexagonal sandwich structures from sheet metal, kraft pa-
per or fibre reinforced composites are the expansion or the corrugation process in combination

with adhesive bonding, resistance welding, brazing, diffusion bonding or thermal fusion [23]. Ther-
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moplastic hexagonal cell cores can be produced in several ways, including injection moulding or

bonding extruded tubes to each other [26].

The expansion process (Figure 6a) is applicable for metallic and non-metallic materials. Glue lines
are placed on a sheet material which is then stacked up to a certain height. The stacked block
is expanded whereby the sheets are attached to each other through adhesive lines and form a
hexagonal cell shape. The corrugation method (Figure 6b) is mainly applicable to metallic cores.
In this process the sheets are corrugated through rolls and then stacked up into a hexagonal block.
Here, thicker adhesive as in the expansion process is needed because no high-pressure loads can be
applied to the corrugated sheet block. The corrugation method is further more time-consuming

than the expansion method and thus more costly (Figure 6) [23].

a)

Expansion process:

Cutting

. Pressure .
Adhesive E
@ [l @ Xpansion

o
b)

Corrugation process:

v

Adhesive Stacking & Cutting

Corrugation @
r\f\: SN
{é} NN
SN
NN
Figure 6: Schematic visualisation of manufacturing hexagonal cores. a) Expansion process and b)
corrugation process.

>
»

Thermoplastic honeycomb cores can also be produced by the expansion or corrugation process
in combination with heat fusion [23]. An innovative process was patented by EconCore N.V. in
Leuven, Belgium [27, 28]. It is a continuous production process for thermoplastic hexagonal cores.
A flat thermoplastic film is extruded, shaped to corrugated sheets via thermoforming and finally

folded to honeycombs. The skin sheets are attached in-line.

In designing sandwich panels, it is assumed that the bending loads are taken by the face sheets and
the shear loads by the core. It is further assumed that the facing stresses are evenly distributed

and the core bending modulus is equal to zero.
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A simple approach to estimate the bending stresses, rigidity, and deflection of cellular sandwich

panels having two equal face sheets is presented in Figure 7 [29].

. | E |
ﬁi - 5” c fs
=l 8 E.= 8
. T c EE‘
H E, f
b)

Total deflection = Bending deflection + Shear deflection

Figure 7: Illustration of a sandwich panel subjected to bending loads with the approximate bending
stress distribution (a), rigidity and deflection (b) of cellular sandwich cores.

The bending stress for the upper and lower face sheet can be calculated by [29)]:

fs = (1)

¢
sb
The bending rigidity of sandwich panels with facings of the same material and thickness is calcu-

lated by [29]:

E,s.h?

= —_— 2

2(1-v2) 2)
In Equation 2 E is the elastic modulus of the face sheet material and v, is the Poission’s ratio of
the face sheet material. The maximum bending deflection can be described by the sum of bending
deflection and shear deflection [29]:

FL? PL

Amam = Kb? + Ks dGC (3)

In Equation 3 K, and K are a bending deflection and shear deflection constant. Both depend
on the boundary and loading conditions of the panel and can be found in [29]. G, is the shear

modulus of the sandwich core.

Concluding, the main reason to work with cellular sandwich panels as a structural material is their
high stiffness-to-weight and strength-to-weight ratio. Other reasons to use honeycomb sandwich
materials are, if very smooth surface appearance is desired, for energy absorbing reasons, for air

directionalisation, thermal or acoustic insulation and in some cases also for economic reasons [30].
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1.2.3 Biocomposites with lignocellulosic reinforcements for 3D printing

In the following biocomposites are defined as having a bioplastic matrix and lignocellulosic re-
inforcements. Bioplastics are considered thermoplastic polymers that are derived from biomass
and/or biodegradable e.g., poly(lactic acid) (PLA), bio-polyethylene (BioPE), poly (hydroxyalkanoates)
(PHA), and poly(butylene-adipate-terephthalate) (PBAT) [31, 32]. Further, a strong focus is

placed on lignocellulosic wood fibres, especially thermomechanical pulp (TMP) fibres.

The exploitation of the full potential of lignocellulosic fibres as reinforcement of bioplastics de-
pends on uniform fibre distribution and sufficient stress transfer between fibres and matrix. These
aspects are addressed by modification of the fibre surface, modification of the matrix and devel-
opment of adequate processing methods. The strength of a biocomposite will always be limited
by its weakest point. Hence, care must be taken not to weaken or damage the reinforcing fibres
and fibre-matrix-interface, as may be the case during thermoplastic processing, such as e.g., com-
pounding, extruding, and pelleting [33]. Since lignocellulosic fibres have a higher aspect ratio than
lignocellulosic particles, these fibres have been extensively studied for their utility as biocompos-
ite components [34-36]. Such fibres are well implemented as a reinforcement for bioplastics and
contribute some beneficial properties, such as e.g., higher stiffness, strength increment, weight re-
duction, cost reduction, and increased sustainability [37-39]. Besides thermomechanical pulping,
pulp fibres can be obtained by chemi-thermomechanical pulping or chemical pulping. Depending
on the pulping process, the pulp fibres differ greatly with respect to the fibre morphology and

chemistry, as seen in Figure 8 [18].

L~ Q ‘ // 7’
G
N

>

.

&

E 10ym E 10 pm H 10 pm

Figure 8: Transversal (upper panel) and longitudinal (lower panel) scanning electron microscopy
(SEM) images of lignocellulosic pulp fibres. A and D thermo-mechanical pulp fibres. B and E
chemi-thermomechanical pulp fibres. C and F chemical pulp fibres. Reproduced with permission
from Jhon Wiley and Sons [40], license number: 5500650538727. Copyright (2009) John Wiley &
Sons, Inc.
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TMP fibres are shorter, stiffer, have a lower aspect ratio and contain more lignin compared to
chemical pulp fibres [41]. Peltola et al. [41] demonstrated that TMP fibres can offer a greater
reinforcing potential for PLA than chemical pulp, due to lignin on the TMP fibres surface that

might act as a compatibiliser.

In biocomposite processing one major challenge is to avoid agglomeration, caused by e.g., fibre-
fibre interaction, fibre entanglement and the non-compatibility between hydrophilic fibres and
hydrophobic matrices [42]. The compounding temperature, speed, mixing elements, repetitions
of compounding and the pre-treatment of the raw materials can be varied to achieve a given
biocomposite quality [18]. Lignocellulosic fibres start degrading above 200°C [43] which limits the
processability of lignocellulosic fibre-reinforced biocomposites [33, 44, 45]. In general, the fibres
orient according to the flow direction when e.g., extruding or injection moulding. The melt flow
can be influenced by temperature, speed and mould geometry [46]. This is common for various

processing techniques.

To process biocomposites additive manufacturing, or 3D printing is a method for creating a physical
object by layering material. It is widely used for customised production, and prototyping and when
it comes to complex geometry build-ups. There exist several 3D-printing techniques that apply to

polymers, composites, metals, ceramics, gels, etc. [47, 48].

Material extrusion (MEX) [49] is one out of many 3D printing techniques which is mainly used to
process thermoplastic polymers and composites. MEX is probably the most affordable and most
used 3D printing technique. In MEX a polymer-based material in the form of granulates or in the
shape of a filament is heated to a semi-liquid phase and layer-wise deposited along a pre-defined

extrusion path [48]. Figure 9 illustrates MEX 3D printing using filaments.

a) -~ b)
Filament
Chamber

Extrusion
unit

>
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. g ¢

Heating element
Nozzle

3D printed part

Heated printbed —————— 1

Figure 9: Schematic illustration of a) MEX 3D printing process and microscopy images with a 70x
magnification of a fracture surface of a 3D-printed biocomposite part and b) different 3D printing
build orientations.
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The physical characteristics of MEX 3D-printed parts are highly dependent on feedstock material

properties and the printing parameters: [50]:

Gap size between strands: Can be negative or positive, depending on whether the strands
overlap or not.

Build orientation: Defines the direction of layer-stacking with respect to the x-, y- and z-axis
(Figure 9b).

Extrusion temperature: Temperature to which the input material is heated to turn it into a
semi-liquid phase.

Bed temperature: Temperature of the printing bed.

Infill density: The outer layers of a 3D-printed part are solid, but the inside can be filled with
differently structured patterns in different densities. Infill density is given in percent as the
ratio of material volume to part volume.

Infill pattern: Structure pattern inside the 3D-printed part, e.g., hexagonal, linear, grid, trian-
gular, etc.

Layer thickness: Height of the deposited layers along the z-axis.

Print /extrusion speed: Travel speed along the x-, y-plane while extruding the melted polymer
strand.

Raster width: The width of the extruded strands that is depending on the nozzle diameter,
extrusion speed and layer height.

Raster angle: Defines the strand orientation with respect to the x-axis of each layer (Figure 9b).

3D-printed parts generally yield poor mechanical properties compared to other polymer processing
techniques, such as extrusion or injection moulding. This is mainly attributed to porosity caused
by the layering process. Additionally, 3D-printed parts show anisotropic material behaviour, de-
pending on the raster (polymer strand) orientation [51]. The mechanical properties of a 3D-printed
part can be determined by the material properties of the filament, the void density (porosity) and
the bonding strength between the deposited polymer strands [51]. The void density and bonding
strength are influenced by the printing parameters: extrusion temperature, extrusion speed, layer

height, raster width and gap size between the strands [18, 47].

Thermoplastic biopolymers in general show viscoelastic material behaviour. Thus, the stiffness is
dependent on the strain rate. This means a thermoplastic part, exposed to higher strain rates will
show greater stiffness and strength [52]. Similar observations can be drawn when a thermoplastic
is exposed to colder temperatures [53]. Some physical and mechanical properties of biopolymers
used in 3D printing are presented in Table 2. PLA generally has a relatively low toughness,
depending on its crystallinity. Introducing wood fibres to PLA additionally reduces the toughness
by creating local defects [18, 54, 55]. To enhance the toughness of wood fibre-reinforced PLA
filaments, aliphatic polyesters such as PHA are commonly introduced to the biocomposite [56-59).

Amorphous PHA shows rubbery behaviour and commonly has a lower tensile strength and stiffness,
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but higher elongation than PLA [56]. PBAT, a biodegradable aliphatic/aromatic copolyester, was
also found to enhance the fracture toughness and processability of PLA [60-62]. It was further
stated that PBAT might not lead to a drastic loss in tensile strength and stiffness [19] and showed

to increase the melt flow index (MFI) of neat PLA [62].

Property PLA [63] PHA [64, 65] PBAT [66, 67]
Specific gravity 1.24 1.23 1.25-1.27
Glass transition 55-60 °C - -

temperature
Melting temperature 145-160 °C 140-160 °C 110-120 °C
Melt flow index 6 g/10 min 4 g/10 min 2.7-4.9 g/10 min
Tensile strength 60 MPa 15-40 MPa 12-45 MPa
Elastic modulus 3.6 GPa 1-2 GPa 0.7 GPa
Elongation at break ~6% ~30% ~600 %

Table 2: Physical and mechanical properties of selected biopolymers used in MEX 3D printing.

Fibre-reinforced filaments for 3D printing can strengthen a 3D-printed part but might also promote
void formation due to an inadequate fibre-matrix interface and rough filament surface [47]. A high-
quality biocomposite filament needs to be well compounded, and can only contain a limited amount
of fibres and a limited fibre size. Otherwise the melt viscosity will increase significantly which can
lead to nozzle blockage. In addition, the filament may become relatively brittle, the quality of
the surface finish gets worse, and the dimensional accuracy can be reduced [18, 68]. Commercial
biocomposite filaments contain up to 40 wt.% fibre loading [69]. Amorphous polymers, such as
amorphous PLA are affected by warping. Warping is the dimensional change of a solidified 3D-
printed part, due to residual stresses induced through rapid cooling. To reduce warping in 3D
printing, process parameter optimisation is essential. Warpage is also correlated with the thermal
expansion coefficient, and the difference between glass transition and heat chamber temperature
[70]. Lignocellulosic fillers have been reported to reduce warping [71]. This was attributed to
an increase in viscosity [18, 68, 72, 73]. A comprehensive review of the reinforcement ability of
lignocellulosic components in biocomposites and their 3D-printed applications is provided in the

Appendix I.

When it comes to dimensional accuracy, shrinkage is observed in the x-y-directions, while expan-
sion is observed in the z-direction (Figure 9b). Thus, build orientation has an impact on the
accuracy. It was observed that high dimensional accuracy can be achieved by setting a low layer
thickness. However, many process parameters have not yet been examined for their influence on

the part properties. The surface roughness can also be reduced by setting a low layer thickness.
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Additionally, low extrusion temperature and print speed do contribute to a smoother surface ap-
pearance [50]. Regarding the tensile strength of 3D-printed parts, the raster orientation turned
out to have a great effect. A 0° flat/or on-edge raster orientation results in the highest tensile
strength. Apart from this, a low layer thickness, high infill density, high extrusion temperature
and low extrusion speed are recommended to achieve the highest possible tensile strength [50]. The
stiffness of 3D-printed parts is also highly dependent on the raster orientation. In accordance with
laminate theory [74], a raster orientation of 0° yields a higher elastic modulus along the 0° direction
than other orientations [75]. In contrast to the so far discussed part properties, the compressive
strength can be maximised by increasing the layer thickness. In general, it can be stated that a

higher infill density contributes to resisting higher compressive loads [50].

As mentioned previously, a 3D-printed part is generally a layup of melted filament strands, which
is comparable to a composite made of lamina ply stocks. Compared to solid parts, the strength of
a 3D-printed part is reduced due to bonding defects between the strands. Under the assumption of
isotropic material behaviour of the filament material, the actual 3D-printed part can be regarded
as orthotropic [18, 76]. Orthotropic means that a material has different properties along three axes,
perpendicular to each other (1-, 2- and 3-axis). In contrast to an anisotropic material, orthotropic
materials have three planes of symmetry. Note that 1, 2, 3 refer to the local material coordinate
system and x, y, z to the global component coordinate system. Omne approach to characterise
the elastic properties of 3D-printed parts, is to apply laminate theory [77]. Here, for example
the modulus of elasticity is described by a weighted function of the modulus of the individual
layers printed in different raster orientations. For example, if a MEX part is printed in flat build
orientation (x-, y-plane) in a 0°/90° layup, the longitudinal elastic modulus (along the x-axis) will
be different for the 0° layers and the 90° layers [74]. Here, the raster orientation angle is always
referring to the x-axis. However, since 3D-printed parts are porous materials, the void density
p1 (1-, 2, plane) and po (2-, 3-plane) must be considered. The void densities can be calculated
under the assumption of a perfect geometric shape of the strands and by analysing cross-sectional

microscopic images of the 3D-printed part (Figure 9). For more detailed information see [75].

1.2.4 Numerical modelling of biocomposite parts fabricated in material extrusion 3D

printing

Several analytical models attempt to predict the mechanical properties of 3D-printed parts based on
the void density and classical laminate theory. These models require experimental measurements,
e.g. scanning electron microscope (SEM) images to estimate the void density, and may be restricted

to specific printing parameters [51, 77, 78].
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Numerical simulations can be used to estimate the mechanical properties of 3D-printed parts, based
on printing parameters and material properties [51, 78-80]. Finite element (FE) analysis is a tool
to simulate experiments virtually by using a numerical method. FE-analysis is widely used in e.g.,
product development to optimise designs, processes and materials. One advantage of FE-analysis
compared to experimental investigations is the potential of saving resources, such as time, costs,
material, etc. However, it is necessary to validate FE models through physical experiments to

make sure that the simulation provides sufficient results [81].

Various numerical analysis approaches for modelling 3D-printed parts can be found in the literature
[51, 78, 82, 83|, showing the high interest of many researchers in this field. An overview of some
important methods and approaches is presented in this section. The focus is placed on material
modelling for simulating quasi-static mechanical tests and is limited to elastic and perfectly plastic

material behaviour.

An isotropic and linear elastic model can be designed based on tensile tests of 3D-printed specimens
with different raster orientation angles [82]. One approach is to print tensile test specimens in flat
build orientation and different raster orientations e.g., 0°, 30°, 45°, 60° and 90°. As input data for
the model, the mean value of Young’s modulus and Poisson’s ratio of all tested raster orientations

were applied [82].

To increase the models accuracy, it might be beneficial to consider anisotropic material behaviour.
For 3D-printed parts it can be assumed that the material behaviour is similar along two of the
three axes, perpendicular to each other. Thus, the part can be considered as transversely isotropic
(or special orthotropic). The symmetry of material properties is valid for the two transverse
planes normal to the vertical axis. For example, a part, printed in flat build orientation and a
0° raster angle, is assumed as having different properties along the raster orientation (1-axis) and
the directions in which the layers are stacked (2- and 3-axis in Figure 9a). In this case five elastic
constants are needed to describe the constitutive material model. The Young’s modulus along
the vertical axis F, the Young’s modulus along the transverse axis Ey = E3, the Poisson’s ratios
V12 = 13, Vag = Vo3 and the shear modulus G132 = Ga3. The generalised Hook’s Law is written in

the following matrix for 3D modelling of transversely isotropic material:
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In Equation 4 ¢; is the strain in x-, y- or z-direction, respectively and «;; is the shear strain.
Transversely isotropic material behaviour for modelling 3D-printed parts has been used by several

researches [51, 79, 82, 83].

One method to determine all five independent elastic constants is to perform tension tests of two
specimen sets with different printing configurations [83]. The authors defined the elastic properties
to be equal in the 1- and the 2-direction. One specimen set was printed in the x-y-plane (flat build
orientation and 0°/90° raster orientation) to determine Ey = Es, 112 and Gyz. The other specimen
set was printed normal to the x-z-plane (up-right build orientation and 0° raster orientation) to
determine F3, v13 and Gy3 [83]. The elements orientated parallel to the x-y-plane were referred
to as the material data obtained from the specimens printed in flat build orientation, while the
elements orientated along the z-axis were referred to as the data obtained from the specimens

printed in up-right orientation.

Considering a 3D-printed part as construction of thin layers, plane stress can be used to model
one single material layer in a local coordinate system (1, 2, 3) [79]. The independent constants
of the stiffness matrix are then reduced to Ei, Es, v12 and G2 (compare Equation 4). The
authors performed three uni-axial tensile tests numerically. One with the 0° raster orientation to
determine E; and vy, one with a 90° raster orientation to determine Fy and a third test with
a raster orientation of 45° to determine Gpz. Considering a symmetric layup (identical lamina

thickness and raster orientation above and below the mid-plane), the elastic modulus along the

x-axis of a laminate (or 3D-printed part) can be calculated from [84]:

2
A — %
B, = ——= (5)

In Equation 5, A;; is one of the extensional stiffness matrices, containing information about the
raster orientation of each lamina and h is the lamina layer thickness. For more detailed information

regarding the calculations and laminate theory see [74] and [79].
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Another way to obtain the five elastic constants is to model the mesostructure of a 3D-printed
layer and perform mechanical tests numerically. In this approach, an isotropic material model for
the filament material can be used. This is a two-step modelling process. Firstly, one lamina was
modelled from a periodic pattern of elements, representing the mesostructure of the 3D-printed
part (Figure 10), considering isotropic material behaviour. Secondly, five elastic constants were
determined by applying different strain conditions to the 3D mesostructure model [79, 80]. The
output data from the mesostructure analysis was used for creating a transversely isotropic and

homogeneous material model [79].

Mesostructure 3D printed part 3D Element for FE-analysis
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Figure 10: Mesostructure of a 3D-printed part and representative volume element for FE-analysis.

Thermoplastic materials are known for having non-linear elastic behaviour, due to their viscoelasti-
city. Viscoelastic material shows elastic and viscous characteristics under deformation which can
be described by the storage and loss modulus [51]. Models for simulating the response of a hyper-
elastic material, such as semi-crystalline thermoplastic polymers are for example, the Yeoh model,
Ogden model or Marlow model. The Marlow model is calculated based on experimental uni-axial
tensile test data. Thus, no curve fitting needs to be done by the user. The Marlow model was
shown to not only give good results for uni-axial load cases but also for more complex ones such as
for example 3-point bending on injection moulded parts [85]. An overview and comparative study

of these models is presented in [85].

Additionally, 3D-printed parts were shown to have elastic asymmetry [86, 87]. Elastic asymmetry
means, that there is a difference between the elastic behaviour of a material when it is exposed to

tensile or compressive loads. It was observed that on specimens printed in flat build-orientation
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with a +45° raster orientation, the Young’s modulus was about 37% higher in tension than in
compression. This was assumed to be related to voids, caused by the layer-by-layer construction.
The voids get reduced under compression, which changes the load capacity of the material and may
lead to softer material behaviour than observed under tensile loads [86]. To model such a material,
a bimodular elasticity model can be applied [86]. For numerical modelling of isotropic bimodular
elasticity, three elastic constants were needed: The elastic modulus in tension, the elastic modulus
in compression and the Poisson’s ratio. The compliance matrix in Equation 4 is then written with
E, = Fy = E3, 119 = 113 = 193 and G2 = G135 = Ga3 for an isotropic material. Depending on
the sign (negative or positive) of the hydrostatic strain, the compressive, or tensile elastic modulus
was applied [87]:
fore; >0, E=Ep, c=0p, v=up

(6)

fore; <0; E=FE¢, 0o =0¢c, V=1¢

The presented modelling methods are only valid for specific process parameters. The part prop-
erties may change drastically with other raster orientations or void densities. The influence of the

printing parameters is still partially uncertain and difficult to capture.

1.3 Problem statement

As mentioned above, a HPL is a structure composed of several different materials. Reusing com-
posite materials is generally not a straightforward process because the composed materials need
to be separated to be fed back into a product life cycle. In the HDF core of the HPL, phenol
formaldehyde resin is used to bind its components together, separation of materials after the HPL
life-time is not possible. Phenol formaldehyde resins undergo a non-reversible curing process which
limits the options for the materials to be reused [6, 88]. Furthermore, formaldehyde may be emit-
ted from the panel and might be hazardous at higher concentrations [89]. Today, formaldehyde
emission of dry wood based panels (inculdung HDF) should be limited to under 8 mg/100g (EN
13986, class E1). A life-cycle-analysis on wooden floor coverings from Nebel et al. [90] showed that
mainly energy consumption and the use of solvents have a great impact on the environment and

that these topics offer the potential for improvement.

1.3.1 Problem description

The overall problem, addressed by the present thesis, is to replace, reduce and reuse materials
that are used for producing a core for a HPL, while maintaining some properties of the HDF

core currently being produced. There are three major approaches for contributing to the problem
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solution:

1. Replacing resin with non-toxic thermoplastic material.
2. Reducing the amount and the number of differed raw materials involved.

3. Reusing material side streams.

To solve the problem of replacing, reducing and reusing materials used to produce HPL and to
apply alternative solution approaches, knowledge, and technologies must be developed, transferred
and adapted from other industries or applications. The success of the approaches can be measured
based on the properties of the current HPL. Additionally, involving new materials and modifying
the design of the core plate requires modifications of the nowadays production process. The problem

statement is visualised in Figure 11.
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Figure 11: Problem statement of the ”ALLOC PhD project”.

1.3.2 System boundaries

Projects are based on requirements that can change during solution finding, and new requirements
can be developed while others are discarded. To evaluate requirements frequently, an understanding
of the interaction between the sources of requirements and their environment should be gained [91].
A visualisation of the contextual environment of the ALLOC project is shown in Figure 12. This
thesis is limited to the "ALLOC PhD project” and is dependent on data and information about

production and accessible material from the organisational environment as well as from the external

19



C. Zarna 1 Introduction

environment. The organisational environment provides general standards and specifications which
can be regarded as baseline requirements for the new biocomposite core. Further, the fibre material
selection is limited to TMP fibres, and the manufacturing process is required to be as efficient
as possible. In this context efficient means time and cost-efficient and integrable into the HPL
manufacturing process. When looking at the production process of HPL (Figure 2), the HDF core
is affected by ” Attaching décor layer” and ”Cutting and profiling”. The ”ALLOC PhD project”

is limited to the processing steps directly affecting the HDF core.

4 External environment \
/ Organisational environment )
Natural Data & Information
resources about HPL product
and manufacturing ( PhD project environment )
Environmental
AWAITICSS Standards & - Research on biocomposite material
Specifications and processing techniques > Biocomposite
Competing - Define requirements material
products Possibilities & boundaries - Characterisation of biocomposites
with regards to - Prototyping/testing of 3D printed => Core design
Regulations materials and processes COres
- Prototyping/testing of production
el =9 Manufacturing
Standards TMP fibres & I o in EPL ¢ .
Efficiency - Integration manufacturing

N \ S Z

Figure 12: Visualisation of context for the ALLOC project.

The boundary conditions given through the organisational environment are presented in more
detail in Table 3. They also serve as general requirements for the biocomposite core developed in
the ”ALLOC PhD project”. The actions to fulfil the research objectives, discussed in the following

section, are based on the here presented requirements.

20



1 Introduction C. Zarna

Source Characteristic Requirement
) Strength > 50 MPa
Bending (EN 310)
Adapted from specification Stiffness > 4500 MPa
Core thickness 8 mm
Relative density 50 % of current HDF
. Cell size < ?10 mm
Compression
Strength > 13 MPa (EN
Additional requirements 12369)
3D printing
Producibility Injection moulding

Extrusion

Table 3: General characteristics and requirements of the biocomposite core.

1.3.3 Research objectives and expected results

To evaluate the success of fulfilling objectives, Measures of Effectiveness (MOE) serve as a meas-
urement or standard [92]. MOEs are specific properties that must be present in any potential
solution to consider the solution a success. They are independent of any solution and should be
able to be quantified [92, 93]. In the case of the ”ALLOC PhD project”, the major request is placed
by the organisational environment, but also by standards and regulations from the external envir-
onment. Critical operational issues refer to the properties the system must have to function [92].
The critical operational issues are pointed out in Figure 13, such as finding a suitable biocomposite
material and core design, and assessing its producibility. Solving these three issues is the expected
result of the described project. Actions to address the research objectives are mentioned in the
grey boxes in Figure 13. MOEs can be drafted out of the objectives and requirements (Table 4).

Drafting, evaluating, applying, and revising or adding of MOEs is meant to be a circular process.
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Figure 13: Critical operational issues to be solved in order to fulfil the research objectives.

The ”values to achieve” in Table 4 are based on the current HDF panel characteristics and its
manufacturing process. In addition, the number of research articles is a measurement of the

research contribution.

Objective Measure Values to achieve
Suitable biocomposite Workable Below 200 °C
material Mechanical properties As stated in Table 3
Producibility < 40 sec per panel
Suitable core design Relative density of the panel 50 % of HDF
Mechanical properties As stated in Table 3
Suitable manufacturing Efficiency < 40 sec per panel
process
Publications Number of written articles >3

Table 4: MOEs for the presented research objectives.
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2 Research methodology

In the following the overall research method to procure the expected results outlined in Section
1.3 is presented. The materials, processes and methods used in this study are described to provide
a concise overview of the research work. The cell shapes used to design the different core panels
are shown in Figure 4 and Figure 5. In Figure 14 a comprehensive overview of the conducted
work inside the ”ALLOC PhD project” is shown. The research objectives of finding a suitable
”biocomposite material”, ”cellular structure” and ”manufacturing method” are split into several
work packages that might interact with each other. Finally, these packages were evaluated based

on the requirements in Table 3 that led to their rejection or acceptance.
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Figure 14: Flowchart to illustrate the applied research strategy.

2.1 Materials

The raw materials used in this study are presented in Table 5 . PLA is used as the matrix material
of all biocomposites prepared and used in this study. PHA or PBAT are added as plasticisers
to increase the toughness of the biocomposite and make it 3D-printable. PLA was chosen be-
cause of its comparatively high tensile strength and stiffness and moderate processing temperature
between 150 °C and 200 °C (Table 2). A blend of PLA and PHA is used in commercial wood
fibre-filled filaments, such as woodFill® from colorFab BV (Belfeld, The Netherlands). However,
the tensile strength of PHA is considerably lower than those of PLA and thus the resulting biocom-

posite exhibits comparatively low tensile strength as well [56]. Therefore, PBAT was chosen to be
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investigated as an alternative plasticiser for wood fibre-filled filaments for 3D printing.

TMP fibres are greatly available in Norway. Considering sustainability aspects, such as energy
and chemical consumption, transportation and cost-efficiency, TMP fibres are most favourable.
Additionally, TMP fibres might have the potential to act as reinforcement in PLA without using
any compatibilisers. This has been suspected to be due to the presence of lignin on the TMP fibres
surface [41]. The side stream (S) was collected from the production plant at Alloc AS (Lyngdal,

Norway). A chemical characterisation of this side stream can be found in [11].

Component Raw material Source Publications

NatureWorks (Minnetonka,

PLA Ingeo 4043D USA) IL I, V
Matrix GoodFellow Cambridge Limited
I oodFellow Cambridge Limite
PHA granulate (Huntigdon, United Kingdom) I
PBAT ecoflex® B-Plast2000 (Aurich, Germany) 111
Spruce TMP fibre Norske Skog Saugbrugs I IIL V
Fibres granulate (TMPg) (Halden, Norway) P
Spruce TMP fibre milled  \O3ke Skog Saugbrugs (Halden,
(TMPm) Norway); Milled with Thomas IIT
Wiley Mini-Mill, 30 mesh.
. e Sawing section Alloc AS
Filler Industrial side stream (S) (Lyngdal, Norway) 1I
3D printing PLA/PHA + recycled colorFabb BV (Belfeld, The V.V
filament pine fibre woodFill® Netherlands). ’

Table 5: Materials used in the present thesis.

2.2 Biocomposite core panel design

The biocomposite core, proposed in this thesis, is a sandwich structure consisting of a cellular core
and two face sheets. In total eight different cellular core designs (Figure 4 and Figure 5) were
manufactured, tested and evaluated. The design was based on the requirements given in Table 3.
An overall core thickness of 8 mm, a relative density of 50 % and a maximum inner cell diameter
of 10 mm to prevent imprints from point loads were required to be maintained. For calculating
the relative density of the biocomposite core, the equations from Figure 4 and Figure 5 were used.
However, since the biocomposite core panel is not only a cellular core but a sandwich structure

the solid face sheets had to be taken into account:

h
h—2s

Prel,c = 1- (1 - prel) (7)
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To design the cellular sandwich core towards an overall biocomposite core relative density p,¢;, the
relative density of the cellular sandwich core pye; . = 0.5 had to be reduced to compensate for the

solid face sheets. Considered examples are shown in Table 6.

Parameter Face sheet thickness s [mm]
0.5 mm 1 mm 1.5 mm 2 mm
Targeted relative density pre; 0.50 0.50 0.50 0.50

Core fraction with saving 0.88 0.75 0.63 0.50
potential ==

Relative density cellular core
Prel,c

0.43 0.33 0.20 0.00

Table 6: Considerations on the skin thickness for the biocomposite core.

Generally, thicker face sheets would increase the bending strength and stiffness of a sandwich
structure (Equations 1 and 2). Therefore, thicker face sheets were considered favourable for the
biocomposite core. However, when the face sheets are 2 mm thick, the cellular sandwich core would
need to have a relative density of zero to achieve the goal of an overall biocomposite core density
of 0.5. This means that the face sheet thickness had to be less than 2 mm. A face sheet thickness
of 1.5 mm would result in quite large cell diameters (greater than 10 mm), especially for the CS
configuration. When choosing a skin thickness of 1 mm, the cell diameters of the configurations H,
S, T and CH were around 10 mm (Appendix IV). Based on that a skin thickness of 1 mm and a
core thickness of 6 mm were applied to all biocomposite sandwich panel configurations. The exact

dimensions of the cells can be found in Appendix IV and V.

2.3 Biocomposite processing methods

Generally, four biocomposite processing methods were used (Table 7). MEX 3D printing was used
for prototyping and 3-point bend testing of core designs and for producing test specimens used
for mechanical characterisation of the 3D printing materials (Appendices III and IV). Specimens
for tensile and compression testing were printed in the same way as the ones for 3-point bend
testing with the parameters shown in Figure 15d. The 3-point bending specimen size was (42
x 6 x 8) mm (width x depth x height). Batch compounding was used for the preparation and
characterisation of different biocomposite formulations that were later used in 3D printing and for
preparing injection moulded tensile test specimens (Appendix II). Filament extrusion was used for
preparing biocomposite filaments for 3D printing (Appendix IIT) and profile extrusion was used to

prepare core prototypes and proof the final manufacturing concept (Appendix V).
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Method Type and Manufacturer Publications

Original Prusa MK3 (Prague, Czech

3D printing Republic) I, IV, V
. Micro compounder 15HT Xplore Instruments
Batch compounding BV (Sittard, The Netherlands) L, I
. . Micro moulder Xplore Instruments BV
Injection moulding (Sittard, The Netherlands) IL, 1L, v
Filament extrusion 3devo Precision 350 filament maker (Utrecht, I
ament extrusio The Netherlands)
Profile extrusion ZSK 25 WLE Coperion (Stuttgart, Germany) A%

Table 7: Biocomposite processing methods used in the present thesis.

In Figure 15 the processing techniques for compounding, injection moulding, filament extrusion and
3D printing are shown. The presented parameters for batch compounding were found by performing
an analysis of variance of different compounding parameters on the tensile properties of injection
moulded dogbone specimens (Appendix II). In 3D printing, the commercial woodFill® filament
was extruded with an extrusion temperature of 200 °C as recommended by the manufacturer. The
filaments for 3D printing, prepared from PLA, 20 wt.% PBAT and 15 wt.% granulated or milled
TMP fibres (B+TMPg or B+TMPm), was extruded at 210 °C (Appendix III). A visual assessment

revealed that 210 °C yielded a smoother surface finish than 190°C, 200 °C or 220°C.

Batch Compounding: Filament extrusion:
Temperature: 180 °C

Screw speed: 50 RPM
Residence time: 1 min.

Temp. profile.: 170 °C -
190°C -185°C -170°C
Screw speed.: 4.5 RPM
Filament diameter: 1.7 mm

Injection moulding: d) 3D printing:
Injection temp.: 190 °C
Mould temp.: 30 °C
Injection pressure: 10 bar

Nozzle diameter: 0.6 mm
Extrusion tem.: 200/210 °C
Infill: 100 %

Bed temp. 60 °C

Layer height: 0.15 mm
Extrusion speed: 60 mm/s
Line width: 0.6 mm

Figure 15: Biocomposite processing techniques used in this thesis a) batch compounding, b) injec-
tion moulding, c) filament extrusion and d) 3D printing strategy.

Profile extrusion was done on a twin-screw extruder. PLA and TMP fibres were compounded twice
as illustrated in Figure 16. The compounding parameters were chosen based on a previous study
by Le Baillif [94]. Finally, the profile extrusion was performed at a constant temperature of 150
°C for 20 wt.% fibre loading and at 170 °C for 30 wt.% fibre loading. The parameters were found
by performing several extrusion iterations with different settings. Starting from the parameters

used in the second compounding and systematically reducing temperature and screw speed until
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a satisfying panel shape was obtained.

TMP fibre
granulate

PLA
granulate

Granulation with
Schiitte-Buffalo
Hammermill ¥

Granulation with
Schiitte-Buffalo

Hammermill 300 1/min; 150 °C (PLA20TMP) 170 °C (PLA30TMP)

vProﬁg extrusion

#

Figure 16: Profile extrusion strategy.

The extrusion tool (Figure 17) was designed after assessing the bending properties of panels hav-
ing different cellular shapes, and concluding that TR resulted in the highest bending strength
and stiffness (Appendix V). The tool design was based on other available tools for the ZSK 25
WLE Coperion extruder and consulting experts in this field. The decision-making will be further
explained in Section 4. Additionally, a circular water misting system was implemented at the tool

outlet for quick cooling and freezing of the shape of the extruded biocomposite panel.
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Figure 17: Extrusion tool design.

The biocomposite formulations prepared, characterised, and evaluated as potential material for

the biocomposite core are presented in Table 8.
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Desienation PLA PHA PBAT TMPm TMPg S Methods Publi-
g [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] cations
P20TMP10S 70 - - - 20 10 11
P+PHA 80 20 - - - -
P+PHA+TMPm 50 20 - 30 - - Batch com-
pounding,
P+PHAITMPg 50 20 - ; 30 ; injection
moulding
P+PBAT 80 - 20 - - -
IIT
P+PBAT+TMPm 50 - 20 30 - -
P+PBAT+TMPg 50 - 20 - 30 -
B+TMPm 65 - 20 15 - - Filament
extrusion,
B+TMPg 65 - 20 - 15 - 3D printing
. Profile
P20TMP 80 - - - 20 - extrusion,
P30TMP 80 - - - 30 - injection \Y%
moulding

Table 8: Biocomposite formulations prepared and characterised in the present thesis.

2.4 Characterisation and analysis

Selected material and structural characterisation methods were used to evaluate the performance
of the potential biocomposite core designs. Biocomposite materials were mechanically tested in
tension and partially in compression. The melt flow index (MFI) was measured to compare the flow
properties of the biocomposite formulations. MFI is an important measure to verify the suitability
of a biocomposite for injection moulding, 3D printing or extrusion. Scanning electron microscopy
(SEM) and X-ray micro-computed tomography (X-uCT) were used to assess the fracture sur-
faces of the mechanically tested biocomposite specimens and to analyse the fibre morphology and
distribution. To analyse the thermal stability of the prepared biocomposite formulations ther-
mogravimetirc analysis (TGA) and differential scanning calorimetry (DSC) were used. Dynamic
mechanical analysis (DMA) was used to identify the glass transition region and viscoelasticity of

selected biocomposites.

The biocomposite core panels were mechanically characterised in 3-point bending and partially in
compression. This was done to evaluate if the biocomposite core fulfils the requirements summar-
ised in Table 3. Additionally, finite element (FE) analysis was applied in order to optimise the core
design towards the given requirements. This was done using the 3D-printed woodFill® material
(Appendix IV) and extruded P20TMP (Appendix V). All materials were modelled as perfectly

plastic and no damage was included. This was because in the case of the presented biocomposite
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cores, yielding is considered as failure of the structure. Predicting elastic deformation and stiffness
were considered to be the most critical aspects for the present application. Since additional testing
would have been required to identify the yield point in thermoplastic composites and the final
formulation had yet to be found, the maximum stress was assumed to be the initial yield strength
in the FE analysis. The material models were validated on 3-point bending tests on different types
of sandwich panels. The applied characterisation and analysis techniques and the corresponding

publications are presented in Table 9.

Compression tests on 3D-printed biocomposite core specimens were not part of any publication
and are therefore described separately. The tests were done on an Instron Electropulse test system
(Nordwood, United States) with a 10 kN load cell. The specimens had a width of 41 mm, a depth
of 30 mm and height of 8 mm. The configurations CR, AR and TR were tested with 5 repetitions
each. The test speed was 1 mm/min and digital image correlation (DIC) with a system from

Correlated Solutions Europe (Kassel, Germany) was used to capture the failure mode.

Method Type and Manufacturer Publications
MTS Creterion 42 503E, 5 kN (Eden Prairie, I
United States)
Tensile testing Gabo Eplexor 150, 1.5 kN (Selb, Germany) 111
MTS Series 809, 50 kN (Eden Prairie, United
v
States)
Zwick Roell Zmart.Pro, 2.5 kN (Ulm, Germany) \%
MTS Series 809, 50 kN (Eden Prairie, United v
Compression testing States)
Instron Electropulse, 10 kN (Nordwood, United
States)
DMA Gabo Eplexor 150, 1.5 kN (Selb, Germany) I
MFI Melt Flow Index - Deluxe (Faridabad, India) II, III
TGA and DSC Netzsch Jupiter F3 (Selb, Germany) 111
SEM Hitachi SU3500 (Tokyo, Japan) 11, III
Xradia MicroXCT-400 tomograph (Concord,
X-pCT California, United States) IL, I
, . METEK CS2-225, 899 N (Beijing, China) v
3-point bending
Instron Electropulse, 10 kN (Nordwood, United
\4
States)
FE-analysis Abaqus 2017 (Vélizy-Villacoublay, Franace) v,V
P 5 .
Statistical analysis Minitab® 19.2020.1 (State College, Pennsylvania, I

United States)

Table 9: Characterisation and analysis methods used in the present thesis.
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3 Results

In this section the results of the previously mentioned studies are presented briefly. The com-
plete results and comprehensive discussions can be found in the Appendices I - V. Furthermore,
compression test results of 3D printed CO, AR and TR are presented in Section 3.6 and a list of

presentations at international conferences in Appendix VI.

3.1 I - Reinforcement ability of lignocellulosic components in biocom-

posites and their 3D printed applications - A review

Authors: Chiara Zarna, Mihaela Tanase Opedal, Andreas T. Echtermeyer, Gary Chinga-Carrasco

Journal: Composites Part C Volume 6, October 2021

Biocomposites based on lignocellulosic components (e.g. pulp fibres, nanocellulose and lignin)
are of interest as sustainable replacements for thermoplastic fossil-based materials, which find
their application in household items, construction, automotive, 3D-printing, etc. (Figure 18).
Nanocellulose, a nano-structural component of pulp fibres, is considered having potential as a
high-performance reinforcement for bioplastics, due to its high aspect ratio and potentially strong
mechanical properties. Lignin, a biodegradable polymer isolated from pulp fibres, can be considered
as an essential bioresource for the production of biocomposites, due to the aromatic structure and

functional groups.

In this review the reinforcing ability of selected lignocellulosic components and their applicability
in 3D printing is presented, considering their mechanical properties. At this point, there are
challenges in processing nanocellulose that may reduce its attractiveness as a reinforcement in
thermoplastic biocomposites. The objective of the review is to identify current challenges and

opportunities for the application of 3D-printed lignocellulosic biocomposites.

Optimisation of 3D printing process parameters are considered to be a key to further improve the
mechanical properties of the end-product. Importantly, this review revealed that greater efforts
in mechanical fatigue research may contribute to assess and improve the potential of lignocellu-
losic reinforcements for structural applications. Details and extensive discussions can be found in

Appendix L.
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Lignocellulose fibre and lignin Nanocellulose

Biopolymer  Lignocellulose

v W
M- )

Compounding 3D printing Filament

FDM printed tensile test
specimens

Figure 18: Lignocellulosic components as reinforcement for thermoplastic polymers used in 3D
printing.
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3.2 1II - Influence of compounding parameters on the tensile proper-
ties and fibre dispersion of injection moulded poly(lactic acid) and

thermomechanical pulp fibre biocomposites

Authors: Chiara Zarna, Sandra Rodriguez-Fabia, Andreas T. Echtermeyer, Gary Chinga-Carrasco

Journal: Polymers Volume 14, October 2022

TMP fibres can serve as renewable, cost-efficient and lightweight reinforcement for thermoplastic
polymers such as PLA. The reinforcing ability of TMP fibres can be reduced due to various factors,
e.g., insufficient dispersion of the fibres in the matrix material, fibre shortening under processing

and poor surface interaction between fibres and matrix.

A two-level factorial design was created and PLA together with TMP fibres and an industrial and
recyclable side stream were processed in a twin-screw micro-compounder accordingly. From the
obtained biocomposites, dogbone specimens were injection moulded. These specimens were tensile
tested, and the compounding parameters statistically evaluated. Additionally, the analysis included
melt flow index (MFI), dynamic mechanical analysis (DMA), scanning electron microscopy (SEM)
and three-dimensional X-ray micro tomography (X-pCT). The assessment provided insight into

the micro structure that could affect the mechanical performance of the biocomposites.

The temperature turned out to be the major influence factor on tensile strength and elongation,
while no significant difference was quantified for the tensile modulus. A temperature of 180 °C,
screw speed of 50 rpm, and compounding time of 1 minute turned out to be the optimal setting

(Figure 19). Details and extensive discussions can be found in Appendix II.
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3 Results
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Figure 19: Tensile properties and SEM images of fracture surfaces of biocomposite specimens of
PLA, 20 wt.% TMP fibres and 10 wt.% side stream compounded using different parameter settings.

34



3 Results C. Zarna

3.3 III - Preparation and characterisation of biocomposites containing
thermomechanical pulp fibres, poly(lactic acid) and poly(butylene-
adipate-terephthalate) or poly(hydroxyalkanoates) for 3D and 4D

printing
Authors: Chiara Zarna, Sandra Rodriguez-Fabia, Andreas T. Echtermeyer, Gary Chinga-Carrasco

Journal: Additive Manufacturing Volume 59, November 2022

Wood fibres are hygroscopic and swell when immersed in water. This effect can be used to create
shape-changing structures in 3D printing. Hence, wood fibre reinforced filaments have the potential

to be used in four-dimensional (4D) printing.

In this work, biocomposites based on granulated or milled TMP fibres and PLA were prepared
and evaluated based on their tensile properties. PHA or PBAT were included in the biocomposite
recipes to assess their effect on the MFI and tensile properties. Clear effects of the TMP fibre
morphology on MFI were quantified. Biocomposites containing 20 wt.% PBAT turned out to be
stronger and tougher than the ones containing PHA. Based on that, filaments for 3D and 4D

printing were manufactured.

Interestingly, the tensile strength of 3D printed specimens containing milled TMP (TMPm) fibres
was about 33% higher compared to those containing TMP fibre granulate (TMPg). Using hot
water as the stimulus, the 3D printed specimens containing TMPg showed a greater reactivity and
shape change compared to TMPm specimens (Figure 20). Details and extensive discussions can

be found in Appendix III.

MEX filament

. Biocomposite filament
preparation

for 3D printing

PLA + elastomer —l

—_— Compounding

Figure 20: Compounding and filament preparation of PLA, 20 wt.% PBAT and 15 wt.% TMP
fibres for 3D and 4D printing.

35



C. Zarna 3 Results

3.4 IV - Bending properties and numerical modelling of cellular panels

manufactured from wood fibre/PLA biocomposite by 3D printing

Authors: Chiara Zarna, Gary Chinga-Carrasco, Andreas T. Echtermeyer

Journal: Composite Part A Volume 165, February 2023

The major advantage of cellular structures is the saving of material, energy, cost, and weight.
Biocomposites are strong, lightweight materials and offer a high degree of design freedom. The
purpose of this study was to characterise and compare the bending properties of various cellular
structures for utilisation in panels made of a wood fibre/PLA biocomposite. Material extrusion
(MEX) 3D printing is a highly flexible manufacturing method and well-suited for prototyping.
Hence, MEX was applied to manufacture five different cell configurations that were mechanically

tested.

Additionally, numerical simulations were carried out to present a tool for optimising the structures
for future requirements. Two material modelling approaches, a hyperelastic and a linear elastic, bi-
modular model were created and validated based on 3-point bending tests. It is shown that a linear
elastic, bimodular and perfectly plastic material model can adequately capture the elastic/plastic
bending behaviour of the corresponding 3D-printed sandwich panels (Figure 21). Details and

extensive discussions can be found in Appendix IV.

3-point-bending experiment:

: s H .
-point-bending simulation:

FV1
(Avg: 75%)

[compression
tension

_ 2000 35
§ 1500 o > 9 o ’E 30 @ Physical tests
2 =25 O
2 100 5 20 + Simulation
2 § 15 (linearelastic,
g T bimodular)
£ 300 g OSimulation
5 g 3 (hyperelastic)
= 0 = 0

H sQCH Cs T H SQCH ¢S T

Figure 21: 3-point bending experiments and simulations of 3D-printed biocomposite core proto-
types.
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3.5 V - Wood fibre biocomposite sandwich panels with unidirectional
core stiffeners - 3-point bending properties and considerations on

3D printing and polymer extrusion as a manufacturing method

Authors: Chiara Zarna, Gary Chinga-Carrasco, Andreas T. Echtermeyer

Journal: Composite Structures Volume 313, March 2023

Sandwich panels with unidirectional core stiffeners are known for their relatively high bending
stiffness at low weight, stability under compressive and shear loads and energy absorption cap-
ability. In this study, 3D printing was used to screen biocomposite sandwich panels easily and
preliminarily with different unidirectional core stiffener designs. Thermomechanical pulp (TMP)

fibre-reinforced poly(lactic acid) (PLA) was used in this study.

A corrugated, trapezoid and arched cell structure were tested experimentally and numerically using
a bimodular material model, accounting for different behaviour in tension and compression. The
trapezoid structure showed the best flexural properties of the three 3D-printed sandwich beams.
It was chosen to be explored further, manufacturing it by extrusion. Extrusion is a production

process likely to be used in industry on a larger scale.

Basic material properties of the extruded sandwich were obtained from injection moulded dogbone
specimens. The flexural properties of the extruded panels were measured experimentally and
simulated using finite element analysis. Simulations were done with a hyperelastic material model.
Predictions and experiments were in adequate agreement, allowing these kinds of simulations to
be used for extruded biocomposite sandwich panels. (Figure 22). Details and extensive discussions

can be found in Appendix V.

Panels with longitudinal
core stiffeners:

Testing & modelling:

3D printing

. . . Extrusion
Biocomposite material:

PLA + Thermomechanical pulp: Trapezoid cells:

» Strong & stiff

* Extrudable

* Bending property prediction
with hyperelastic model

Figure 22: Preparation and testing of biocomposite sandwich panels with longitudinal core stiffen-
ers by 3D printing and profile extrusion.
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3.6 Compression tests

The results of compression tests on 3D-printed biocomposite core panels of the structures CO, AR
and TR are presented in Figure 23. As already presented in Figure 14, only the three core types
with unidirectional core stiffeners were chosen to be compression tested. This was because they
outperformed the cellular panels from Figure 4 in 3-point bending and might offer advantages in
terms of manufacturing since these structures are continuously extrudable. This will be discussed

in more detail in Section 4.

a) b)
8000
__ 6000
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£
S 4m0
©)
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Displacement [mm]

Figure 23: Results of compression tests on 3D-printed biocomposite cores. a) Force-displacement
curves, b) corrugated (CO) core at failure, c) arched core at densification and d) trapezoid core at
failure.

As seen in Figure 23a and b, CO resisted the highest compression loads compared to the other
tested biocomposite cores. However, after reaching the maximum load the struts buckled and
collapsed. TR (Figure 23d) was the weakest core configuration with a maximum compressive
strength of 10 MPa. The failure was similar to CO, but since the struts of TR were longer and
the angle o was less, the struts formed a sort of ”S-shape” and sustained more deflection before
collapsing than CO. AR did not collapse but densified after reaching its maximum compression
load bearing capacity. The minimum required compressive strength of the biocomposite core is
13 MPa (Table 3). CO and AR 3D printed from woodFill® met this requirement. AR did not
collapse due to its arched cells. The pillars were not angled and were wider than the struts of CO
and TR. The arch shape improved the stress distribution along the cell walls, while in CO and TR

stress concentrations might have arisen at the connection areas between core and face sheets.
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4 Discussion

In this section, the process of decision-making to find a suitable solution for producing floor and side
panels from biocomposites is discussed. Several biocomposite materials were investigated, potential
biocomposite core structures were tested and a proof of concept for manufacturing of panels with
unidirectional core stiffeners in profile extrusion was presented. Considering all obtained results,
decisions must be made that are a comparison between alternatives and then choosing the option
providing the most desirable outcome. Thus, a trade-off is always done when deciding [95]. The

trade-off process can be described through the following steps [96]:

o Identification of alternatives: Providing a set of alternative candidates that potentially meet

the essential requirements (Section 2).
e Sensitivity analysis: Prioritisation of MOEs (Table 4) and candidate ratings.

e Decision making: Documentation of data and reasoning.

4.1 Biocomposite material

According to Table 4, the biocomposite material for the core is desired to be more sustainable
than the current material, have sufficient mechanical properties to meet the previously presen-
ted requirements, and it must be processable with conventional polymer processing techniques.
Among the assessed recipes, three material alternatives were considered to meet the objectives:
P20TMP10S, P+PBAT+TMPg, P30TMP (Figure 14). Only these three biocomposite formula-
tions were considered for the decision-making because they had the highest fibre loading (30 wt.%)
which is expected to increase the sustainability, decrease the weight, and increase the stiffness of
the material. Further, only granulated TMP fibres were considered because milling is an additional
process. Avoiding additional processing steps might be beneficial with respect to manufacturing
time, and the sustainability of the final product. The alternatives then require an assignment of
value ratings and can be compared in a trade-off matrix (Table 10) [96]. The score is rated from

1 to 5, where 1 is the lowest and 5 is the highest score.
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P20TMP10S P+PBAT+TMPg P30TMP
Criteria  Weight Score Weighted Score Weighted Score Weighted
score score score

Sustainability 3 4 12 3 9 5 15
Mechanical 5 2 10 3 15 4 20
proper-

ties
Processability 4 4 16 3 12 3 12

Sum 38 36 47

Table 10: Trade-off matrix for the manufacturing process.

The mechanical properties were assigned the highest rating followed by processability and sus-
tainability. This was because the biocomposite quality, including the resistance to loads, was
considered most important because this requirement directly affects the customer. The highest
tensile strength and stiffness were measured for P30TMP (69 MPa and 6.7 GPa). However, the
material is relatively brittle with an elongation at break below 2%. Adding plasticiser such as
PBAT (P+PBAT+TMPg) improved the toughness (elongation at break ~3%) but decreased the
tensile strength and stiffness (40 MPa and 4 GPa). P20TMP10S had an intermediate tensile
strength but the lowest toughness (elongation at break ~1%) and therefore got the lowest score

for its mechanical properties.

The material must be processable with a conventional method such as profile extrusion. To evaluate
the processability the MFI was measured, and profile extrusion trials were conducted. Extrusion
of P30TMP was challenging since the TMP fibre reinforcement inhibited the flow properties (Ap-
pendix V). The MFI of P30TMP was measured to be below 1 g/10min [11]. Higher MFI values
may not be of major concern in profile extrusion, but are desirable since formulations with a higher
MFT require less energy to be processed and might therefore be less susceptible to degradation [97].
The highest MFI (~5 g/10min) was found for P20TMP10S (Appendix II). Therefore, P20TMP10S

got the highest score in processability.

Both, P30TMP and P20TMP10S got the highest score for sustainability because TMP fibre and
S are obtained from local resources and in combination with PLA, no compatibiliser is necessarily
required [41]. In P+PBAT+TMPg, PBAT is added as a plasticiser. Blending multiple materials
includes additional processes when preparing the biocomposite. Additionally, the side stream in
P20TMP10S might not always be consistent and may lead to inconsistent biocomposite properties.

Therefore, the sustainability score is lower than for the other biocomposite formulations.
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4.2 Biocomposite core design

The core design was required to aim for a relative density of 0.5, it must be producible in an
efficient way and meet the required mechanical properties. In Table 11 the two design alternatives
sandwich with cellular core (H, S, T, CS, CH (Appendix IV)) and sandwich with unidirectional

core stiffeners (CO, TR, AR (Appendix V)) are compared to each other.

Cellular core Unidirectional core stiffeners
Criteria ‘Weight Score ‘Weighted Score ‘Weighted
score score
Producibility 4 3 12 5 20
Relative 3 5 15 5 15
density
Mechanical 5 4 20 4 20
properties
Sum 31 55

Table 11: Trade-off matrix for biocomposite core design.

In terms of mechanical properties, both designs received the same score, as the cores with uni-
directional stiffeners had a higher flexural strength (~30 MPa) and stiffness (~2 GPa) than the
cellular core panels (~25 MPa strength and ~1.5 GPa stiffness), but they were potentially more

sensitive to compressive loads. The bending properties were obtained from 3D-printed specimens.

The main advantage of the core with unidirectional core stiffeners over the sandwich with the
cellular core was its producibility. Such biocomposite panels were shown to be producible using
continuous profile extrusion (Appendix V). It was assumed that profile extrusion is one of the most
efficient methods to manufacture biocomposite sandwich panels. Sandwich panels with the core
designs H, T, S, CH or CS cannot be produced in profile extrusion. Injection moulding could be
an option, but at least one of the face sheets would need to be attached in the following production

step. The desired relative density can be achieved with both designs.

4.3 Manufacturing process

The objective was to find a manufacturing method to produce a biocomposite sandwich core. The
manufacturing method is desired to be efficient and yield the required mechanical properties of
the product. Three feasible alternatives to meet the requirements were considered: 3D printing,

injection moulding and profile extrusion (Table 12).
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3D printing Injection moulding Extrusion
Criteria  Weight Score Weighted Score Weighted Score ‘Weighted
score score score

Efficiency 4 1 4 3 12 5 20
Mechanical 5 2 10 5 25 5 25
proper-

ties

Sum 14 37 45

Table 12: Trade-off matrix for the manufacturing process.

The mechanical properties considered to score the manufacturing techniques in Table 12 were
obtained from physical experiments and simulations on 3D-printed and extruded cores. The flexural
strength of the extruded TR core from P30TMP (44 MPa) was about 27% higher than the 3D-
printed TR core. The flexural stiffness of the extruded TR core (4.5 GPa) was more than doubled
compared to the 3D-printed one. No injection moulded samples could be produced and tested.
However, it can be expected that the mechanical properties of injection moulded panels will differ
to some extent from extruded panels depending on the polymer flow direction and corresponding
TMP fibre alignment. Since in injection moulding additional bonding of the face sheets and the

core would be necessary, this could be a potential weak spot in the structure.

Taking into account the different designs of sandwich cores with unidirectional core stiffeners
(TR, AR, and CO) and their compression properties (section 3.6), AR is considered to be the
most favourable design for the biocomposite core. The current design does not meet the required
flexural strength and stiffness, but the required compressive strength was achieved. The current
AR core solidified rather than collapsed when overloaded. This failure mechanism is considered

favourable for floor and wall coverings.

Finally, it can be concluded that the proposed biocomposite core would be made from P30TMP,
with the AR design and manufactured by profile extrusion. It can further be proposed to use a
hot-press to attach the décor layer to the biocomposite core. At the current state, hot-pressing
should be done at 170 °C, with a pressure of 70 kg/cm? and with a duration of 15 sec. These
parameters were determined through trial and error, followed by a visual assessment of the 3D-
printed AR panel and décor sheet bonding. The developed and manufacturing process is illustrated

in Figure 24.
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Figure 24: The proposed way of producing floor and side panels from biocomposites.
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5 Conclusions

For producing floor and side panels from biocomposites, three objectives were placed; i) Developing
a suitable biocomposite material, ii) Designing and optimising a biocomposite sandwich core, and
iii) Assessing a suitable manufacturing method for future flooring products. Requirements that
the biocomposite core should meet were collected to evaluate the biocomposite core performance

constantly.

Different formulations mainly consisting of PLA and TMP fibres were considered as biocomposite
material. Extensive literature research on the reinforcement ability of lignocellulosic components
in biocomposites and their 3D-printed applications was conducted. To maximise the performance
of the biocomposite formulations prepared in this study, the influence of compounding parameters
on the tensile properties and fibre dispersion of injection moulded biocomposites was studied. A
temperature of 180 °C, screw speed of 50 rpm and residence time of 1 min was found to yield
the highest tensile properties of a biocomposite prepared from PLA, 20 wt.% TMP and 10 wt.%
industrial side stream. Importantly, the side stream was shown to be a potential MFI enhancer.
Since biocomposites from PLA and TMP were generally low in toughness formulations with the
plasticisers PHA or PBAT were prepared and characterised. A biocomposite made from PLA, 20
wt.% PBAT and 15 wt.% milled TMP was found to be well-suited for 3D and 4D printing. The
tensile properties of 3D-printed parts from such material turned out to be slightly better than

parts printed from the commercial woodFill® filament.

Five potential sandwich designs with hexagonal, squared, triangular or circular shaped cells were
designed to meet a relative density of 0.5 and were manufactured in 3D printing using the woodFill®
filament. 3-point bending tests revealed that with the chosen design and relative density the differ-
ences in flexural strength and stiffness between the different designs were negligible except for the
CS design. The flexural strength of CS was slightly lower compared the other designs. That was
most probably related to the comparatively large cell diameter and limited test specimen size. To
optimise the core design, numerical modelling using different elastic material modelling approaches
was applied. Finally, a bimodular model based on tensile and compression tests of 3D-printed spe-
cimens was found to be the most accurate. Using this model numerical 3-point bending tests of
potential core designs could be performed in a more efficient way. To increase the bending strength
and stiffness of the biocomposite core the sandwich design with in-plane oriented cells was adapted
to out-of-plane-oriented core stiffeners. 3-point bending tests on the 3D-printed panels confirmed
the results obtained through simulations. Based on experiments and simulations, the biocomposite

core design with unidirectional trapezoidal core stiffeners was chosen to be manufactured by profile
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extrusion from PLA and 30 wt.% TMP fibres. The extruded biocomposite panels met the flexural
stiffness requirements but failed to meet the flexural strength requirements by 10 %. Compres-
sion tests showed that both the arched and the corrugated core designs could meet the required

compressive strength, with the arched design showing the most favourable failure mode.

A biocomposite core made from PLA and 30 wt.% TMP fibres, with the arched core design and
manufactured by profile extrusion was considered a potentially suitable solution for a floor and
wall cladding panel. The decisions were based on a trade-off strategy using weighted scores to
meet predefined criteria. Additionally, hot-pressing was proposed to bond a décor sheet to the

biocomposite core.

In summary, a way of producing floor and side panels of biocomposites was demonstrated suc-
cessfully. The proposed biocomposite core was shown to meet most of the assigned requirements.
Not meeting flexural strength requirements, was most likely due to the relatively poor processing

conditions of the profile extrusion, which can be significantly improved in an industrial set-up.
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6 Suggestions for future work

For future work, it can be suggested to perform trials with the proposed biocomposite material
and core design on an industrial extrusion line. Such industrially manufactured panels could be
evaluated in a similar way as described in the present thesis. Besides 3-point bending and compres-
sion properties, moisture absorption, acoustic and insulation properties would need to be tested.
The resistance against point loads from e.g, furniture could also be an important factor to assess
and optimise the core design and biocomposite material accordingly. Further, the biocomposite
core production process needs to be integrated into the overall process of manufacturing flooring
laminates. This means implementing a locking system and find a solution for attaching the décor
sheet. Hot-pressing has been suggested, but the bond strength between core and décor sheet would

need to be measured.

Additionally, it could be interesting to investigate the differences in mechanical properties between
3D-printed and extruded biocomposite structures to a greater extent. This could support the usage
of 3D printing in early development stages for prototyping and testing. Further, more research
efforts to scale up from a laboratory to an industrial extruder could be useful. It might be of
interest to develop a model for predicting the mechanical properties of a biocomposite produced

on industrial plants from data generated on a laboratory scale.

Finally, it would be of high relevance to investigate the long term properties of biocomposite
materials. Especially as application in products meant to last for decades as e.g., floor and side
panels. In such cases longevity and durability must be considered and balanced with attributes

such as biodegradability and recyclability.
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ARTICLE INFO ABSTRACT

Keywords: Biocomposites based on lignocellulosic components (e.g. pulp fibers, nanocellulose and lignin) are of interest as
Cellulose sustainable replacements for thermoplastic fossil-based materials, which find their application in household
Nano-cellulose items, construction, automotive, 3D-printing, etc. Nanocellulose, a nano-structural component of pulp fibers, is
3D Printing . . . . . . . N . .

Bio-composites considered having potential as a high-performance reinforcement for bioplastics, due to its high aspect ratio and
Lignin P potentially strong mechanical properties. Lignin, a biodegradable polymer isolated from pulp fibers, can be
Biocomposites considered as an essential bioresource for the production of biocomposites, due to the aromatic structure and
Nanocellulose functional groups. In this review the reinforcing ability of selected lignocellulosic components and their appli-

cability in 3D printing is presented, considering their mechanical properties. At this point, there are challenges in
processing nanocellulose that may reduce its attractiveness as a reinforcement in thermoplastic biocomposites.
The objective of the review is to identify current challenges and opportunities for the application of 3D printed
lignocellulosic biocomposites. Optimization of 3D printing process parameters are considered to be a key to
further improve the mechanical properties of the end-product. Importantly, this review revealed that greater
efforts in mechanical fatigue research may contribute to assess and improve the potential of lignocellulosic re-

inforcements for structural applications.

1. Introduction

The utilization of lignocellulosic fibers and their nanomaterials has
gained major interest during the last years. Lignocellulosic fibers and
nanocelluloses have been proposed as reinforcement in bioplastics
[1-5]. Particularly, nanocelluloses have been considered as promising
candidates for bionanocomposites, based on several characteristics such
as mechanical properties (tensile strength and stiffness), low weight and
biodegradability [6]. In this review, bioplastics are considered as ther-
moplastic materials derived from biomass, e.g. poly-lactic acid (PLA),
bio-based polyethylene (BioPE), bio-based polypropylene (BioPP), and
poly-hydroxyalkanoates (PHA). For a detailed overview of bioplastic
production see e.g. Brodin et al. [5].

A composite can be defined as a material composed of two or more
components having distinct morphology and chemistry, and giving
synergetic effects. Additionally, the term biocomposite also refers to
materials having at least one bio-component (e.g. bioplastic, lignocel-
lulosic pulp fibers, lignin or cellulose nanofibrils (CNFs)). One of the
reasons for combining nanocellulose and polymers is to improve the

* Corresponding author.
E-mail address: gary.chinga.carrasco@rise-pfi.no (G. Chinga-Carrasco).

https://doi.org/10.1016/j.jcomc.2021.100171

mechanical properties of a given polymer, which strongly depend on the
type and fraction of nanocellulose and the dispersion and adhesion be-
tween the matrix and the nanocellulose. In this respect, CNFs and cel-
lulose nanocrystals (CNCs) have been proposed as most adequate
materials, with excellent mechanical properties [7-9]. However, nano-
cellulose reinforcements have mostly shown modest improvement of
strength in physical tensile tests of biocomposites [8,10-13]. Major
challenges are inhomogeneous dispersion, poor interfacial adhesion,
low thermal stability, kinking and curling under processing [8,11,13,
14]. To overcome these issues, surface modifications and adjustments of
melting and mixing processes have been proposed and will be briefly
presented in the following sections [11,15,16]. There seems to be a
knowledge gap concerning the challenges and benefits of using nano-
cellulose as reinforcement, compared to lignocellulosic fibers.
Long-term investigations regarding mechanical fatigue of biocomposites
are also of major importance, if materials are considered for structural
applications. However, to the best of our knowledge, such studies are
currently lacking in literature about biocomposites reinforced with
nanocellulose.
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Three-dimensional (3D) printing as an application for biocomposites
has been in focus for some years. Reviews have been written about
several techniques for 3D printing, including fused deposition model-
ling, selective laser sintering, stereo-lithography and bio-plotting
[17-20]. Some of the commercially available technologies that seem
adequate for biocomposites containing short fibers, nanocelluloses and
lignin are briefly described in Table 1. This includes the technology
Fused Deposition Modelling (FDM), which will be focused on in the
present review. In addition to Table 1, direct ink writing (DIW), inkjet
printing, digital light processing (DLP) and laminated object
manufacturing (LOM) can also be used to 3D print bio-derived materials
[21]. These methods are not considered in this review, since the focus is
placed on thermoplastic biocomposites for structural applications.
However, further information on several 3D printing techniques, suit-
able for biocomposites, can be found in [11,20,21].

The present work reviews the latest advances in research and
development of biocomposites containing lignocellulosic fibers, lignin
and nanocelluloses with a special focus on 3D printing of the corre-
sponding biocomposites. Firstly, a general overview of lignocellulosic
pulp fibers, nanocelluloses and lignin will be given. Secondly, the po-
tential of analytical modelling for predicting the mechanical tensile
properties of biocomposites will be discussed. Thirdly, the applicability
of lignocellulosic materials for reinforcing bioplastics will be explored,
with a critical focus on the potential of nanocellulose as reinforcement
for bioplastics, compared to lignocellulosic pulp fibers. Finally, me-
chanical fatigue characteristics of biocomposites will be discussed,
considering its importance on structural applications.

2. Lignocellulosic components in biocomposites

Exploitation of the full potential of lignocellulosic fibers as rein-
forcement of bioplastics depends on uniform fiber distribution and suf-
ficient stress transfer between fibers and matrix. These aspects are
addressed by modification of the fiber surface, modification of the ma-
trix and development of adequate processing methods. The strength of a
biocomposite will always be limited by its weakest point. Hence, care
has to be taken not to weaken or damage the reinforcing fibers during
modification and processing, as may be the case during thermoplastic
processing, such as e.g. melt blending, extruding, pelleting [30].

2.1. Lignocellulosic fibers

The interest for lignocellulosic-based biocomposites has increased
over the last years due to environmental concerns. In addition, bio-
composites could potentially obtain better mechanical strength and
stiffness properties if the reinforcement has a greater length-to-diameter
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ratio (aspect ratio). Since lignocellulosic fibers have a higher aspect ratio
than lignocellulosic particles, these fibers have been extensively studied
for their utility as biocomposite components [1,3,31]. They are well
implemented as a reinforcement for bioplastics and contribute some
beneficial properties, e.g. higher stiffness, strength increment, weight
reduction and cost reduction [32-34]. Lignocellulosic fibers can be of
various origins including flax, hemp, jute, sisal, bamboo, wood, etc
[35-38]. In this review the focus is placed on lignocellulosic wood fi-
bers, as these have been widely used as reinforcement in biocomposite
materials for several years. Wood is also the main source of lignin and
nanocellulose [39,40].

There are various lignocellulosic pulp fibers that can be used to
reinforce thermoplastics, e.g. Thermo-Mechanical Pulp (TMP), Chemi-
thermo-mechanical pulp and chemical pulp fibers [1,3,41]. Depending
on the pulping process, the pulp fibers differ greatly with respect to the
fiber morphology and chemistry (Fig. 1).

TMP fibers are shorter, stiffer, have a lower aspect ratio and contain
more lignin compared to chemical pulp fibers [41]. Peltola et al. [41]
demonstrated that TMP fibers can offer a greater reinforcing potential
for PLA than chemical pulp, due to lignin on the TMP fibers surface that
might act as a compatibilizer. For PP and PE matrixes, the addition of
TMP or chemi-thermo-mechanical pulp fibers together with maleic an-
hydride compatibilizers showed promising results regarding the rein-
forcement of polyolefins [1,43]. The polymeric matrix of biocomposites
typically contains about 0-8 wt.% of coupling agent and 10-50 wt.% of
fibers [43-45].

2.2. Nanocelluloses

Cellulose is a structural component in plants, embedded in a poly-
meric matrix of lignin and complex sugars. Cellulose appears as a hier-
archical structure of cellulose molecules which are linked to form
elementary fibrils (Fig. 2). Fibrils in nanofiber size are named as cellu-
lose nanofibrils (CNF, Fig. 3A and B). CNF are a composition of highly
ordered cellulose nanocrystals (CNC, Fig. 3C) and amorphous parts [46].

Chemical pulping includes several processes to extract cellulose fi-
bers by dissolving the lignocellulosic matrix [48]. Chemical pulp fibers
have been one of the most used raw materials for production of nano-
cellulose, mainly based on two types of chemical pulping, i.e. sulphite
and kraft pulping. For details on the chemical pulping see [49]. For more
information about various methods applied to obtain different nano-
celluloses see [50].

To obtain CNFs, a cellulose suspension can be treated mechanically
through high-pressure homogenization, microfluidizers [51], grinding
[52], ball milling, ultra-sonication [53] and cryocrushing [54, 55].
Producing mechanical CNFs (Fig. 3A) requires high amounts of energy

Table 1
3D printing techniques for biocomposites
3D printing Materials Principle Advantages Disadvantages
technique
Fused deposition Lignocellulosic fibers and fillers in Melted filament is extruded through a - Affordable - Poor quality/ warping and shrinking
modelling (FDM) thermoplastic filaments (10-40 wt.%) nozzle and deposited layer-wise on a - Accessible/ simple - Relatively slow
[22] heated table [22] - Rapid prototyping - Limited for large unsupported

Selective laser
sintering (SLS)

Stereolitho-
graphy
(SLA)

Lignocellulosic fillers blended with
thermoplastic powder (5-10 wt.%) [26,
27]

UV-resin filled with nanoclay,
nanocellulose crystals [28]

Laser fuses powder particles to impose a
selective fused pattern on a powdered
surface [26]

- Resin is cured layer by layer via UV-light
[28]

- Multi material capability
[23,24]

- Complex geometries
possible (no support
required)

- Ability to process
multiple materials in one
bed

- High accuracy [20,24]

- Smooth surface finish

- High accuracy

- Wide range of materials
[24,29]

sections or sharp external corners
[20,24,25]

- Expensive (high machine costs and
requires special knowledge)

- Requires large amount of material
- Slow (long cooling time and
cleaning process) [20,24,25]

- Supports are required

- Post-processing to remove supports
- Eventually post curing required

- Poor mechanical properties
[24,25,28]
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Fig. 1. Transversal (upper panel) and longitudinal (lower panel) SEM images of lignocellulosic pulp fibers. A) and D) thermo-mechanical pulp fibers. B) and E)
chemi-thermomechanical pulp fibers. C) and F) chemical pulp fibers. Reproduced with permission from Jhon Wiley and Sons [[42], P.212], license number:

5006530754958. Copyright (2009) John Wiley & Sons, Inc.
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Fig. 2. Hierarchical structure from lignocellulose to crystalline nanocellulose. Reproduced and modified from Springer-Verlag ([47], P.450), no permission required.
Copyright (2013) The Japan Wood Research Society.
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Fig. 3. Transmission electron microscopy images of some typical nanocelluloses. (A) Mechanical grade CNF. (B) TEMPO mediated oxidized CNF. (C) CNC.

Reproduced and modified with permission from American Chemical Society [65]. Copyright (2014) American Chemical Society.

(over 25 000 kWh per ton of CNFs obtained from high-pressure ho-
mogenization) [56,57]. Therefore, enzymatic [51] and chemical [58]
pre-treatments (e.g. TEMPO mediated oxidation, (Fig. 3B)) have been
implemented to reduce energy consumption. However, the TEMPO
process involves chemicals which may be harmful to the environment, if
not treated adequately [56,57]. The result after TEMPO mediated
oxidation is highly homogeneous CNF (widths of 3.5 nm), which is
composed of crystalline and amorphous zones [58]. Alternatively, cel-
lulose fibers can directly be the source of CNC by applying acid

hydrolysis, enzymatic hydrolysis or ion liquid methods to remove the
amorphous zones and obtain highly crystalline nano-objects (Fig. 3C)
[55-571].

CNFs have typical diameters in the nanometre scale (<100 nm) and
lengths in the micrometre scale [58-61]. CNFs produced without
chemical pre-treatment are relatively coarse (Fig. 3A). Chemical
pre-treatments facilitate the production of structurally homogeneous
nanofibrils (Fig. 3B). The morphology and surface chemistry can be
widely tailored with chemical and enzymatic pre-treatments, as well as
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with processing variables (Fig. 3) [58-64].

As an example, for the mechanical properties of lignocellulosic fibers
and nanocellulose, measured and theoretically estimated strength and
stiffness values, collected from literature, are presented in Table 2.
Additional tensile strength and stiffness values of natural fibers can be
found in [31,66].

However, caution has to be taken when interpreting mechanical
tensile properties obtained from theoretical estimations and numerical
simulations, since these are based on individual nanofibrils with opti-
mum physical characteristics [67,69,70], which seems to be difficult to
obtain and use in current processing conditions. In theory, nanofibrils
offer a much better reinforcing ability than lignocellulosic fibers
(Table 2). This is due to the high aspect ratio of nanofibrils [74]. To
make use of these properties in a biocomposite, coupling agents must be
added to ensure sufficient interaction between fibrils or fibers and the
matrix. Uniform dispersion is equally important for obtaining an entire
wetting of each individual fiber with matrix material.

It has been expected, that nanocellulose with a suitable morphology
and nanofibrillation degree and an adequate surface chemistry would be
beneficial for improving the mechanical properties of a given bio-
composite material. However, the full utilization of nanocellulose me-
chanical properties as reinforcing component in biocomposites has been
demanding and is still challenging and uncertain, mainly due to chal-
lenges such as dewatering without causing agglomeration of the nano-
materials and the implied production costs [67,74]. The agglomeration
of nanofibers due to dewatering/drying may impair the dispersion of the
material in the polymer matrix and most probably limit the reinforcing
potential.

2.3. Lignin

In the last years, research on biomass valorisation has focused on pre-
treatment processes that yield fermentable sugars for bioethanol pro-
duction, while lignin (Fig. 4) has been collected as a low value by-
product and used for cogeneration of heat and electricity [75-78].
Each year, over 50 million tons of lignin are produced worldwide as a
biorefinery side-product, of which 98% are burned to generate energy.
Only 2% is currently used for other purposes, mainly in applications
such as dispersants, adhesives, and fillers [75-78].

Recent studies have demonstrated that lignin, a currently underu-
tilized renewable aromatic polymer can be incorporated into bio-
composite products, both as a filler or as a polymer matrix [79-81].
However, there are some challenges that require attention in order to
facilitate the utilization of lignin in high-value products, e.g. lignin
extraction and isolation method and complex lignin structure for given

Table 2

Theoretically estimated or measured values of tensile strength and stiffness for
nanocellulose films, nanofibrils and other lignocellulosic fiber, collected from
literature

Tensile strength Tensile
[MPa] stiffness [GPa]

Nanocellulose films obtained through high- > 200 [67,68] > 10 [67,68]
pressure homogenization (measured)

Nanofibrils obtained through high-pressure 300-22000 [67] 60 — 300 [2,
homogenization and acid hydrolysis 67,69,70]
(estimated)

Spruce lignocellulosic fiber obtained through 500-1700 [71, 40 [32]
kraft pulping (measured/estimated) 72]

Birch lignocellulosic fiber obtained through 300-1500 30-80 [35]
sulphite pulping

Cotton 287-800 6-13 [35, 36]

Flax 344-1500 26-80 [35,

36]

Hemp 389-690 35 [35]

Sisal 287-913 9-28 [35, 36]

Bamboo 450-800 11-35 (73]
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Fig. 4. Lignin particles precipitated on lignocellulosic fibers. The lignin parti-
cles appear bright compared to the grey-colored lignocellulosic pulp fiber sur-
face. Image: Per Olav Johnsen, RISE PFI AS.

applications [82]. Attempts to use lignin in thermoplastics have resulted
in applying lignin as a filler (up to 40 wt.%), however without providing
mechanical improvement [39,78,79]. The adequate and sustainable
modification of lignin to be used as thermoplastic matrix seems to
remain as an interesting challenge. This could make it possible to pro-
duce thermoplastic wood-based biocomposites, ie. fiber- or
nanocellulose-reinforced lignin materials.

The raw material and the fractionation method determine the reac-
tivity of lignin, which is represented by the occurrence of hydroxyl and
aromatic functional groups. Lignin tends to depolymerize and re-
polymerize with itself, leading to formation of additional C-C linkages.
As a result, the number of hydroxyl groups is reduced and the molecular
weight is increased. The formation of C-C linkages can also reduce the
possibilities for further functionalization, which is important to make
lignin compatible with other thermoplastics or fibers. Therefore, con-
trolling the condensation and re-polymerization reactions is important
in lignin valorisation, e.g. application of lignin in biocomposite prod-
ucts. Moreover, chemical functionalization of lignin is often a necessity
to introduce new functional groups compatible with the final material.
Different (chemical) reactants have been described in the literature to
functionalize lignin towards different properties [76,83]. Modification
of the aliphatic and aromatic hydroxyl groups of lignin via esterification
is a typical approach [84].

3. Dispersion of lignocellulosic components in thermoplastic
polymers

Uniform dispersion of fibers, nanofibers and lignin in thermoplastic
biopolymers (e.g. PLA, BioPE, Poly-Butylene Succinate (PBS),
acrylonitrile-butadiene-styrene (ABS)) is required to ensure sufficient
component interaction and desired biocomposite properties. One major
challenge in dispersion processes is to avoid agglomeration, caused by e.
g. fiber-fiber interaction, fiber entanglement and the non-compatibility
between hydrophilic fibers and hydrophobic matrixes [85].

To disperse lignocellulosic fibers in a bioplastic matrix, one common
procedure is to mix dry polymer and compatibilizer powder first and
then add fibers. Fibers may be pretreated by chemical and/or mechan-
ical procedures to functionalize them. Since lignocellulosic fibers are
water absorbents, it can be necessary to dry them before processing. The
dried and mixed biocomposite powder can either be fed directly into a
melt extruder, or processed into pellets beforehand by melt com-
pounding, pressing and chopping. Through melting and mechanical
shearing inside the extruder, the mixture will be further compounded.
The steps of pelleting and melt extrusion can be repeated several times,
but it should be considered that fiber damage occurs during this pro-
cedure [86-88].

The extrusion temperature, speed, mixing elements, repetitions of
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compounding and the pretreatment of the raw materials can be varied in
order to achieve a given biocomposite quality. Different mixing ele-
ments e.g. kneading blocks, conveying elements or tooth mixing ele-
ments are connected in series to accomplish certain objectives [89].
Lignocellulosic fibers start degrading above 200°C, whereas lignin has a
broader degradation temperature range (200-500°C) [90]. Therefore, it
is recommended to maintain a melting temperature that does not exceed
this temperature range [88]. In general, the fibers orient according to
the flow direction when extruding the biocomposite into a mold. The
mold flow can be influenced by temperature, speed and mold geometry
[91].

In [86] the authors investigated different dispersion processes for
lignocellulosic fibers and polyethylene (PE). Drying the lignocellulosic
fibers makes them brittle and fragile. That leads to fiber damage and
shortening during the extrusion process. Wet lignocellulosic fibers are
not that susceptible to damage development during extrusion, but they
agglomerate and cannot be compounded properly. As shown in [86], the
agglomeration of wet fibers provides the least increase of the flexural
strength and modulus compared to neat PE. The greatest improvement
of flexural strength was gained with dried and pelleted fibers. Thus,
agglomeration of the fibers affects the mechanical properties of the
biocomposite more negatively than fiber shortening.

Boran et al. [92] investigated the effect of different mixing strategies
on the mechanical properties of cellulose and high-density polyethylene
(HDPE). The authors concluded that the master batch method and
extensional flow mixing provided reasonable dispersion [92].

Blending and dispersion of nanocelluloses in a bioplastic matrix is
more demanding than for lignocellulosic pulp fibers. That is because the
resulting product after deconstructing lignocellulose fibers to nano-
cellulose is usually a translucent and highly viscous dispersion of more
than 95% water and nanocellulose fibrils [42,54]. The nanocellulose
fibrils must be separated from water before mixing them with bioplastic
polymer, which causes the nanocellulose fibrils to agglomerate, thus
forming strong structures that are difficult to disperse in a bioplastic
matrix. Dried lignocellulosic pulp fibers on the other side are relatively
easy to disperse during melt-compounding in e.g. twin-screw extruders.
Water affects a given biocomposite by i) causing fiber swelling, ii)
affecting  the  dimensional stability, iii)  disabling the
fiber-matrix-interaction and iv) causing voids in the matrix [93-95]. In
addition, some polymers (e.g. PLA) degrade in the presence of water
[96-98].

Igarashi et al. [99] reported about a process the authors termed the
“Pulp Direct-Kneading Method”. The process simultaneously fibrillates
dried pulp into nanoscale fibers with a diameter of 10-100 nm and
uniformly disperses the resulting CNFs in HDPE. The pulp fibers were
previously modified by alkenyl succinic anhydride (ASA), which sup-
presses the hydrogen bonding between dried CNFs and afterwards
kneaded in a melt extruder to fibrillate the fibers and disperse them in
HDPE. The authors aim was to increase the attractiveness of CNFs for
commercialization by the “Pulp Direct-Kneading Method™” [99].

However, Wang et al. [100] pointed out that screw designs still need
to be optimized to generate higher shear forces to obtain CNFs that are
homogeneously dispersed in thermoplastic matrix and suitable for
large-scale production. In addition, better understanding of the relations
between extrusion parameters, such as e.g. temperature settings, screw
speed, residence time, and dispersion of CNFs is required [100]. Bour-
maud et al. [101] investigated the property changes of plant fibers
(including lignocellulosic fibers) during processing of biocomposites
and presented the importance of selecting suitable processing parame-
ters to take full advantage of lignocellulosic fiber reinforcements.

Tanase et al. (2019) [79] demonstrated that PLA can be compounded
with lignin and the biocomposites performed well in 3D printing oper-
ations. No sign of phase separation was observed and X-ray analysis
revealed that lignin increased the crystallization, indicating that lignin
acted as nucleating agent. However, lignin did not improve the me-
chanical properties of the biocomposite which suggests that an
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additional reinforcement (e.g. lignocellulosic fibers) may be adequate
for tailoring the mechanical performance [102-104].

4. Compatibilizers and fiber surface treatments

The well-known poor interaction between lignocellulosic fibers and
e.g polyolefins, is related to the highly different polarities of the matrix
(hydrophobic) and the lignocellulosic fibers (hydrophilic). Therefore, it
is important to include coupling agents and/or fiber sizing, which
compensates the polarity difference between fiber and matrix to
improve the adhesive strength between the two phases and contribute to
an even distribution of the fibers in the matrix.

Fibers can be modified physically to change their surface properties
and enhance mechanical adhesion, or chemically to improve adhesion
through chemical reactions. Physical treatments include corona, plasma
and ultraviolet (UV). Chemical modifications include alkaline, silane
[105-109], acetylation, oxidation, maleated coupling agents [110,111],
grafting and others. More detailed information on fiber treatments can
be found in [15].

Widely used coupling agents for lignocellulosic fibers and thermo-
plastic polymers are maleated coupling agents, for example maleated
polypropylene (MAPP) or maleated polyethylene (MAPE) [112,113]. It
is worth to mention that in most cases MAPE and MAPP are based on
polyolefins derived from petroleum. However, recent developments
have also introduced maleated polyolefins where the PE fraction was
derived from biomass resources [114]. In addition, maleic anhydride
can also be obtained from carbohydrates, e.g. from 5-hydroxymethylfur-
fural [115], which makes it possible to produce 100% bio-based
compatibilizers.

As an alternative to chemical modifications, Filgueira et al. [116]
focused on the enzymatic modification of thermo-mechanical pulp
(TMP) fibers by grafting phenolic compounds, which rendered the TMP
fibers hydrophobic and with better compatibility with the used PLA
matrix. The authors demonstrated that the compatibilization with octyl
gallate by enzymatic grafting improved the tensile strength and simul-
taneously reduced the water uptake of the biocomposite. Although a
clear, positive fiber-reinforcing effect was demonstrated, the tensile
strength of the 3D printed specimens with reinforcement was low. This
was most probably due to the processing parameters selected for 3D
printing.

Approaches to reduce hydrophilicity of lignocellulosic fiber and
CNFs surfaces include the use of relatively simple methods that are
usually applied to paper sizing, e.g. hydro-phobization with ASA or alkyl
ketene dimers (AKD). Sato et al. (2016) [117] applied ASA to modify the
surface of mechanically produced CNFs in order to improve the rein-
forcement potential of HDPE. The use of unmodified CNFs increased the
tensile strength and modulus and the hydrophobized CNFs (18.8 wt.%)
potentiated this effect, achieving strength and modulus levels of 43.4
MPa and 1.97 GPa, respectively. Lepetit et al. (2017) [118] confirmed
this approach by modifying mechanically produced CNFs with ASA and
testing the modified CNFs as reinforcement of low-density PE. The effect
of the surface modification led to a significant increase of the tensile
strength and modulus. Three main aspects can be drawn from this
approach, i) the CNFs grade was a relatively coarse quality which avoid
chemical pre-treatment and reduces production costs, ii) the modifica-
tion can be performed in the wet state of the CNFs which may ease part
of the processing and iii) mechanically produced CNFs (Fig.3A) seem to
provide an acceptable level of mechanical improvement. However, it
remains an open question whether the additional processing steps and
energy, to produce the CNFs and compound with PE, are necessary
considering that the reported levels of mechanical improvement can be
achieved with more reasonable and abundant lignocellulosic pulp fibers,
such as thermo-mechanical pulp fibers (see e.g. [119]).

Surface modification through acetylation of CNCs contributed to
better dispersion of CNCs in PLA for low fiber loadings up to 0.5 wt.% - 5
wt.% [120]. However, no increment in tensile strength or modulus could
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be achieved [121]. For decylamine-modified CNCs in PLA, similar out-
comes were reported [122].

According to Olonisakin et al. [109] the currently most used surface
modification techniques are silane treatments. Prior maceration of fiber
by NaOH causes a rough surface, so that both chemical and mechanical
adhesion is promoted. It was stated that a combination of adding com-
patibilizers to the matrix and treating the fiber with NaOH is an efficient
way to compatibilize lignocellulosic fibers and bioplastics.

Lignin has also been proposed as coupling agent in biocomposite
filaments [123]. The effect of esterified lignin was comparable to the
commercial coupling agent used in these experiments. According to the
authors, the lignin esterified with maleic anhydride provided the best
specific tensile strength of biocomposite filaments (7.71 MPa), which
was comparable to a commercial coupling agent (7.68 MPa). However,
the effect of lignin, based on the provided data, has to be taken with care
as the significance of the strength effect is small with regard to the
scattering of the measurements. In addition, the reported tensile
strength values are considerably lower than the expected, considering
the commercial PLA used in the study (~4 MPa - value reported in the
study vs. 48 MPa — value provided by NatureWorks® Ingeo™ 3051D).

5. Analytical modelling for tailoring the mechanical
performance of biocomposites

This section shall provide a brief overview about micromechanics of
biocomposites, to offer the reader a well-founded background on the
mechanical interaction between the previously mentioned components.
Analytical methods can be used to estimate and determine the required
raw material properties that are necessary for targeted biocomposite
tensile properties or to verify the interfacial interaction between fiber
and matrix [119]. For predicting tensile strength and modulus of com-
posite materials in general, the rule of mixture is a common assumption
[124,125].

Lignocellulosic fibers are not available as endless, continues fila-
ments. The length of lignocellulosic plant fibers usually ranges between
1-35 mm and their diameter between 15-30 um [33]. However, the
length also depends on the origin [60] and might be reduced during
processing, e.g. compounding [30,126,127]. Furthermore, they can be
classified, according to their length, as short fibers (1-5 mm) or long
fibers (5-50 mm) [30,33,128].

Lignocellulosic-short-fiber biocomposites can be considered as
isotropic, if the fiber orientation is completely random [91]. In com-
posites, external loads are applied to the matrix and transferred to the
fibers through the fiber ends and the cylindric surface close to the ends.
The critical-fiber-length of a fiber in a matrix can be regarded as the
minimum length in which the maximum fiber strength ofme can be
achieved. The critical-fiber-length [ is given by the following equation
[91]:

I Of max
R (5.1)
In equation (5.1) d describes the fiber diameter and 7, is the matrix
yield strength in shear, which can be set as equal to the interface shear
strength along the fiber length, assuming perfect bonding between fiber
and matrix. Through single-fiber pull-out tests the actual interfacial
shear strength (IFSS value) can be determined by dividing the load at de-
bonding of fiber and matrix by the shell surface of the fiber [129-131].
Lignocellulosic fibers embedded in a thermoplastic matrix usually result
in IFSS values between 3 MPa and 25 MPa [132-136]. Other test
methods to determine the interfacial shear strength between fiber and
matrix are the single-fiber push-out [137], micro-bonding [133,138] or
micro-debonding [139,140] tests. If the fiber length of the lignocellu-
losic short-fibers is much longer than the load-transfer-length, the bio-
composite can be regarded as a continues-fiber biocomposite [91].
Typical fiber lengths and diameters of lignocellulosic fibers,
considered in this review, are presented in Table 3. In addition, a
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Table 3
Comparison of lignocellulosic fiber types and comparison of a critical-fiber-
length for one specific case.

Fiber type Fiber Fiber length Fiber length Theoretically
diameter  before after calculated
compounding compounding critical-fiber-
length
Lignocellulosic 15-30 1-5 mm [47] ~ 500 pm 400-1500 pm
fibers um [33] [30, 119, (referred to the
141] fiber length
after
compounding)
Mechanically/ 20-100 > 10 ym - 0.6-18 ym
enzymatically —nm [142]
treated CNF [142]
TEMPO treated 3-5nm 200-1100 nm - 282-882 nm
CNF [143] [61]
CNC 3-35nm 200-500 nm 100 nm [144] 529-45300 nm
[143] [143]

theoretically calculated critical-fiber-length is given, to compare it to the
actual fiber lengths. Equation (5.1) was used to estimate the critical-
fiber-length. For each fiber type the maximum fiber strength was
taken from literature according to Table 2 [67,71,72]. BioPE was chosen
as an exemplary matrix with a tensile strength of 18 MPa according to
[119]. The shear strength at yield for BioPE can then be calculated by
7= (v/2/3)-0 and results in 7 = 8.5 MPa.

The calculated load-transfer-length of all fiber types is, in this
assumption, equal to or much longer than their actual fiber length. These
biocomposites are thus regarded as short-fiber biocomposites. Note that
the calculated critical-fiber-length depends on the fiber strength and
assumes a perfect bond between fiber and matrix. With weak fiber-
matrix bonding, the reinforcement would thus be regarded in the form
of particles rather than fibers.

Moreover, it is important to note that the lignocellulosic fiber lengths
reported in Table 3 correspond to the lengths of the fibers after com-
pounding. Compounding reduces the fiber length as demonstrated by
[30,119,141]. In addition, one may expect that similar damage may
apply for CNFs, meaning that they may be structurally modified after
compounding [144]. This could be the case in particular with mechan-
ically produced CNFs due to the coarse structure of the material.

Equation (5.1) further indicates, that the critical-fiber-length is
proportional to the fiber diameter. Assuming the fiber has a circular
profile, its dimensions can be described by the corresponding aspect
ratio (fiber length divided by fiber diameter) [41]. According to equa-
tion (5.1), a higher fiber aspect ratio leads to more effective strength-
ening of the biocomposite until a critical value lc/d is reached (see
equations 5.1 and 5.3). For higher aspect ratios the strength remains
approximately constant. However, this assumption does not cover ef-
fects of fiber orientation, homogeneous dispersion, fiber shape and
interfacial interactions between fiber and matrix.

There are several micromechanical models for short-fiber bio-
composites which extend laminate theory [124] by including interfacial
adhesion (Hirsch’s model), shape fitting factors (Halpin-Tsai model) or
the shear-lag parameter (Cox) [145]. Narin [146] modified Cox’s shear
lag parameter by including the shear modulus of the fibers and an
adhesion parameter to create better agreement with experimental values

Another widely used model to predict the unidirectional tensile
modulus E; and strength o7 of biocomposites is the modified rule of
mixture (Equation (5.2)). An orientation factor x; and a length and
interface factor of the fibers x, is added to the rule of mixture to cover
effects caused by un-oriented short-fiber reinforcements [112, 145]:

Ei = x\%EV; +E,(1-Vy) (5.2)

o = x1%20/Vy + a,,,(] - V/) (5.3)
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In equation (5.2) and (5.3) the longitudinal fiber tensile modulus and
strength are described by Er and o7. The matrix tensile modulus and
strength are described by Ep and o, Vy describes the fiber volume
fraction in the biocomposite. The length-and-interface factor x; is given
by x2 =1/(2 e I.) for fiber lengths [ less than the critical fiber length [.. If {
is equal or greater than ., xo =1 — [./(2 e 1) [147]. The orientation factor
X is assumed to be 0.167 for randomly aligned fibers in three di-
mensions, 0.334 for a random alignment in plane and 1.0 for unidirec-
tional aligned fibers [148]. However, Sanadi [147] reported difficulties
in determining an orientation factor due to the difference between the
core- and skin-fiber-orientation, according to the melt flow. Further-
more, the topography of lignocellulosic fibers is quite uneven (Fig. 1)
and also the fiber length and strength vary greatly.

Furthermore, equation (5.3) is only valid if the fiber strain is similar
to the matrix strain. The biocomposites, considered in this review,
consist of brittle reinforcing fibers and ductile matrixes. In that case the
biocomposite strength of should be lower than the strength of the neat
biopolymer, if the fiber volume fraction is below a critical fiber volume
fraction Ve = W—ﬁ"{;—"j‘%—) [31,149]:

= V) for0<V; <Vy min

_ el
(V) = {u,v, +ou(1=V) for V; < Vypin G4

In Equation (5.4), 6’ is the matrix strength at the fiber failure strain
and Vi = (’(’;f" ’:":) is the fiber volume fraction, at which the bio-
composite should result in its minimum strength. At a volume fraction
below Vi i; the biocomposite can be regarded as a porous matrix, cor-
responding to the fiber fraction [149]. According to the Kelly-Tyson
equation [150] the fiber strength oy is given by o7 = (I e 7)/d for fibers
shorter than I. and of = 6,{1 — (cyr ® d)/(4 e L e 7)) for fibers equal or
longer than Ic, with 6,y is the ultimate tensile strength of the reinforcing
fiber [150].

Since oy and the orientation factor x; are unknown, Bowyer and
Bader proposed to assume that o, equals the elastic modulus of the fi-
bers times the strain of the composite [148]. They further assume that
the orientation factor x; is not strain-dependent and equal for all fibers
[148]:

I Epecd
o1 = x,[ 7T.vﬁ+ N Ee(1- ij{)vﬁ +Epe(1-V;)  (5.5)
J

In equation (5.5) the indices i are used for fiber fractions with a
length less than [, and j for fiber fractions with a length equal or greater
than [.. The values required to solve equation (5.4) must be obtained
from a tensile test and by determining the fiber lengths experimentally.
The detailed procedure is described in [148].

Several studies [112,151-153] show good agreements between
analytical and experimental results by using the Bowyer-Bader
assumption [148]. However, one must be aware of the effect of fiber
agglomeration, which is still not considered and can increase the error of
the equation (5.4), especially for higher fiber loadings.

Applying analytical models to CNF- or CNC-reinforced thermoplastic
polymers turns out to be insufficient for predicting tensile strength and
modulus due to inadequate dispersion, poor fiber matrix bonding and
fiber agglomeration [4,154]. Further research on how to adjust the
known micromechanical models to be applicable for CNF/CNC bio-
composites is required.

6. Bionanocomposites - challenges and opportunities

Biocomposites containing nanocellulose are commonly referred to as
bionanocomposites. There are several articles and reports about the
potential of nanocellulose as a reinforcement for bionanocomposites [4,
12,47,155], stating their potentially high tensile stiffness and strength
[57,67]1. However, there are also some growing concerns as to whether
nanocellulose is adequate as thermoplastic reinforcement in large
quantities [13], which is understandable when aspects such as energy
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consumption during production of nanofibers and the potential nano-
fiber agglomeration during compounding are taken into account.

Since lignocellulosic fibers exhibit high variations of properties
related to disturbances during plant growth, climatic conditions, soil
types, etc., the idea is to eliminate the fiber defects by deconstruction
[69]. Various grinding and homogenization methods from sectors such
as food processing, cosmetics or the pharmaceutical industry were used
for the preparation of nanocellulose. The main issues with these
methods are still that the fibers tend to entangle which can cause fiber
damage, plugging of the processing equipment and a high energy con-
sumption during production [47,69].

As described in Section 2.2, chemical pretreatments are necessary to
facilitate the deconstruction of the fibers into homogeneous CNFs
(Fig. 3B). When considering lignocellulosic pulp fibers in their largest
scale as reinforcement for bioplastics, the previous mentioned chemical
pretreatments are omitted. Obviously, this saves time, energy, equip-
ment capacity and human resources.

Lignocellulosic pulp fibers also have a lower outer surface area per
unit mass compared to nanocellulose. It thus seems more reasonable to
consider surface modification on lignocellulosic pulp fibers than on
nanocellulose. Less surface area requires less compatibilizer [13,155].
An extensive overview on how the size of cellulose-based reinforcements
affects the mechanical properties of a given biocomposite has been
provided by Hubbe and Grigsby [13]. The authors compared multiple
recent studies dealing with the mechanical performance of cellulose
reinforced HDPE to analyze the effect of fiber size on tensile stiffness and
strength. They could not find a statistically significant relation between
mechanical strength and fiber size, when considering all their collected
data. In contrast they found a statistically significant increase of tensile
modulus with increasing fiber length from 0.1 to 10 000 ym. It was also
shown that the compatibility between fiber and matrix tend to be a
much more important factor, regarding tensile strength, than fiber size.

The use of CNFs in thermoplastic bionanocomposites requires to
overcome various limitations. One specific challenge is to dry a CNF
dispersion (commonly 1-5% in water) without causing agglomeration of
the nanofibrils. Although, the relatively high temperatures applied in
compounding and injection molding processes are adequate for ligno-
cellulosic fibers (< 210°C), some CNF grades (e.g. TEMPO CNF) may be
more exposed to thermal degradation [64], which may potentially limit
the mechanical properties of biocomposites containing CNFs. These
conditions lead to significant decrease of tensile strength and stiffness in
the resulting bionanocomposite [47]. Such limitations should be a main
driver in the development of new compounding processes which may
facilitate the potential utilization of nanocellulose in relevant
bionanocomposites.

One approach to improve the fiber alignment of CNFs is the so called
wet-stretching method [14,156]. The wet-stretching method was
developed for wet-spun CNFs for biomedical applications. After spinning
a specific wet stretching device is used to increase the fiber alignment
[156]. The stretching method was also successfully applied on melt spun
poly(butylene succinate) and microfibrillated cellulose [157]. Stretch-
ing is generally adopted from classic polymer filament spinning
methods, such as wet-, dry- or melt spinning. The filament is stretched
by down-drawing to enable orientation of the polymer chains along the
fiber axis [158].

An advantage for nanocellulose-based reinforcement may be offered
by the use of relatively hydrophilic matrixes like epoxy resin or starch,
since there is no need of any coupling agents or surface treatments to
gain solid adhesion [13]. Hervy et al. [159] performed a
life-cycle-analysis (LCA) for nanocellulose reinforced epoxy resin, neat
PLA and 30 wt.% glass fiber reinforced polypropylene (GF/PP). The
authors concluded that the production and biocomposite manufacturing
of CNFs has a higher global warming potential (GWP) and a higher
abiotic depletion potential of fossil fuels (ADf) than producing PLA or
GF/PP composites. In terms of use phase and end-of-life it was found
that only with a fiber loading of > 60 vol.% the GWP and ADf of
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CNF/epoxy can be lower than that of neat PLA [159]. However, it is
particular that Hervy et al. [159] compared thermoplastics (PLA,
GF/PP) and thermosets (CNF-reinforced epoxy), which are expected to
cover different application areas. A relevant study would be to compare
e.g. PLA, fiber-reinforced PLA and CNF-reinforced PLA and thus reveal
the LCA performance of timely biocomposite materials. Additionally,
studies that only take into account the production of CNFs and CNCs
have shown that the use of chemicals during the pre-treatment process is
the main contributing factor to the environmental impact [160,161].

7. 3D printing of lignocellulosic short-fiber reinforced
bioplastics

Biocomposites can be produced with several methods, depending on
quantity, size, design, application and the material to be processed. In
addition to the material composition, the production process also affects
the biocomposite properties. Biocomposite products are mainly manu-
factured through injection molding, compression molding, extrusion or
3D printing. The latter is the main focus of this review and will be
explored further in the following.

7.1. Fused deposition modelling

For prototyping and/or implementation of challenging designs, 3D
printing, such as FDM, is a time and resource saving production method
for biocomposite products. FDM applies a heated nozzle to deposit thin
threads (approx. diameter <400 um) to construct 3D structures, layer by
layer [162]. The dimensions of the layer height and width depend
entirely on parameter selection based on nozzle size, printer and 3D
slicer capability. This technique is the most affordable and widespread
method within additive manufacturing [18].

The characteristics of FDM printed products depend on processing
parameters, layer construction and filament properties. Adjustable
processing parameters are the extrusion temperature (nozzle tempera-
ture), heating plate temperature, possibly heated enclosure (chamber)
temperature, extrusion speed and layer height. The temperature settings
are mainly referred to the matrix material, but the degradation tem-
perature of lignocellulosic components (which starts at approx. 200°C)
is important to consider. The layer construction, including raster width,
layer height orientation and gap size between the filament strands, are
the main characteristics that affect the mechanical properties of printed
parts [18]. The strand shape and gap size are adjustable through
extrusion temperature, layer height and speed [163].

Fiber reinforcements in filaments can strengthen a 3D printed part
but can in cases promote void formation due to inadequate fiber-matrix
interphase and rough fiber surface [18]. A high-quality bio-
composite-filament needs to be well compounded, can only contain a
limited amount of fibers and a limited fiber size. Otherwise the melt
viscosity will increase significantly which can lead to nozzle blockage. In
addition, the filament may become relatively brittle, the quality of the
surface finish gets worse and the dimensional accuracy can be reduced
[22]. Commercial biocomposite filaments contain up to 40 wt.% fiber
loading [163]. Increasing the fiber loading in FDM-filaments roughens
the surface and increases the probability of void formation [164,165]
and shape deviation, caused by irregular swelling or shrinking of
lignocellulosic fibers [11,166]. Although, a recent study on nano-
cellulose reinforced PLA [12] revealed a great reduction of voids for CNF
reinforced PLA (1 wt.%) compared to neat PLA. The authors attributed
this realization to reduced filament swelling at the nozzle outlet.

Shrinkage and warping of FDM-printed parts are especially critical
for highly crystalline polymers, such as PP. However, amorphous poly-
mers, such as amorphous PLA and ABS are affected by warping. Warping
is the dimensional change of a solidified 3D printed part, due to residual
stresses induced through rapid cooling. In order to reduce warping in
FDM 3D printing, process parameter optimization is essential. It has
been found that warping of PLA-parts can be reduced significantly by
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choosing a relatively high nozzle temperature (220°C) and printing
speed (15 mm/s) [167]. It was further observed, that it is beneficial to
choose a smoother corner geometry over sharp corners [168], a lower
length to width ratio of the overall 3D printed part [169] and a greater
layer thickness [170,171]. Warpage is also correlated with the thermal
expansion coefficient, the difference between glass transition and heat
chamber temperature [169]. Lignocellulosic fillers have also been re-
ported to reduce warping [172]. This was attributed to an increase in
viscosity [22,66,173,174]. In Fig. 5 an example of lignocellulosic-filled
FDM-filament, tensile test specimens and printed structures are shown.

An FDM-part is generally a layup of melted filament strands, which is
comparable to a composite made of lamina ply stocks. Due to imperfect
bonding between the strands, the material strength is reduced in both
building planes, in contrast to an injection or compression molded part
[119]. For simple modelling purpose, the filament-material itself can be
roughly described as isotropic, assuming fiber lengths less than the
critical fiber length. The fibers are mainly oriented according to the
extrusion direction [177]. However, the effect of porosity has a greater
impact on tensile properties than fiber orientation [178]. The actual
FDM-part can then be regarded as orthotropic [179].

7.2. Micromechanics of FDM-printed parts

The classical laminate theory [124] considers perfect bonding be-
tween each lamina, but FDM specimens are composites of imperfect
bonded strands and voids. Therefore, the equations to calculate the
elastic constants of a lamina [124] need to be adjusted. Based on the rule
of mixture the elastic modulus of a unidirectional FDM-part, printed in
flat build orientation [180] can be calculated by the following ap-
proaches listed in Table 4 [181]:

The elastic modulus of the filament material and the void densities
must be measured experimentally. To calculate the void densities p; and
p2, microscopic images of the x-y cross section of the unidirectional
specimen need to be analyzed. The calculations assume pure geometric
shapes (Fig. 6) [181]. The void density pyigs can be modelled based on a

Fig. 5. Example of a lignocellulosic-filled FDM-filament. Image: Chiara Zarna,
NTNU. (a), FDM-tensile-test-specimens. Image: Chiara Zarna, NTNU. (b), FDM-
printed structure from lignocellulosic-filled/PLA-filament Reprinted from MDPI
[[175], P. 3]. Copyright (2017) by the autors. (c), building structures printed
from poplar/PLA composite. Reprinted with permission from American
Chemical Society [[176], P. 4560]. Copyright (2019) American Chemical So-
ciety. (d).
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Table 4
Modelling approaches for analytical estimation of the elastic modulus of FDM printed parts

Elastic modulus Nomenclature Deviation to Filament
experiment material
Longitudinal printing direction, E1p=Q — p1)Ep [181] - Ey: Elastic modulus of filament 4%-16% ABS
applicable for unidirectional printing - p1: area void density, depended on gap size g, calculated
[0] form experimental measurements (Fig. 6)
Etong = Eo1 (e[(lf/wmdxlcf I Proids) + - Ep1,02: Elastic modulus of filament material in < 14% ABS
Eoo (1 = proas); longitudinal and transverse direction
voids )> . X
for an infinite number of layers: - pvoids* area void density

- Cg: Sensitivity parameter, needs to be calibrated from
experimental results
- Z: Number of layers

el1-pua)®7 — 1 [182]

Transverse printing direction, applicable  E;p = &(1 — p2)Ep - & Empirical factor between 0 and 1 which takes into ~ 5% ABS
for unidirectional printing [90] [181] account the bonding strength between the filaments
- p2: Linear void fraction, p,=1-((2y)/(2b-6)), compare
Fig. 6
Etrans = &Eong [182] - & Empirical factor between 0 and 1 <14 % ABS
Applicable for multiple printing lay-ups: Ay-Ayp — A2, - Aj;: Stiffness coefficient of extensional stiffens matrix [0]: 9%-15% PLA, PLA +
[01, [0/90], [+45] Egffective = ———,———— [183] [183], material parameter obtained from tensile tests [0/90]: 6% - carbon black
on 3D printed parts 11%
[£45]: 1%-20%
Applicable for multiple printing lay-ups: By — 1 [181] - A: Extensional stiffness matrix [124] ~ 3-7 %, ABS
[01, [0/90], [15/-75], [30/-60] and LT AT] R - h: Thickness of FDM printed part compare Fig. 7
[45/-45] - 0: printing angle (considered by stiffness matrix)

Area void density p; dependent
on gap size g between strands

Lower layer height

YVvv

Linear void

3 fraction p, "
Less extrusion speed

speed

Fig. 6. Schematic illustration of an FDM-printed biocomposite part. Reprinted and modified from MDPI [163], P.3], no permission required. Copyright (2020) by
the authors.

thermal model to predict the temperature evolution of the filament and
a sintering model based on geometrical considerations. The
temperature-dependent viscosity and surface tension of the filament

material must be measured experimentally. More detailed information 1700
can be found in [182].

According to [182], the tensile strength of an FDM-part can be 1600
estimated in the same way as for the elastic modulus, using experi- o
mentally obtained material strength data and calibrated sensitivity §
parameters. &

In [181] experiments and theoretical calculations where accom-

plished with FDM-parts printed in a [0], [0/901, [15/-75], [30/-60] and 1400
[45/-45] layup. Laminate theory was used to calculate the tensile
modulus in longitudinal loading direction as a function of the printing
angle 6. In Fig. 7 the dependency of print direction on elastic modulus of
3D printed parts is shown. Laminate theory was also used in [183] to : : : : :
calculate the elastic modulus for different printing layups. In this study 1200 % 5 W15 20 25 30 35 40 45 s0
the lowest deviation, of ~1 % between model and experiment was found Raster angle, 0

for a [45/-45] layup, using a PLA- or PLA + carbon black-filament. The
highest deviation of ~11 % resulted from the unidirectional [0] layup.
Additionally, a bi-material part, printed out of PLA and PLA+carbon
black, showed an even higher deviation (< 20 %) between analytical
model and experiment in a [45/-45] layup. This was attributed to

1300

Fig. 7. : Comparison between theoretical and experimental values of the elastic
modulus at different angled FDM-specimens. Reprinted with permission from
Elsevier [[181], p. 139], license number: 4965541406639. Copyright (2002),
Society of Manufacturing Engineers.
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improper adhesion between PLA and PLA + carbon black.

No studies about analytical modeling of 3D printed lignocellulosic
fiber reinforced biocomposites could be found, indicating a lack of
research in this area. The models presented in Table 4, showed
reasonable agreement with experimental results for pure polymer and
PLA/carbon black composite FDM-filaments. Since void formation and
irregular surface appearance is even more present in filaments con-
taining lignocellulosic reinforcements [11,164,165], the error of the
models might be comparatively greater.

7.3. Influence of printing parameters on tensile strength and modulus of
lignocellulosic short-fiber biocomposites printed via FDM

Le Duigou et al. [162] presented the influence of gap size between
the printing strands and set it in relation to the raster width. The authors
showed that printing with less horizontal space between the strands,
leads to a greater overlapping area and thus to higher tensile strength
and modulus for both, a 0° and 90° printing layup.

Yang and Yeh [163] investigated the effect of extrusion speed on
mechanical properties of FDM-printed wood fiber reinforced PLA. Lower
extrusion speed with same layer height results in wider layer width. The
smoothest surface and greatest overlapping between strands could be
produced with the lowest investigated speed of 30 mm/s compared to
50 mm/s and 70 mm/s. The samples were all printed with a 0° layup
which means the filament strands were aligned longitudinal to the test
direction. This setup did not result in any significant change of tensile
strength or modulus for different extrusion speed parameters. Showing,
that in a 0° layup the porosity or void formation between the strands has
almost no effect on tensile properties longitudinal to the printing di-
rection. In contrast, compressive strength was significantly reduced
(~34%) for samples printed with an extrusion speed of 70 mm/s,
compared to 30 mmy/s. This indicated the improved interaction between
the printing strands at lower extrusion speed [163].

Several studies have shown that the overlapping or porosity of
printing strands is the main influence parameter with respect to me-
chanical properties, apart from the layup construction. The porosity can
be minimized through optimized extrusion temperature adapted to
matrix and filler material [10,184,185], low extrusion speed [163], low
raster width [162] and low layer height, resulting in greater layer width
[66,185,186] (Fig. 6). Garzon-Hernandez et al. [182] identified the
layer height as the main influencing factor on tensile properties.
Through adjusting the layer height from 0.3 to 0.1 mm the void density
decreased by more than 97 %.

Selected tensile properties of FDM-printed specimens made of
different types of lignocellulosic biocomposites are presented in Table 5.
Extensive overviews of filament types and tensile properties, including
lignocellulosic fiber types for 3D printing have been presented in [21,
165,187,188].

Comparing the mechanical properties of 3D printed specimens for
neat and reinforced PLA (presented in Table 5) it appears that neither
tensile strength nor modulus have been improved when using fibrillated
poplar [189] or lignin [79], as fillers. Using CNF to reinforce PLA
increased the strength by ~24% [190] or even ~45% [10]. TMP fibers
(20 wt.%) more than doubled the tensile strength and modulus of BioPE
[119]. This seems to confirm the ability of wood fibers to reinforce
bioplastics for 3D printing applications, compared to wood powder and
lignin. Similar conclusions have been drawn by [165].

It can also be observed, that the improvement of almost 45% in
tensile strength after adding 30 wt.% freeze-dried CNF to a PLA matrix,
is strongly related to adjustments of the FDM-printing parameters. With
the first printing setup, almost no tensile strength increment could be
gained by increasing the CNF loading. After lowering the extrusion
temperature from 215°C to 180°C, increasing the bed temperature from
93°C to 120°C and lowering the speed from 15 mm/s to 7.5 mm/s, a
clear strength increment was achieved [10]. The influence of an opti-
mized printing setup becomes obvious and leads to the assumption that

10
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Table 5
Examples of tensile properties of 3D printed biocomposites
Thermoplastic Biocomposite Strength Stiffness Elong. at
polymer [MPa] [GPa] break
[%]

PLA [189] Neat PLA 60 2.9 6.3
PLA/poplar wood 50 3.6 1.6
powder (80/20) wt.

%

PLA/fibrillated 32 2.6 15
poplar fiber (85/15)

wt. %

PLA [190] Neat PLA ~46 ~3
PLA/PEG/CNF (91/ ~57 ~4.5
4/5) wt.%

PLA [10] Neat PLA ~55 ~3 ~3
PLA/CNF (70/30) ~80 ~7 ~1.5
wt.%

PLA [79] Neat PLA 58.5 2.9 2.5
PLA/Lignin (60/40) 45.7 2.7 1.9
wt.%

BioPE [119] Neat BioPE 10 0.7 10
BioPE/ 30 1.5 5.5

lignocellulosic fiber
(80/20) wt. %

important effects can be overlaid due to insufficient parameter
configurations.

7.4. Stereolithography

Stereo-lithography (SLA) is a 3D printing technology based on photo-
polymerization. A stereo-lithography resin was reinforced with CNC
(0.5-10% w/w) for the prototyping of 3D objects [191]. The mechanical
properties (e.g. tensile strength, youngs modulus and flexural modulus)
of the biocomposites increased modestly as the CNC content increased
from 0.5 to 2%. Increasing the CNC content to 5% reduced the tensile
strength and flexural modulus, potentially due to the formation of CNC
aggregates that act as stress concentrators. Photo-polymerization is an
attractive 3D printing technology that may be adequate for nanofibers
and lignin. Potentially these components may be valuable reinforcement
and filler candidates provided that the materials can be mixed with the
photo-curable ink components.

7.5. Selective laser sintering

In Selective Laser Sintering (SLS) polymer powder is spread in a bead
and a selected cross-sectional area is sintered or melted through a laser
and forms a solid layer.

Lignocellulosic fiber — thermoplastic SLS parts have low mechanical
strength, up to 5 MPa in tensile strength without post-processing and
6-11 MPa with wax-, or epoxy-infiltration [192-194]. To address this
issue, a prosopis chilensis wood powder/poly-ethersulfone bio-
composite formulation was proposed by [194]. An addition of 10%
wood powder to poly-ethersulfone powder was found to be the opti-
mum, regarding bending and tensile strength. In addition, the dimen-
sional accuracy was improved through the filler material.

Lignin has also been introduced as a filler material in SLS to safe costs
while maintaining or improving processability [195]. Including lignin in
a polyamide (PA) matrix resulted in higher porosity and accordingly a
higher elastic modulus and lower tensile strength compared to neat PA.
The effect of lignin on the tensile strength and modulus was related to
differences in surface roughness and surface energy. However, lignin
also enhanced the thermal stability and wettability (for 90° print
orientation) of the structure. The wettability was attributed to higher
surface roughness, caused by the addition of lignin.
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7.6. Applications for 3D printed lignocellulosic biocomposites

Biocomposites are widely applied for structural and nonstructural
products, for example in building industry, automotive industry and
household items [34,196-198]. As applications for CNF-based bio-
nanocomposites the paper industry, packaging industry and medical
applications are often mentioned in literature [46,47,155,199].

Presently, there are no known structural applications for bio-
nanocomposites in which CNFs have proven major advantages over
lignocellulosic fibers. However, there are some interesting approaches
for potential future applications like wind turbine blades [200] or car
components [99]. An overview of recent studies on FDM and SLA
polymeric input materials containing lignocellulosic components and
their applications is provided in [187]. As mentioned above, processing
of a given CNF reinforced bionanocomposite is limited by the high po-
larity and water content of the CNF dispersion. Therefore, water-soluble
polymers are the most favorable systems for CNF-based bio-
nanocomposites, so far [199].

However, the use of biocomposites, primarily composed of PLA as
the bioplastic matrix, has gained attention as a filament for FDM,
because of its degradability and ease of printing [165]. Advances on the
manufacturing of PLA- biocomposite filaments for FDM have been re-
ported, focusing on the appropriate fiber modification for increasing the
adhesion to the PLA matrix [116]. Gauss et al. [21] stated in a recent
review, that continues efforts have been taken to improve the mechan-
ical and physical performance of PLA as matrix material for bio-
composite FDM-filaments, since it is widely applicable and the best
tensile performance of cellulose-reinforced biocomposites has been
achieved by using PLA as a matrix.

As mentioned above, lignocellulosic material covers lignocellulosic
powders, fibers, nanofibrils and lignin. These materials have varying
properties, enabling a wide range of different type of 3D printed appli-
cations. There exist several published studies about the mechanical
properties of 3D printed lignocellulosic biocomposites [11,22,79,116,
119,189,2011], but there are only a few about CNF [10,11,190,202] or
CNC reinforced filaments for FDM [9,11,203]. Suggesting that structural
applications for these nanomaterials are still uncertain. In addition,
research on long-term behaviour, is currently missing. To assess the
suitability of 3D printed lignocellulosic biocomposites for structural
applications, studies on durability, fatigue and reproducibility could
play a major role.

8. Fatigue of lignocellulosic biocomposites

When studying mechanical properties, the short-term quasi static
strength and elastic properties tend to get most attention. However, for
many applications the long-term performance is no less important and
may be the critical design parameter. Many parameters can influence
long-term performance, such as cyclic loading (fatigue), long-term static
loads (stress rupture), swelling due to the absorption of fluids and
chemical degradation. This paper will just describe one of these aspects,
mechanical fatigue.

Fatigue of thermoplastics generally depends on loading rate and
temperature as well as on the concentration of absorbed liquids such as
water [204,205].

S-N curves (stress — number of fatigue cycle curves) are used to
characterize fatigue test results and to predict the remaining fatigue life
of a material. Originally S-N curves were presented as Woehler curves in
the log-log scale as [206]:

logAo = logAo, + a-logNy (8.1)

Ao is the stress amplitude and 46y and a are fit parameters. This
presentation of fatigue data is used also today in many design codes.
However, polymer and composite fatigue material data are often pub-
lished as in the linear-log scale. A widely used model in composite fa-
tigue is the following fatigue-life-relation [207]:

11

Composites Part C: Open Access 6 (2021) 100171

Onax = P+ avloghy (8.2)

In equation (8.2) 6yqy describes the maximum applied stress, # and a
are curve fitting parameters and Nyis the number of cycles to failure. The
S-N curve is only valid below the yield strength.

This model was used by Haque et al. [208] to analyze the fatigue
behavior of PP reinforced with 50 wt.% lignocellulosic flour, 2.5 wt.%
CNF and 2.5 wt.% maleic anhydride and peroxide (MAPO). The authors
presented a S-N curve for a 95% survivability of neat PP and PP/ligno-
cellulosic flour composites, as seen in Fig. 8.

In general, fiber-reinforced bio-composites offer higher fatigue
strength than unreinforced plastics, because the reinforcement hinders
the crack propagation in the matrix [208,209]. However, in Fig. 8 the
slope of PP/lignocellulosic flour is steeper compared to neat PP. The
graphs A-G refer to different temperatures ((120, 140, 160, 180)°C) and
mixing time ((5, 10, 20) min.) during twin-screw extrusion of the
PP/lignocellulosic flour/CNF/MAPP biocomposite. Furthermore, sam-
ple A was composed without MAPP. However, neither mixing temper-
ature nor time variation showed a significant influence on the fatigue
properties of the composites. It was also concluded that the effect of
molecular degradation of PP, due to the addition of MAPP, had a higher
influence on the fatigue properties of the composites compared with the
compatibilizing effect of MAPP [208].

Due to the hygroscopic nature of lignocellulosic pulp fibers, the
environmental conditions affect its dimensional stability and thus the
fatigue behavior [210]. Several recent studies on fatigue behavior of
lignocellulosic fiber-reinforced thermoplastic biocomposites can be
found in the literature, comparing neat thermoplastics to biocomposites
and studying the influence of coupling agents on the corresponding fa-
tigue properties [208,211,212]. Fotouh [212] observed that after water
absorption the S-N curve was shifted down on the fatigue-strength-axis
about 4-7% compared to the dry composite.

In a recent study from Travieso-Rodriguez, et al. [213] the fatigue
behavior of 3D printed lignocellulosic fiber reinforced PLA was inves-
tigated. The authors showed an experimental investigation of the in-
fluences of different manufacturing parameters. They concluded that the
addition of lignocellulosic fibers increases voids between the filament
layers and thus decreases their fatigue behavior. The mechanical fatigue
properties of 3D printed parts are influenced by the same factors like
under static loading: Printing parameters, material and reinforcement
and layer construction [214].

Shanmugam et al. [214] presented a review about fatigue behavior
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Fig. 8. S-N curve of 95% confidence band of experimental data of neat PP and
PP/lignocellulosic flour composites (A-G), prepared under different mixing
conditions. Reproduced with permission from Elsevier [[208], P.140], under
creative commons license:  https://creativecommons.org/licenses/by-nc
-nd/4.0/. Copyright (2019), Kingfa SCI. & TECH. CO., LTD.
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of FDM-3D printed polymeric composites. The authors aim was to
evaluate 3D printed polymeric materials’ fatigue properties and they
emphasize that mechanical fatigue investigations play a major role for
enabling the use of FDM-printed products in various structural and
load-bearing applications. They further concluded that a +45°/-45°
print layup yields to longer fatigue life for PLA-based materials and that
process parameter optimizations (regarding void reduction and ink
material characteristics) are of high importance for fatigue properties.
When it comes to fiber reinforcements the authors indicated the fiber
wettability, fiber fraction in the matrix, fiber dimension and properties
as crucial factors for determining fatigue life. But also mentioned the
lack of such investigations in literature [214]. This seems to apply to
biocomposites in general [215].

Studies on the fatigue properties of CNF bionanocomposite materials
also lack in literature, so far. Nonetheless, analyzing the fatigue prop-
erties are important to evaluate if there are feasible applications for
thermoplastic CNF-based bionanocomposites. Since the fatigue proper-
ties of biocomposite are strongly dependent on the water absorbing
ability of the lignocellulosic reinforcements [210,212] and the interfa-
cial coupling between fiber and matrix, these dependencies might apply
for CNF-based bionanocomposites as well.

An investigation of lignocellulosic fiber/PP biocomposites with
different aspect ratios of fibers [216] showed, that a higher aspect ratio
can lead to a slight improvement of the fatigue performance of the
biocomposite. But the effect of aspect ratio on fatigue strength appeared
to be quite low (< 5% increased strength with ~ 44% increased aspect
ratio) [216]. However, water absorption of lignocellulosic fibers is a
known issue regarding to their fatigue performance due to swelling and
fiber-matrix de-bonding [212,217].

A deeper understanding of failure mechanism behind the static and
dynamic loading condition of 3D printed lignocellulosic biocomposites
can help to improve the durability and reliability of such products [214,
215]. Greater research effort is required in this field to drive forward the
implementation of (3D printed) lignocellulosic biocomposites in struc-
tural applications. Liber-Kne¢ et al. [218] found accelerated fatigue
testing to be a useful tool to recognize basics of fatigue behavior of
lignocellulosic fiber reinforced thermoplastic biocomposites or for
comparative studies.

9. Conclusions

This review focused on the reinforcing ability of lignocellulosic
materials as a component of biocomposites and attempted to shed light
on several perspectives in terms of applicability and production chal-
lenges. Furthermore, important background information about micro-
mechanics of biocomposites was presented to contribute a wider
perspective for the reader.

Lignocellulosic fibers are well implemented as a reinforcement for
bioplastics and contribute with beneficial properties, such as e.g. higher
stiffness and strength increment. Additionally, lignin has shown poten-
tial in combination with thermoplastics and may be a plausible addition
to fiber and nanocellulose-based biocomposites. However, a main
challenge remains to extract and isolate lignin with high purity and
reactivity. Moreover, one must find adequate chemical and enzymatic
functionalization method for lignin to be further used as a polymeric
matrix in thermoplastic wood-based biocomposite materials.

Optimally shaped, individual cellulose nanofibers seem to offer great
mechanical properties, according to theoretical estimations. However,
the reinforcing ability of nanofibers undergoes a strong reduction during
biocomposite production. The most critical factors in this context are
agglomeration of the nanofibers and in some cases poor compatibility
between nanofiber and matrix. Presently, both of these factors suggest
that nanofibers have a limited reinforcing effect in bioplastics and are
not well controllable and reproduceable, yet.

In 3D printing, inadequate parameter setups may greatly detract the
reinforcing ability of lignocellulosic components. This review draws
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attention to the deviation between theoretical estimations and physical
test results, mainly caused by the poor consideration of fiber-matrix-
interaction and strong impact through biocomposite processing on the
resulting mechanical properties of the end-product.

Concluding, this review indicates that presently lignocellulosic pulp
fibers may be more adequate as component of thermoplastic bio-
composites than the corresponding cellulose nanofibers. In addition to
their reinforcing properties, they require less production efforts and may
perform better in LCA analysis compared to the corresponding nano-
fibers. This is expected to extend their applicability in a wide variety of
industries such as construction, household items, interior design, and
automotive. Further, investigations on durability and fatigue of ligno-
cellulosic biocomposites are required. Understanding of production
processes and their influence on the mechanical properties of bio-
composites, appear to be of high importance to apply biocomposites in
conversion processes such as extrusion, injection molding and 3D
printing. In addition, a stronger focus on the development of energy-
saving production processes could support the attractiveness of bio-
composites for large-scale productions.
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Abstract: Thermomechanical pulp (TMP) fibres can serve as renewable, cost-efficient and lightweight
reinforcement for thermoplastic polymers such as poly(lactic acid) (PLA). The reinforcing ability of
TMP fibres can be reduced due to various factors, e.g., insufficient dispersion of the fibres in the
matrix material, fibre shortening under processing and poor surface interaction between fibres and
matrix. A two-level factorial design was created and PLA together with TMP fibres and an industrial
and recyclable side stream were processed in a twin-screw microcompounder accordingly. From the
obtained biocomposites, dogbone specimens were injection-moulded. These specimens were tensile
tested, and the compounding parameters statistically evaluated. Additionally, the analysis included
the melt flow index (MFI), a dynamic mechanical analysis (DMA), scanning electron microscopy
(SEM) and three-dimensional X-ray micro tomography (X-uCT). The assessment provided insight
into the microstructure that could affect the mechanical performance of the biocomposites. The
temperature turned out to be the major influence factor on tensile strength and elongation, while no
significant difference was quantified for the tensile modulus. A temperature of 180 °C, screw speed
of 50 rpm and compounding time of 1 min turned out to be the optimal settings.

Keywords: biocomposite; wood fibres; compounding; material characterisation

1. Introduction

Biocomposites from wood-fibre-reinforced thermoplastic polymer have shown po-
tential to be a replacement for fossil-based short-fibre-reinforced composites, such as
glass-fibre-reinforced polyolefins. PLA is a biobased and biodegradable thermoplastic
polymer and thermomechanical pulp (TMP) fibres have proven their ability to reinforce
PLA [1]. Additionally, recycled wood particles obtained from sawmill side streams can be
used as a cost-efficient filler material, as a stiffness enhancement and as a potential MFI
enhancement [2] that could be beneficial for biocomposites processed by injection mould-
ing, and reused side streams can help to improve circularity and waste management [3,4].
The overall purpose is to create more sustainable, lightweight and cost-efficient products.
Such biocomposites, mainly processed by injection moulding, compression moulding or
extrusion can serve as nonstructural parts in the automotive sector, in building and con-
struction, for furniture and household items as well as sports and leisure equipment [5].
However, the poor compatibility between hydrophilic fibres and the hydrophobic matrix
may hinder the full potential of wood-fibre-reinforced biocomposites. Additionally, the
relatively low degradation temperature of wood fibres (200 °C) limits the processibility of
such biocomposites [6-8]. Natural raw materials generally show a greater variety in their
properties than man-made materials. This might negatively affect the reproducibility and
consistency of biocomposite parts.
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For preparing biocomposites, one common procedure is to mix dry polymer and
possibly a compatibiliser powder before adding wood fibres, e.g., TMP fibres. Additionally,
it can be necessary to dry the raw materials prior to processing to eliminate moisture
that evaporates during the heat treatment and might cause inclusions and defects. Fur-
thermore, moisture can affect the dimensional stability of TMP fibres and disturb the
fibre-matrix interface [9]. In addition, some polymers (e.g., PLA) degrade in the presence
of water [10,11].

The dried and mixed biocomposite components can either be fed directly into a
melt extruder, or processed into pellets beforehand by melt compounding, pressing and
chopping. Through melting and mechanical shearing, the mixture is then compounded
and homogenised. The compounding process can be repeated several times, but fibre
damage and polymer degradation must be considered. Drying TMP fibres makes them
brittle and fragile. This causes fibre damage and shortening during compounding [7,10].
Wet TMP fibres are not that susceptible to damage development, but they agglomerate
and cannot be dispersed properly. As shown by Yang et al. [12], to some extent, fibre
agglomeration may affect the flexural properties of the biocomposite more negatively than
fibre shortening. This was true for compounding wet pulp and high-density polyethylene.
However, when oven drying and pelleting of the fibres was done prior to compounding,
a reduction in fibre length resulted in an improvement of fibre dispersion and thus a
lower flexural strength of the biocomposite [12]. Wood fibres generally have shown to
change their mechanical properties and morphology during melt processing. The property
changes were mainly related to temperature and exposure time [9,13]. High temperature
and long residence times were also found to have a negative impact on the tensile strength
of neat polypropylene due to thermal degradation and hydrolysis due to the presence
of moisture [14]. On the other hand, to some extent, a higher screw speed could have a
positive effect on the tensile strength [15] and fibre dispersion [16,17].

It can be differentiated between continuous and discontinuous melt compounding.
In continuous compounding there is a continuous material flow along different mixing
elements, e.g., kneading blocks, conveying elements or tooth mixing elements that are
connected in series to accomplish certain objectives. The duration of the treatment is
dependent on the feeding rate [18,19]. In discontinuous compounding the biocomposite
components remain in the barrel and are mixed by two conveying screws for a certain
duration of time after being released [20]. Discontinuous microcompounding is especially
beneficial if small batches are required for early material development. However, using
different processing equipment might lead to different biocomposite properties even when
the same parameter settings are used. This applies for upscaling from a discontinuous
batch compounder to a continuous compounder for larger quantities or when switching to
a similar machine from another manufacturer due to specific dimensions of the barrel and
the screws [21].

When compounding TMP fibres and biopolymers, the aim is to achieve a homogeneous
dispersion of fibres in the matrix while maintaining the fibre length. To take full advantage
of TMP fibre reinforcements, it is of major importance to select suitable processing parame-
ters [9]. The discontinuous compounding process is controlled by the compounding time,
screw rotation speed, compounding temperature and the screw design [22]. Adjusting
these parameters may affect the mechanical properties of the resulting biocomposites [19]
and is a trade-off between sufficient dispersion and material degradation or damage. In-
creasing the temperature, screw speed and compounding time decreases the viscosity of the
polymer, accelerates the process and increases the probability of homogeneous dispersion,
respectively. However, elevated temperatures may cause a degradation of the biocomposite
components. Elevated screw speed increases the shear and friction forces which can cause
fibre damage and uncontrolled internal heating. A longer compounding time results in
longer exposure duration of the biocomposite components to heat and mechanical forces.
Thus, thermal, and mechanical damage can evolve more significantly. Therefore, studies
to optimise the compounding process and gain information on how each compounding
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parameter influences the biocomposite properties are crucial [23]. The parameters might
not only be optimised towards desired biocomposite properties but also towards other
goals such as minimum energy consumption or time efficiency [24].

In this work, a design of experiments (DoE) approach is used to find optimal param-
eters for compounding TMP fibres, an industrial side stream (S) from fibre boards and
PLA in a twin-screw microcompounder. However, it should be noted that the presented
results are not only limited to the biocomposite formulation used in this study but can
serve as a baseline for other formulations of lignocellulosic fibres and polymers having a
similar processing temperature as PLA. The purpose of the study was to provide a method
for performing a parameter optimisation for biocomposite processing using a microcom-
pounder and highlighting the impact of exposure time, temperature and screw speed on the
biocomposite properties. Importantly, we hypothesised that wax-containing side stream
could be used to tailor the MFI. It was thus important to verify whether the compounding
variables affected the performance of the side stream as an MFI modifier. Further, micro-
compounding is greatly used for research purposes [25-28] because of the possibility of
producing small batch sizes below 50 g. However, to the best of our knowledge there is a
lack of comprehensive studies addressing the effect of microcompounding parameters on
the biocomposite properties. The interaction of temperature and residence time and the sen-
sitivity of natural fibre biocomposites on these factors was investigated and reviewed [9,29].
The presented DoE approach aims to clarify whether and how exposure time, temperature
and screw speed affect the biocomposite tensile properties and morphology.

2. Materials and Methods
2.1. Raw Materials

The PLA used in this study was an Ingeo 4043D grade (NatureWorks, Minnetonka,
MN, USA). The side stream was collected from the production plant at Alloc AS (Lyngdal,
Norway). A chemical characterisation of this side stream can be found in [2]. The purpose
of introducing this industrial side stream was to enhance the usage of waste material and
further explore its beneficial effect on the MFI [2]. Spruce TMP fibres were prepared by
Norske Skog Saugbrugs (Halden, Norway). The pulp was granulated to a size of <8 mm as
described in [2]. The research method of the present study is illustrated using a flow chart
(Figure 1).

[ PLA ] [ TMP fibres } [ Industrial side stream ]

Drying

Injection moulding

IS

) Coun ) (o)

Significance and

Analyse effect directions
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¥
SEM and X-
micro CT
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Figure 1. Flow chart to illustrate the research method.
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2.2. Compounding

The side stream (S) was ground using a 30-mesh sieve in a Thomas Wiley Mini-Mill
cutting mill (Thomas Scientific, Swedesboro, NJ, USA). The side stream powder and TMP
fibres were dried for 1 h at 105 °C. PLA was dried for 4 h at 50 °C. The raw materials
were compounded in an Xplore twin-screw microcompounder (Xplore Instruments BV,
Sittard, The Netherlands). Eight series of biocomposites were compounded using different
parameter settings by adjusting the compounding time, the screw rotation speed and the
compounding temperature (Table 1). The chosen temperature range was restricted by the
minimum processing temperature of PLA (180 °C) [30] recommended by the manufacturer
and the degradation temperature of the TMP fibres (200 °C) [7]. The screw rotation speed
and compounding time were chosen as low as possible to prevent harming the biocomposite
raw materials by excessive mechanical shear forces and exposure to elevated temperatures.
The goal was to maximise fibre dispersion while minimising thermal degradation and
mechanical damages of the biocomposite components. The formulation of 70 wt.% PLA/
20 wt.% TMP/10 wt.% S was equal for every batch. For each series three independent batches
were prepared with the microcompounder and mixed randomly before further processing.

Table 1. Compounding parameters to prepare biocomposites from 70 wt.% PLA/20 wt.%
TMP/10 wt.% S.

Dessiegrri\:ion Time (min) Speed (rpm) Temperature (°C)
Low High Low High Low High
1/25/180 1 25 180
2/25/180 2 25 180
1/50/180 1 50 180
2/50/180 2 50 180
1/25/200 1 25 200
2/25/200 2 25 200
1/50/200 1 50 200
2/50/200 2 50 200

2.3. Injection Moulding

An Xplore injection moulding system (Xplore Instruments BV, Sittard, The Netherlands)
was used to form tensile test specimens for mechanical tensile testing. Eight test specimens
per series were prepared. The injection temperature was 190 °C and the mould temperature
was 30 °C.

2.4. Tensile Tests

The injection-moulded dogbone specimens were mechanically tensile-tested with an
MTS Criterion 42 503E testing machine (MTS, Eden Prairie, MN, USA) and a load cell of
5 kN, using an extensometer (MTS 632.29F-30) with 5 mm gauge length. The test speed
was 2 mm/min. The modulus was calculated from the linear slope between two points on
the stress—strain curves at a strain of 0.25% and 0.5% according to ISO 527-2:2012.

2.5. Statistical Analysis

The effect of compounding parameters on the tensile properties of injection-moulded
specimens was assessed as part of a 23 full factorial design, i.e., three factors (compounding
parameters from Table 1) at two levels (low and high from Table 1) with five repetitions per
series. As a response, the tensile strength and tensile modulus were assigned. The statistical
analysis of the standardised effects and interactions was done using Minitab® 19.2020.1
software. Prior to the analysis of variance (ANOVA) a normality test (Shapiro-Wilk) and a
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homoscedasticity test (Levene) was performed to ensure the data sets were following the
normal distribution and the variances were equal. To compare each series to each other
and assess the statistical difference between groups, a post hoc test (Tukey method) was
used. It was determined which factors had a statistically significant influence on the tensile
properties and which series were significantly different from each other. A significance level
of 0.05 was chosen. Additionally, interaction plots were used to show how the relationship
between one compounding parameter and the tensile properties depended on the value of
another compounding parameter [31]. To find the p-value, the F-test from the analysis of

variance was used: )
__ Effect variance

~ Error variance @

The procedure for performing the F-test is explained in [32]. The F-ratio (Equation (1))
was obtained by dividing the mean squares between the factors by the mean squares within
the groups (factors). The p-value could then be found in F tables for desired probabilities

(here 5%) and degrees of freedom [32].

2.6. Melt Flow Index

The melt flow index (MFI) of samples from series 1/50/180 and 2/50/200 was mea-
sured with a Melt Flow Index-Deluxe (model no: MFI—DX, Presto Stantest Private Limited,
Faridabad, India). These samples were chosen because they resulted in the highest and
lowest tensile strength, respectively. A temperature of 190 °C was applied, the preheating of
a sample was 5 min and a weight of 2.16 kg was used. Ten measurements were undertaken
for each sample, and this was repeated two times on different batches. There is a significant
difference in sample mass when the sample is taken right after the beginning or towards
the end of the material extrusion. The results presented here were obtained from samples
taken right after starting the test.

2.7. Scanning Electron Microscopy

The fracture surfaces of injection-moulded samples from series 1/50/180 and 2/50/200
were assessed with scanning electron microscopy (SEM). The fracture area was coated
with a layer of gold and visualised in secondary electron mode. SEM was conducted with
a Hitachi scanning electron microscope (SU3500, Hitachi High-Tech Corporation, Tokyo,
Japan). The acceleration voltage and working distance were 5 kV and 5-10 mm, respectively.

2.8. Dynamic Mechanical Analysis

A dynamic mechanical analysis (DMA) was performed on injection-moulded dog-
bone specimens of series 1/50/180 and 2/50/200. The tests were performed in accordance
with ISO 6721-11:2019 (method A) on a Gabo Eplexor 1500 N test machine from NETZSCH
(Selb, 95100, Germany). The dog-bone specimens were used in axial tension mode in a
temperature range of 25 °C to 100 °C. The tests were performed at a constant frequency of
10 Hz, a static strain of 0.2%, a dynamic strain of 0.1% and a heat rate of 5 K/min.

2.9. X-ray Micro-Computed Tomography

The fibre dimensions were assessed on injection-moulded samples from series 1/50/180
and 2/50/200 with X-uCT [33]. The samples were imaged with a Xradia MicroXCT-400
tomograph (XRadia, Concord, CA, USA) with a 1.1 um pixel size. The X-ray tube voltage
was set to 30 kV and the power to 3 W. A total of 1881 projections were acquired with 8 s
exposure time and 10 x magnification. Three-dimensional volume images were constructed
using an algorithm from [34]. A cropped region of the image was edited by bilateral and
high-pass filtering [35]. Fibres, matrix and voids were segmented by thresholding according
to [36]. To segment the agglomerates, individual fibres were erased with a morphological
opening filter, and the pores in the agglomerates were closed by a morphological closing
filter. The fibre lengths were determined using the constrained path transform [37] and
the fibre orientation using the structure tensor method [38]. By applying the approach of
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Miettinen et al. [33], the fibre length and orientation were combined into fibre property
distributions. With the local thickness algorithm [39], agglomerates were characterised by
measuring the volume and the surface area.

3. Results and Discussion
3.1. Tensile Tests

The tensile test results of injection-moulded dog bones, prepared by using eight differ-
ent compounding parameter combinations (Table 1) are presented in Figure 2. Additionally,
groups of responses with similar characteristics could be identified using the Tukey method.
Four groups named A, B, C and D were identified. The series means that do not share a
group letter were significantly different.
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Figure 2. Results from tensile tests of the biocomposite series. (a) Tensile strength with indication of
homogeneous groups A-D, (b) tensile modulus, (c) elongation at maximum stress and (d) representa-
tive stress—strain curve of each series.

The tensile modulus was similar for all eight biocomposite series, as seen in Figure 2b.
No significant effect could be observed, as indicated by the grouping information. All
series means were assigned to the same group A. Regarding the tensile strength, four data
groups were identified. Series compounded at 180 °C (group A) generally showed a higher
tensile strength than the series compounded at 200 °C (group C and D). The same trend
was observed for the elongation at maximum strength. The highest tensile strength was
found for series 1/50/180 with (45.96 + 3.68) MPa and the lowest for series 2/50/200 with
(23.16 & 4.77) MPa. Additionally, series 2/50/200 (Group D) showed a significantly lower
tensile strength than the other series compounded at 200 °C (Group C). The combined
average tensile modulus of all series was found to be (5416 + 143) MPa. Series 1/50/180
and 1/50/200 resulted in the highest tensile strength inside their data group. Both were
compounded for 1 min at 50 rpm. Thus, for achieving the highest possible tensile strength,
this setting seemed to be more appropriate than the others. The strength of all series was
lower than the one of neat PLA. This was most probably related to the presence of waxes
in S. The waxes might have disturbed the interfacial adhesion between PLA and the fibres
and thus acting as a defect rather than a reinforcement [2]. Additionally, the addition of stiff
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fibres and particles to a ductile matrix such as PLA restricts the mobility and deformation
of the matrix leading to a reduced strain to failure [40].

In biocomposites, the modulus is mainly influenced by the fibre and matrix modulus,
the fibre volume fraction and orientation but only to a much lesser degree by the fibre
length [41]. The tensile modulus of a TMP-fibre-reinforced biocomposite can be calculated
as suggested by Thomason [42]:

E = VuEnm + VfEfVIO 2

In Equation (2), V; and E; are the volume fraction and elastic modulus. i = m, f refers to
the matrix or the fibres. 71 is obtained by the shear lag theory developed by Cox and refers
to the morphology of the fibres. 79 is an orientation factor [42]. For injection-moulded
short-fibre composites, the fibre orientation is mostly considered as being random due to
the different orientations of the fibres in the midplane and close to the mould surface [43].
According to Equation (2), the modulus gets reduced with lower fibre length. The factor of
fibre length is eliminated when using a model for particulate-reinforced composites [44]:

V}) En 0.67
E=—F L (1-V)E 3
The tensile strength is more sensitive to the fibre length or length-to-width ratio. If the
fibre length is below the critical load transfer length, the fibre might rather act as a defect
than a reinforcement [10,45]. The tensile strength can be predicted by:

o= Vfo'fxlxz + Vi “4)

For illustrating the effect of fibre length or particle volume fraction on the tensile
modulus and strength with the proposed models, the parameters according to Table 2 were
applied and plotted in Figure 3. The values in Table 2 refer to the biocomposite used in this
study. The material properties of the matrix (PLA) were taken from the above-presented
measurements and the TMP fibre properties were taken from the literature, as indicated in
Table 2. The fibre morphology was assessed using X-pCT. The fibre orientation was consid-
ered random [43] and the corresponding factors were taken from the literature [10,42,45].
The experimentally obtained data points (cross markers) of the series resulting in the lowest
(2/50/200) and the highest (1/50/180) tensile strength are plotted in each model graphic.
Additionally, the tensile strength and stiffness values for the corresponding biocomposite
predicted by the model are indicated by a rhombus marker. The grey graph is a plot of
the Equations (2)—(4) over the fibre length or fibre volume fraction. All parameters were
kept constant except for the fibre length [ in 771 (Figure 3a,c) or the fibre volume fraction V¢
(Figure 3b).

Table 2. Parameters used for the analytical models.

Parameter Value Unit Clarification
Vi 0.7 - Matrix volume fraction
Ve 0.3 - Fibre volume fraction
Ew 3.6 GPa Matrix tensile modulus
Ef 2 GPa Fibre tensile modulus [46]
1o 0.375 - Fibre orientation factor [42]
Ui 1— nggelz/ 2) - Fibre length factor [42]
272Gy 1/2 _ I
B d [Efln(, /n/XiV/)] [42]
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Table 2. Cont.

Parameter Value Unit Clarification
X; 4.0 - Squared packing value [42]
E .
Gm P L) MPa Matrix shear modulus
v 0.3 - Poisson’s ratio of matrix
O 66 MPa Matrix’s ultimate tensile strength
oy 500 MPa Fibre’s ultimate tensile strength [10]
T @gm MPa Matrix shear strength
d 0.02 mm Fibre diameter (measured with X-uCT)
I 2? d mm Critical load transfer length [45]
X1 0.167 - Fibre orientation factor [10]
I . 1
sl <l
X 2L i ¢ - Length factor [10]
1-5;12>1e
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Figure 3. Micromechanical models for (a) Tensile modulus for short-fibre-reinforced composites
(Cox) with varying fibre length, (b) tensile modulus for particulate-reinforced composites (Mital)
with varying particle volume fraction and (c) tensile strength of short-fibre-reinforced composites
(Bowyer and Bader) with varying fibre length.

According to the micromechanical model in Equation (2) (Figure 3a), longer fibres
are expected to stiffen the matrix to some extent. However, this was not true for the
biocomposites presented here. As indicated by the rhombus marker, the modulus of
both series was similar despite the difference in fibre length. Regarding the effect of the
volume fraction (Figure 3b) of particulate reinforcements, it can be observed that the fibre
or particle volume fraction had a much greater impact on the composite stiffness. Since in
the biocomposites presented here, the volume fraction of the TMP fibres and S particles was
the same in all series, it is understandable that the effect of marginally different fibre lengths
was negligible. Both models predicted the modulus fairly well with an error of about 10%.
However, the error was the least when applying the model for particulate reinforcements
(Equation (3)) to series 2/50/200 and the one for fibre reinforcements (Equation (2)) to
series 1/50/180, indicating that the TMP fibres in series 2/50/200 where probably broken
down to a particle-like shape.

Figure 3c shows the modelled and experimentally obtained tensile strength of the
biocomposite in relation to the TMP fibre length. Although the model (Equation (4)) over-
estimated the experimental results from both series 1/50/180 and 2/50/200, the measured
and modelled tensile strengths of series 1/50/180 deviated by only 14% when applying
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the micromechanical model for fibre lengths below the critical load transfer length (I < I;).
However, in the case of 2/50/200, the analysis showed that not only the fibre length reduc-
tion caused the comparatively low tensile strength of biocomposites from this series, but
porosity and insufficient fibre-matrix interaction probably also contributed to the major
reduction of tensile strength. Importantly, the higher temperature in combination with
a higher screw speed and compounding time might have led to the thermal degrada-
tion of matrix and fibres, fibre shortening due to elevated shear forces and probably the
evaporation of moisture and volatilisation contributing to void formations and a reduced
fibre-matrix interaction [1,13,47].

3.2. Statistical Analysis

The p-values obtained from the test for normality and homoscedasticity were greater
than the confidence level of 0.05 for all tested sets of data. Thus, the data of the tensile
strength and modulus followed the normal distribution for each series and the variances
between the two levels of each factor were equal for both responses. The p-values found for
the influence of the compounding parameters on the tensile properties with a confidence
level of 0.05 are provided in Table 3.

Table 3. p-values for the influence of the compounding parameters on the tensile properties with a
significance level of 0.05.

Factor p-Value
Tensile Strength Response Tensile Modulus Response
Temperature < 0.05 0.683
Speed 0.695 0.110
Time 0.250 0.898
Time x Speed 0.065 0.940
Time x Temperature 0.175 0.962
Speed x Temperature 0.162 0.133
Time x Speed x Temperature 0.785 0.321

The only p-value less than 0.05 was found for the influence of temperature on the
tensile strength. As already indicated by the bar graph in Figure 2b, no significant influence
of any compounding parameter on the tensile modulus was found. The combined effects
of two or all three parameters were not significant either. A Pareto chart of standardised
effects and main effect plots for the tensile strength and modulus are presented in Figure 4.

Figure 4b and d show whether a factor had a significant effect on the response or not.
If the red dashed line is crossed by a bar, the corresponding factors had a significant effect
on the response. This was only valid for the effect of compounding temperature on the
tensile strength. The combined factors showed a relatively similar effect magnitude on the
tensile strength. The screw speed had the least effect, but it became more prominent in
combination with time or temperature. Regarding the effect plot for the tensile strength
(Figure 4a), it can be observed that the higher value or level of each factor had a negative
effect on the tensile strength, meaning that an elevated compounding time, screw speed
and temperature led to a lower tensile strength of the biocomposite. An opposite but not
significant effect can be observed for the tensile modulus (Figure 4c). The screw speed had
the largest effect on the tensile modulus followed by the combined effect of temperature
and screw speed. The temperature and combination of screw speed and temperature and
time and temperature had the least effect on the tensile modulus. The screw speed most
probably contributed to the fibre dispersion and potential fibre damage or shortening. It
was previously shown that the fibre or particle size had no significant effect on the tensile
modulus [40]. However, a slight trend of decreasing modulus with increasing particle size
was observed [40], consistent with the results presented here. Since no significance was
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found for the tensile modulus response, interaction plots are only shown and discussed for
the tensile strength response (Figure 5).
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Figure 4. Main effect plots for the response of (a) tensile strength and (c) tensile modulus and Pareto
charts of standardised effects for (b) tensile strength and (d) tensile modulus.
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Figure 5. Interaction plots for the tensile strength.

The upper left plot in Figure 5 shows the combined effect direction of compounding
time and screw speed on the tensile strength. The yellow data points correspond to the
lower level of speed and the red data points to the higher level of speed. It can be concluded
that when a lower screw speed (25 rpm) was applied, the effect of the compounding time
was very little. When a higher screw speed (50 rpm) was applied, the effect of time
became more prominent. The same trends can be observed for the combined effects of
compounding time and temperature and screw speed and temperature. This shows that
the effects intensified each other.

From the tensile test results and the statistical analysis, it can be concluded that a
180 °C compounding temperature, 50 rpm screw speed and 1 min compounding duration
were the optimal parameter settings for achieving the highest tensile strength of the tested
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biocomposite. Similar compounding parameters were suggested by Lu et al. [48] for a
wood fibre high-density polyethylene composite. The results of the present study can serve
as a baseline for compounding similar lignocellulosic-reinforced biocomposites. Instead of
50 rpm and 1 min (series 1/50/180), 25 rpm and 2 min (series 2/25/180) resulted in a very
similar average tensile strength (Figure 2). However, this was not valid when applying a
higher compounding temperature of 200 °C. Here, the maximum tensile strength could
only be obtained by applying 50 rpm and 1 min (series 1/50/200). Not-dried biocomposite
components may (inter)act differently. Wet lignocellulosic fibres might be less brittle
and sensitive to shear forces, but the fibre-matrix surface interaction may be disturbed
by the presence of water [12]. Varying the processing procedure [12] or applying these
compounding parameters to other compounding equipment, especially to large-scale
continuous extruders might lead to different mechanical properties than the ones presented
here. This is due to potentially different screw shapes and dimensions leading to different
mechanical shear forces, internal friction, etc. [21]. However, it can be assumed that
the effect directions of the compounding parameters also remain similar when different
equipment is used.

3.3. Melt Flow Index

Based on the results obtained from the tensile tests and the statistical analysis, an
MFI analysis is presented for the series with the highest (1/50/180) and the lowest tensile
strength (2/50/200). The biocomposite from series 1/50/180 was measured to have an MFI
of (4.73 £ 1.79) g/10 min. Series 2/50/200 was not measurable because the biocomposite
was not able to exit the nozzle of the MFI measurement equipment even when higher forces
(5 kg) were applied.The MFI tester nozzle was clogged, and volatilisation was visible. The
other three series compounded at 200 °C (1/25/200, 2/25/200, 1/50/200) were also not
measurable, and a similar volatilisation was observed. Neat PLA has an MFI of 6 g/10 min,
according to its technical data sheet [30]. Incorporating TMP fibres into a PLA matrix
typically reduces the MFI [4]. However, the side stream in the biocomposite formulation
presented here contained waxes [2] that may have contributed to reducing the interfacial
adhesion between the PLA and the side stream particles. The side stream may, on the
one hand, contribute to an increased MFI but on the other hand, to a reduction of tensile
strength [2,49]. An increased MFI is beneficial with respect to the further processing of
the biocomposite, e.g., injection moulding [2]. Typically, the MFI rises when harsher heat
treatment or multiple cycles of heat treatment are applied due to chain scission [50]. It
was therefore unexpected that the MFI of series 2/50/200 was lower than the MFI of
series 1/50/180. The waxes might have been partially volatilised during the harsher heat
treatment of series 2/50/200 thus eliminating the beneficial contribution of the waxes for
increasing the MFI.

3.4. Dynamic Mechanical Analysis

Injection-moulded dog-bone samples of series 1/50/180 and 2/50/200 were subjected
to a DMA temperature sweep test to investigate their viscoelastic behaviour and glass
transition temperature (Tg). The resulting storage modulus E’, loss modulus E” and tan(4)
are presented in Figure 6.

The storage modulus corresponds to the ability of a material to store energy elastically,
while the loss modulus is the viscous response to stress and is related to the energy
dissipated per cycle of sinusoidal deformation. The ratio of loss and storage modulus is
tan(9), also called loss factor.

The loss factor tan(d) of series 1/50/180 was higher than the tan(J) of series 2/50/200,
meaning that series 1/50/180 behaved more viscous and series 2/50/200 more elastically.
The TMP fibres generally lead to a reduction of chain mobility, thus more energy is required
for the transition from the glassy to the rubbery state [51]. This indicated a reduced chain
mobility of series 2/50/200 compared to series 1/50/180. Fillers with a lower surface area
per volume or insufficient fibre-matrix surface interaction are known for allowing a greater
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mobility of the biocomposite, leading to increased heat dissipation under deformation
through applied stress to the biocomposite. This results in a higher loss modulus, as seen
for series 1/50/180 [52-54]. The greater chain mobility observed for series 1/50/180 was
already indicated by its comparatively high MFI, thus confirming the presented results.

a) 1/50/180 b) 2/50/200
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Figure 6. Storage modulus, loss modulus and tand obtained from DMA temperature sweep test of
(a) series 1/50/180 and (b) series 2/50/200.

Further, an increased storage modulus can be an indication of a uniform dispersion
of fillers in a matrix material. This is related to the assumption that agglomerates or
nonuniformly dispersed fibres would not restrict the movement of polymer chains as much
as uniformly dispersed ones [12,52]. The storage modulus of series 2/50/200 was higher
than the one of series 1/50/180, indicating more uniformly dispersed fibres in samples
of series 2/50/200. This is expected since series 2/50/200 was compounded for a longer
time and at higher temperature than series 1/50/180. The restriction in chain mobility due
to uniform fibre dispersion and a potentially improved fibre-matrix surface interaction
due to the volatilisation of waxes most probably explains the lower MFI of series 2/50/200
compared to 1/50/180 [55].

According to ISO 6721-11:2019, the glass transition temperature can be read from the
peak of the loss modulus curve, at the inflection point of storage modulus or at the peak
of the tan() curve. A reduction in molecular weight due to polymer degradation under
processing might lead to a lower Tg. Generally, the processing of PLA might increase
crystallinity leading to a reduced mobility and an increased Tg [56]. When read from the
peak of E” and the inflection point of E’, series 1/50/180 had a higher Tg (66 °C or 63 °C)
than series 2/50/200 (61 °C or 60 °C). The peak of tan(d) was at 71 °C for both series.

3.5. Scanning Electron Microscopy

Fractured tensile test specimens from the series 1/50/180 and 2/50/200 were investi-
gated more closely. The fracture surfaces of the samples from series 1/50/180 (left) and
one from series 2/50/200 (right) are shown in Figure 7.

In Figure 7 left, some fibre agglomerates are visible in the form of areas where fibres
are accumulating without being surrounded by matrix material. Series 1/50/180 showed
the highest tensile strength and elongation at maximum stress. However, the dispersion
of fibres was not fully achieved as already indicated by the lower storage modulus of
1/50/180 compared to 2/50/200.

In Figure 7 right, the fracture surface of series 2/50/200 appears to be rougher and
rugged compared to series 1/50/180. Fibre fragments and pores in the matrix are visible
and it can clearly be seen that both fibres and matrix were damaged under compounding.
The agglomerations visible on the fracture surface of 1/50/180 probably initiated the failure
of the specimen. However, the matrix surrounding the agglomerates seems smoother and
not as porous as the fracture surfaces of 2/50/200. This observation highlights the trade-off
between homogeneous fibre dispersion and material degradation when compounding
wood fibre biocomposites. As 1/50/180 was stronger and tougher than 2/50/200, it might
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be more beneficial to maintain the raw materials’ morphology to a certain extent at the
expense of some fibre agglomerations.

1/50/180 2/50/200

ORISE PFI 5,00 KV 5.1 mm x 70 SE 500 pm ©RISE PFI 5.00 KV 6.0 mm x 70 SE

Figure 7. SEM images with 70 x magnification of fractured surfaces of a tensile test specimens from
series 1/50/180 (left) and series 2/50/200 (right).

3.6. X-ray Micro-Computed Tomography

The fibre length distribution of series 1/50/180 and 2/50/200 was investigated on
injection-moulded specimens using X-uCT (Figure 8).

As seen in Figure 8b, series 1/50/180 showed a higher probability for the presence
of longer fibres than series 2/50/200. This agrees with the micromechanical modelling
and tensile test results presented in Figure 3c. Since longer fibres were present in the
biocomposites of series 1/50/180, more fibres could potentially transfer the load applied to
the biocomposite. Although the TMP fibres were not fully dispersed in series 1/50/180
(as indicated by SEM images Figure 7 and DMA Figure 6), the applied compounding
parameters were considered to be optimal. Based on the presented results from tensile
tests and statistical analysis, it is not expected that either increasing compounding time,
temperature or screw speed would contribute to a significantly higher tensile strength of
the biocomposite. It was shown that a longer or stronger mixing may potentially improve
the fibre dispersion but may damage the biocomposite components at the same time,
resulting in a nonsignificant improvement of tensile strength. Potentially, other feeding
techniques or mixing and pelletising prior to compounding could contribute to a more
uniform dispersion [12,57].
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Figure 8. Results from X-uCT. (a) Visualisation of series 1/50/180, (b) fibre length distribution of
series 1/50/180 and 2/50/200.

4. Conclusions

An analysis of variance revealed that the compounding parameters had no influence
on the tensile modulus. In terms of tensile strength, only the compounding temperature had
a significant influence. Compounding the biocomposite at 200 °C led to a significantly lower
tensile strength than compounding at 180 °C. Applying the high levels of all three factors
yielded the biocomposite with the lowest tensile strength with a significant difference from
all other data groups. The combined effects of parameters were not significant. However,
when applying a screw speed of 50 rpm the influence of time became more prominent. A
similar trend was observed for both applied temperatures.

The MFI revealed a severe difference in flow properties of series 1/50/180 (highest
tensile strength) and 2/50/200 (lowest tensile strength). Series 2/50/200 was not mea-
surable while series 1/50/180 had a similar MFI as neat PLA, most probably due to the
wax-containing industrial side stream. In DMA, series 1/50/180 showed to be more vis-
cous than series 2/50/200. Inhibited chain mobility in series 2/50/200 was an indicator
for a more uniform filler dispersion. This was confirmed by SEM images that showed a
rugged and porous fracture surface of biocomposites from series 2/50/200. Both, fibres
and matrix were damaged, resulting in the low tensile strength. Biocomposites from series
1/50/180 showed a smoother surface but some fibre agglomerations were found. An
X-pCT analysis confirmed the conclusions drawn from the previous analysis. The fibre
lengths in the biocomposites from series 2/50/200 were generally shorter than those from
series 1/50/180.

Finally, a micromechanical analysis was applied to explain, discuss and support the
outcome of this study based on existing modelling approaches. The strong impact of
degradation and porosity due to a higher compounding temperature and longer exposure
time on the tensile strength was highlighted. We demonstrated that optimising the com-
pounding process for biocomposites is crucial. The mechanical properties, microstructure
and appearance of the biocomposite are highly dependent on the compounding parameters,
especially the compounding temperature. For lignocellulosic-reinforced biocomposites,
a temperature of 180 °C, screw speed of 50 RMP and a compounding time of 1 min can
be suggested.
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ANOVA  Analysis of variance
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PLA Poly(lactic acid)

S Industrial side stream
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Tg Glass transition temperature
TMP Thermomechanical pulp

X-uCT X-ray microtomography
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Keywords:
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Wood fibres are hygroscopic and swell when immersed in water. This effect can be used to create shape-changing
structures in 3D printing. Hence, wood fibre reinforced filaments have the potential to be used in four-
dimensional (4D) printing. In this work, biocomposites based on granulated or milled thermomechanical pulp
(TMP) fibres and poly(lactic acid) (PLA) were prepared and evaluated based on their tensile properties. Poly
(hydroxyalkanoates) (PHA) or poly(butylene-adipate-terephthalate) (PBAT) were included in the biocomposite
recipes to assess their effect on the melt flow index (MFI) and tensile properties. Clear effects of the TMP fibre
morphology on MFI were quantified. Biocomposites containing 20 wt% PBAT turned out to be stronger and
tougher than the ones containing PHA. Based on that, filaments for 3D and 4D printing were manufactured.
Interestingly, the tensile strength of 3D printed specimens containing milled TMP (TMPm) fibres was about 33%
higher compared to those containing TMP fibre granulate (TMPg). Using hot water as the stimulus, the 3D
printed specimens containing TMPg showed a greater reactivity and shape change compared to TMPm
specimens.

1. Introduction construct furniture and to replace conventional short-fibre reinforced

composite materials for non-structural applications [6-10]. Several

Wood fibres, including TMP fibres, became an attractive material for
creating more sustainable short-fibre reinforced composites, i.e., bio-
composites. TMP fibres can serve as mechanical reinforcement, as cost
and weight-efficient filler material, for design purposes and for
enhancing dimensional stability [1]. TMP fibres might have the poten-
tial to act as reinforcement in PLA without using any compatibilizers.
This has been suspected to be due to the presence of lignin on the TMP
fibre surface [2].

Currently, biocomposites are used as packaging material [3-5], to

wood fibre reinforced filaments for 3D printing are commercially
available under the brand names Woodfill® from ColorFabb, Easy-
Wood™ from 3DJAKE, etc.

One of the most used polymer matrices for wood fibre biocomposites
in material extrusion is the biopolymer PLA. However, PLA generally
has a relatively low toughness, depending on its crystallinity. Intro-
ducing wood fibres to PLA additionally reduces the toughness by
creating local defects [11-13]. 3D printing filaments with low fracture
toughness are likely to break during printing causing a fatal error in the

Abbreviations: DSC, Differential scanning calorimetry; MFI, Melt flow index; PBAT, Poly(butylene-adipate-terephthalate); PHA, Poly(hydroxyalkanoates); PLA,
Poly(lactic acid); SEM, Scanning electron microscopy; TGA, Thermogravimetric analysis; TMP, Thermomechanical pulp; TMPg, TMP(Thermomechanical pulp) fibre
granulates; TMPm, Milled TMP' fibres; B+TMPg, Biocomposite from 65wt.% PLA/20wt.% PBAT/15wt.% TMPg; B+TMPm, Biocomposite from 65wt.% PLA/20wt.%
PBAT/15wt.% TMPm; P + PHA+TMPg, Biocomposite from 50wt.% PLA/20wt.% PHA/30wt.% TMPg; P + PHA+TMPm, Biocomposite from 50wt.% PLA/20wt.%
PHA/30wt.% TMPm; P + PBAT+TMPg, Biocomposite from 50wt.% PLA/20wt.% PBAT/30wt.% TMPg; P + PBAT+TMPm, Biocomposite from 50wt.% PLA/20wt.%

PBAT/30wt.% TMPm; X-uCT, X-ray micro-computed tomography.
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Fig. 1. Tensile strength and modulus of 3D printed parts from lignocellulosic
fibre/PLA(/PHA) biocomposite collected from literature [14,15,25-27,32,
34,38-44].

process. To enhance the toughness of wood fibre reinforced PLA fila-
ments, aliphatic polyesters such as PHA are commonly introduced to the
biocomposite [14-17]. Amorphous PHA shows rubbery behaviour and
commonly has a lower tensile strength and stiffness, but higher elon-
gation than PLA [14,18].

PBAT, a biodegradable aliphatic/aromatic copolyester, was also
found to enhance the fracture toughness and processability of PLA
[19-21]. It was further stated that PBAT might not lead to a drastic loss
in tensile strength and stiffness [19] and showed to increase the melt
flow index (MFI) of neat PLA [21]. The MFI can be used to assess the
ability of a material to flow through a nozzle at a certain temperature.
Ensuring a sufficient material flow during 3D printing is crucial [22].
Wang et al. [22] recommended a minimum MFI of 10 g/min to obtain an
acceptable quality of 3D printed parts. The addition of 20-30 wt% of
PHA or PBAT to PLA seems to be beneficial when used as a toughness
enhancer [14,19-21].

3D printing with wood fibre biocomposites can be challenging due to
potential nozzle clogging, filament breakage, relatively low and non-
uniform melt flow, relatively rough surface finish and more prominent
porosity than in neat polymer parts [1,13,23]. These challenges restrict
the wood fibre fraction in the biocomposite as well as the wood fibre
size. Mostly wood fibre fractions from 5 to 20 wt% are used, with 20 wt
% already showing stick-slip effects under extrusion through a 1 mm
nozzle [23]. Tensile strength and modulus of 3D printed parts were
shown to decrease with fibre fractions above 10 wt% due to a significant
increase in porosity [24]. Other lignocellulosic fillers considered for 3D
printing are for example cork [25], cellulose networks [26], cellulose
nanofibrils [27], lignin [28-30], flax [31], jute [32,33], bamboo [34,35]
and hemp fibres [36-38]. Typical values of lignocellulosic reinforced
PLA(/PHA) 3D printed parts found in the literature are presented in
Fig. 1.

3D printing nozzle outlets usually have diameters in the range of
0.2-0.8 mm. The fibres or particles must be smaller than the nozzle size
to prevent clogging [24]. Therefore, recycled fibres in form of flour or
particles are used rather than higher aspect ratio fibres to produce 3D
printing filaments [1,23,42,45]. Since wood particles are more or less
randomly shaped with dimensions similar in all directions, they do not
contribute to any tensile strength increase of the matrix polymer [1].
The usage of larger nozzle diameters for the printing of large-scale parts,
for example in the building and construction or automotive sector, could
be a promising application perspective for reinforcement by wood fibres
having a higher aspect ratio [24,31,46]. 15 wt% kraft pulp fibres with a
relatively high aspect ratio (lengths of 2.4 mm and widths of 0.03 mm)
together with PLA and PHA were successfully processed into filament for
commercial 3D printers [14]. Compared to kraft pulp fibres, TMP fibres
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use fewer chemicals, and fewer fossil fuels, but require more electricity
during production [47]. In Norway electricity is generated from hy-
dropower which is an environmentally sound clean energy source.
Additionally, TMP fibres are less costly than kraft pulp fibres. TMP fibres
are thus considered a good alternative to kraft pulp fibres for bio-
composite production. TMP fibres together with bio polyethene were
used to prepare filament with a TMP fibre weight fraction of 10 and
20 wt% [48].

4D printing is a method of adding a fourth dimension to 3D printed
parts in form of actuation through an external stimulus. This can include
moisture, water, temperature, light, etc. Wood fibres absorb water and
swell accordingly [23,49-52].

Water absorption usually leads to unwanted deformations, optical
defects, and degradation of the mechanical properties of a biocomposite.
However, the self-shaping effect of wood fibres can be used to create
hygromorph biocomposites [15]. Hygromorph biocomposites can be
applied as e.g. ventilation valves, self-aligning solar panels [53], mul-
tiple hinges folds and curls of flat sheets and sensors [52].

Warping of wood fibre-reinforced composite parts can be controlled
through a bilayer structure, which is exposed to environmental changes.
The anisotropy of 3D printed parts and wood fibre swelling can be used
to design shape morphing structures mainly through different raster
angle orientations [1,15,54]. Wood fibre fraction and orientation in the
filament and porosity of the 3D printed parts highly influence the shape
change and response rate. To some extent, a greater wood fibre fraction
leads to greater shape changes and response rates. A greater porosity can
contribute to a faster response but might reduce the maximum deflec-
tion because of the inability to transfer swelling strains [54].

Combining two materials which respond differently to water expo-
sure is another option to induce warping. Similar effects are well known
from bimetal materials used in thermometers or circuit breakers, for
example [15,55].

Wood fibres generally swell the most in the tangential direction and
the least in the longitudinal direction [56,57]. This is caused by the
almost longitudinally aligned cellulose microfibrils in the Sy cell wall
layer. The stiff microfibrils hinder the wood fibre from expanding
longitudinally through water absorption [57]. Differences in tangential
and radial swelling are mostly attributed to the arrangements of cells
[57]. Untreated, dry TMP fibres take up 1-2 g of water per gram of TMP
fibres, depending on the temperature [58].

After being immersed in hot water, the tensile strength and modulus
of lignocellulosic fibre reinforced biocomposites typically decrease
(about 5 —15%) [59-61]. This is due to the swelling of the fibres which
can induce microcracks in the fibre-matrix-interface and fibre-matrix
debonding. On the other hand, 15 wt% wood flour/Polypropylene
composite was immersed in boiling water and the tensile strength
increased slightly. This was most probably related to an additional
process of annealing which increased the degree of crystallinity of the
matrix and thus the tensile strength [27,59]. It was also suspected that
the swollen particles led to an increase in interfacial shear strength be-
tween the wood flour and the matrix. Additionally, the wet strength of
wood fibres might be higher than the dry strength because of better
interaction between microfibrils [62]. Concerning 3D printed wood
fibre/PLA biocomposite, the water absorption increased with increasing
layer thickness while the tensile properties decreased accordingly [63].

The purpose of this study is to design biocomposite formulations for
3D printing objects that could react to external stimuli, thus introducing
shape changing capabilities (4D printing). Due to the hygroscopic
behaviour of TMP fibres, the fibres were used as the components that
react to an external stimulus, i.e., humidity. PHA and PBAT were used as
toughness enhancers. The effect on the corresponding tensile strength
and stiffness and MFI was assessed.
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Sample composition and designation. TMPg indicates TMP granulate and TMPm milled TMP fibres.

Sample designation PLA [wt%] PHA [wt%] PBAT [wt%] TMPg [wt%] TMPm Compounding time [min.]
[wt%]
PLA 100 - - - - -
P+ PHA_1 80 20 - - - 1
P + PBAT_1 80 - 20 - - 1
P + PHA+TMPg_1 50 20 - 30 - 1
P + PHA+TMPm_1 50 20 - - 30 1
P + PHA+TMPg_3 50 20 - 30 - 3
P + PHA+TMPg_3 50 20 - - 30 3
P + PBAT+TMPg_1 50 - 20 30 - 1
P + PBAT+TMPm_1 50 20 - 30 1
P + PBAT+TMPg_3 50 - 20 30 - 3
P + PBAT+TMPm_3 50 20 - 30 3
Table 2
3D printing parameters used for sample preparation.
Extrusion temperature [°C] Bed temperature [°C] Layer height [mm] Line width [mm] Extrusion speed [mm/s] Flow [%] Infill [%]
210 60 0.15 0.6 60 110 100

2. Materials and methods
2.1. Materials

PLA Ingeo 4043D with a density of 1.24 g/cm® [64] and molecular
weight of 67 kDa [65]. was purchased from NatureWorks (Minnetonka,
MN 55345, USA). PHA with a density of 1.23 g/cm® [66] and a mo-
lecular weight of 50-100 kDa [67] was purchased from GoodFellow
Cambridge Limited (Huntingdon, PE29 6WR, United Kingdom). PBAT
with a density of 1.25 g/cm® [68] and a molecular weight of 52 kDa
[69] (ecoflex® from BASF) was purchased from B-Plast2000 (26605,
Aurich, Germany). PLA filament for 3D printing was purchased from
Prusa Research a.s. (17000, Prague, Check Republic). Spruce TMP fibres
were prepared by Norske Skog Saugbrugs (Halden, Norway). The
chemical composition and processing history of the TMP fibres were
previously provided by [7,70]. The TMP fibre morphology was assessed
with a FiberTester Plus device. Before measurement, the fibres were
diluted (0.1 g in 300 ml water). the TMPg fibre length was (1.41 + 0.05)
mm and the width was (32.6 & 0.3) ym. Some of the TMPg granules
(diameter < 8 mm) were further processed in a Thomas Wiley Mini-Mill
with a 30 mesh (TMPm). The resulting TMPm fibre length was (0.43
+ 0.01) mm and the width was (38.2 + 0.3) pm.

2.2. Compounding

The polymers and fibres were dried before compounding in an
Xplore twin-screw micro compounder (Xplore Instruments BV, Sittard,
The Netherlands) as described in [7]. From the samples containing TMP
fibres, two batches were prepared and compounded for 1 or 3 min.
Table 1 provides the sample formulations and corresponding
designations.

2.3. Melt flow index (MFI), thermo-gravimetric analysis (TGA) and
differential scanning calorimetry (DSC)

A Netzsch Jupiter F3 equipment, operating in a nitrogen environ-
ment was used for simultaneous DSC and TGA analyses. The scans were
performed from 35 °C to 800 °C with a heating rate of 10 °C/min. The
onset temperature of the DTG curve was considered as decomposition
temperature. The melt flow index was measured with a Melt Flow Index
- Deluxe (Model No: MFI — DX, Presto Stantest Private Limited, Far-
idabad, India) at 195 °C, as described in more detail in [7,14].

2.4. Injection moulding, mechanical testing, and scanning electron
microscopy

Tensile test specimens (4 per series) were injection moulded with an
Xplore injection moulding system (Xplore Instruments BV, Sittard, The
Netherlands). An injection moulding temperature of 190 °C and a mould
temperature of 30 °C was applied. The specimens have a dogbone shape
with an overall length of 50 mm and a length of the narrow parallel-
sided portion of 18 mm. The cross-sectional area is 4 mm x 2 mm
(width x thickness).

Unidirectional tensile tests were conducted on a dynamic mechanical
analysis test machine Gabo Eplexor® 150 from NETZSCH (Selb, 95100,
Germany) with a maximum axial force of 1500 N. The test speed was
2 mm/min., and the gauge length was 33 mm. An integrated optical
strain measurement system was used.

Scanning electron microscopy (SEM) images were taken from the
fracture surfaces of tensile test specimens as described in [14].

2.5. Filament manufacturing and X-ray micro-computed tomography (X-
uCT) analysis

Based on the results from mechanical testing, the compounds
P + PBAT+TMPg_3 and P + PBAT+TMPm_3 were selected to be pro-
cessed into a 3D printing filament. The filament was manufactured as
described in [14].

To secure a filament with constant thickness and good printability,
the compounds had to be diluted with PLA and PBAT to a composition of
65 wt% PLA+ 20 wt% PBAT+ 15 wt% TMPg (B+TMPg) and 65 wt%
PLA+ 20 wt% PBAT+ 15 wt% TMPm (B+TMPm). The biocomposites
were undertaken a second round of compounding using the same pa-
rameters as mentioned earlier.

The fibre spatial distribution and fibre dimensions were assessed
with X-ray microtomography [71]. Filament pieces with an approximate
length of 5 mm were imaged with an Xradia MicroXCT-400 tomograph
(XRadia, Concord, California, USA) with a 1.1 ym pixel size. X-ray tube
voltage was set to 30 kV and the power to 3 W. 1881 projections were
acquired with 8 s exposure time and 10x magnification. 3D volume
images were constructed using an algorithm from [72]. A cropped re-
gion of the image was edited by bilateral and high pass filtering [73].
Fibres, matrix, and voids were segmented by thresholding according to
[74]. To segmentate agglomerates, individual fibres were erased with a
morphological opening filter, and the pores in the agglomerates were
closed by a morphological closing filter. The fibre lengths were deter-
mined using the constrained path transform [75], and fibre orientation




C. Zarna et al.

Material: :
B+TMPm i B+TMPg
Raster orientation:
+45°  90° 0° oE45° 0°
Material:
B+TMPm | B+TMPg | B+TMPm

Passive layer: PLA
Active layer orientatios

Layer orientation:
[04, 90,] [90,, 0,] [904. 0]1{04, 90,] [90,, 0,] [90,, 0}

Fig. 2. 3D printed dogbone specimens from B+TMPm (top left) and B+TMPg
(top right) with raster orientations of + 45°, 0°, and 90°. Samples to demon-
strate shape changes after water immersion: Bilayer sheets in mono- and bi-
material configurations (bottom left) and blooming flower example with
different raster orientations and bi-material petals (bottom right).

Table 3

Active and passive layer orientation of samples for evaluation of the filament’s
response to water absorption. B+ TMPg or B+ TMPm indicate a biocomposite of
65 wt% PLA, 20 wt% PBAT and 15 wt% TMP fibre granulate or milled TMP fi-
bres, respectively.

Active layer material Passive layer material Layup

B+TMPg B-+TMPg [04/ 905]
B+TMPm B+TMPm [04/ 902]
B+TMPg B+TMPg [904/ 02]
B+TMPm B+TMPm [904/ 02]
B+TMPg PLA [904/ 0]
B+TMPm PLA [904/ 02]

using the structure tensor method [76]. By applying the approach of
Miettinen et al. [77], the fibre length and orientation were combined
into fibre property distributions. With the local thickness algorithm [78]
agglomerates were characterised by measuring the volume and the
surface area.

Table 4
Thermal properties of biocomposites, neat polymers and TMP fibres.

Additive Manufacturing 59 (2022) 103166
2.6. 3D/4D printing

An Original Prusa i3 MK3 (Prusa, Prague, Czech Republic) with a
0.6 mm nozzle was used for 3D printing. Additional printing parameters
can be found in Table 2 Ultimaker Cura 4.13.1 slicer software was used
to prepare the g-code. Before printing the filaments were dried at 50 °C
for 4 h.

3D printed samples were oven dried at 80 °C for 24 h and immersed
in a 60 °C tempered water bath. The samples were weighted, and
dimensional changes were measured using a digital microscope (RH-
2000 from Hirox, Tokyo, Japan) after 0 h, 24 h and 48 h. The mea-
surements were used to calculate swelling strains according to Eq. (2.4).
The 3D printed samples were flat printed squares (10 x10) mm? and
0.6 mm thick. This corresponds to 4 printed layers with a layer thickness
of 0.15 mm. The raster orientation was unidirectional. Four samples per
specimen type were considered.

Dogbone specimens, with the same shape as the injection moulded
ones, were printed for mechanical tensile testing. The dogbones were
printed in three different raster orientations: + 45°, 0°, and 90°, as seen
in Fig. 2.

To demonstrate the applicability of the filaments in 4D printing,
rectangular sheets (10 x50 x 0.9) mm® were printed with different
raster orientation lay-ups. The samples consist of 6 layers (thereof 2/3
active and 1/3 passive [79,80]) and no outer walls. The active layers are
supposed to swell longitudinal to the shape morphing axis, while the
passive layers should remain more or less constant. Constructing the
active and passive layers in different raster orientations and/or mate-
rials with different swelling coefficients should induce warping towards
the passive layer under water absorption. The layup of the here pre-
sented biocomposite samples were either [904/ 02] or [04/ 902]

1 min. compounding 3 min. compounding
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Fig. 3. MFI of PLA, PLA+PHA, PLA+PBAT and biocomposites after 1 min and
3 min compounding time.

Sample Compounding time [min.] Melting temperature [°C] Decomposition temperature [°C] Residual mass [%]
PLA - 146.4 348.7 0.57
PHA - - 281.8 1.53
PBAT - 97.2 384.7 5.14
TMP - - 313.7 17.5
P + PHA+TMPg_3 3 148.8 288.7 7.23
P + PHA+TMPm_3 3 144 288.8 7.33
P + PBAT+TMPg_3 3 147.1 319.3 10.28
P + PBAT+TMPm_3 3 148.9 324.4 9.81
P + PHA+TMPg 1 1 147.4 282.9 7.67
P + PHA+TMPm_1 1 144 287.2 7.54
P + PBAT+TMPg_1 1 148.2 320.9 11.02
P + PBAT+TMPm_1 1 147.1 322.5 8.45
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(Table 3). Layers printed in 90° raster orientation were considered
active and with 0° raster orientation as passive.

An object in the shape of a blooming flower was used to investigate
the effect of raster orientations of the active layer at 0°, 90° and 45°
simultaneously. The samples to demonstrate 4D printing were dried at
80 °C for 24 h and afterwards immersed in 60 °C tempered water. The
change of shape in form of warping and the difference in weight was
captured after 24 h. To quantify the deflection the chord length and
height of deflection was measured with a caliper. The curvature was
then calculated according to Eq. (2.1) and the water absorption ac-
cording to Eq. (2.5).

3. Theory and calculation
3.1. Curvature assessment

For calculating the curvature « of 3D printed sheet samples (Fig. 2)
the centre of the deflection h and chord length L was measured. The
measurement was done after 24 h of water immersion. The curvature
was calculated by [81]:

8xh

K= Dvaxi @1

To design hygromorph biocomposites Le Duigou et al. [15,80] pro-
posed the analytical solution for the analysis of bi-metal thermostats
from Timoschenko [82]. The curvature of a beam can be calculated by:

A x AM X f(m,n)
Kp=————————

(2.2)

6(1 +m)’
3(1 +m)2 + (1 +mn) x (m?+,5)

f(m,n) = 2.3)

In Egs. 2.2 and 2.3 m = t,/t,, where t, is the thickness of the passive
layer (0° raster orientation), t, is the thickness of the active layer (90°
raster orientation) and t the total thickness. Further, n = E,/E,, where E,
and E, are the elastic moduli of the passive and active layer, respec-
tively. The swelling coefficient Aj is the difference between the swelling
coefficient of the active and the passive layer. AM describes the differ-
ence in water content between immersed and dried samples. The
swelling coefficient and water content was calculated by:

Eap

M 2.4)

Bap =

my —my

AM (2.5)

mo

In Eq. 2.4 g4 is the swelling strain along 0° raster orientation (active
layer) and 90° raster orientation (passive layer). The weighted mass of
the dried specimen before water immersion is described by my and m
after 24 h of water immersion.

Regarding the 3D printed biocomposite part as construction of
laminate plies, laminate theory including the effect of expansional
strains due to moisture swelling can be applied [83,84]. Orthotropic
material behaviour is assumed for the 3D printed laminate plies. The
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Strain
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Fig. 5. Tensile properties of injection moulded PLA, injection moulded (IM) and 3D printed (3D) biocomposites. a) Ultimate strength, b) Elongation at ultimate
strength, c) Elastic modulus and d) Stress-strain curves of B+TMPm (green) and B+TMPg (grey).

plane stress moisture swelling relation is described by:

6 =Q x (e +z — ABAM) (2.6)

In Eq. (2.6) Q’ is the reduced stiffness matrix of the 3D printed bio-
composite part, ¢ are the midplane strains, and z is the distance from
the midplane to the top surface of the ply. Taking into account different
raster (ply) orientations the constitutive relations for a laminate sub-
jected to swelling loads (Nsy) and moments (Msy) can be written as:

Ny, A B[
RN
In Eq. (2.7) [A] is the laminated extensional stiffness matrix, [B] is
the bending-stretching coupling and [D] is the laminate bending stiff-
ness. Detailed explanations of laminate theory and the corresponding
stiffness matrix can be found in [84,85]. No external forces were applied

to the here considered 3D printed parts and were therefore considered
equal to zero.

2.7)

3.2. Statistical analysis

The effect of the biocomposite formulations on the mechanical
properties of injection moulded specimens was assessed as part of a 23
full factorial design, i.e., three variables at two levels. The three vari-
ables were: TMP fibre type (granulate or milled), plasticizer type (PBAT
or PHA) and compounding time (1 min or 3 min). The statistical analysis
of the main effects was done using Minitab® 19.2020.1 software.

4. Results and discussion
4.1. TGA and DSC
The thermal properties of PLA and the here presented biocomposites

are shown in Table 4. The melting temperature of the biocomposites was
ranging between 144 °C and 149 °C. The decomposition temperature is

the highest for neat PLA (349 °C) and lowest for PHA containing bio-
composites (289 °C), as also reported in previous studies [86]. The
addition of PBAT to the biocomposites reduces the decomposition
temperature of PLA just slightly to 329-324 °C, as similarly reported in
[87]. The addition of TMP fibres resulted in an increase in the residual
mass of the biocomposite samples from 0.57% for PLA to 7.23%—
10.28%. This is due to the comparatively high residual mass of the TMP
fibres themselves. For the TMP fibres two decomposition temperature
ranges could be identified. One between 35.1 °C and 176.2 °C with a
mass loss of 4.29% and one between 313.7 °C and 779.4 °C with a mass
loss of 78.65%. Hemicellulose and cellulose typically degrade in a range
from 200 °C to 350 °C and lignin starts degrading from 250 °C [88,89].
Additionally, aromatic rings in lignin are expected to decompose above
500 °C and after heating to 800 °C fractions of the lignin forms highly
condensed aromatic structures [90], which explain the relatively high
residual mass of the TMP fibres (17.5%). An influence of compounding
time on the thermal properties of the biocomposites could not be
identified.

4.2. Melt flow index (MFI)

Both, PHA and PBAT increased the MFI of neat PLA by about 80%.
However, the MFI turned out to be relatively low (< 3 g/min.) for all
biocomposite formulations (Fig. 3). This is related to the addition of
TMP fibres. It was previously shown that an addition of 30 wt% TMP
fibres reduces the MFI of PLA and ployethylene drastically to an MFI
below 1 g/10 min [7,48]. As seen in Fig. 3, the addition of TMPm results
in higher MFI than TMPg. The longer TMPg fibres are more likely to
entangle than the shorter particle-like TMPm fibres. The fibre entan-
glement and the resulting formation of agglomerates most probably led
to a reduced ability of the biocomposite to flow. The MFI of PBAT
containing biocomposites was slightly higher than the ones containing
PHA. Main effect plots for the MFI can be found in Appendix B. A clear
difference between the shorter or longer compounding time could not be
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B+TMPm B+TMPg compared to the ones containing PHA (4.1-4.6 GPa). The plasticiser had

el a significant effect (P < 0.05) on the tensile properties of the investi-
gated biocomposites. In Fig. A d) stress-strain curves of biocomposites
compounded for 3 min, neat PLA, P+ PHA 1 and P + PBAT_1 are
shown. Biocomposites containing PBAT showed a slightly less steep
initial gradient in the elastic region and a higher strain at ultimate
strength compared to PHA. Introducing TMP fibres to PLA, without
adding plasticisers, typically increases the stiffness and reduces the
strain to failure [7,14]. PBAT-containing biocomposites almost main-
tained the stiffness (+ 14%) and reduced the strain at maximum stress of
neat PLA slightly (—20%). However, a greater non-linearity and dras-
tically reduced ultimate strength must be considered (—36%).

The factors fibre type and compounding time did not result in sig-
nificant effects on the tensile properties. However, trends could be
observed. Generally, the TMPg fibres resulted in a slightly higher ulti-
mate tensile strength, elongation and modulus when compounded for
just one minute. After a longer compounding time of three minutes, the

B+TMPm/ B+TMPm/
3D_+45° B+TMPm PLA

[90,,0,] [0,, 90,]

[90,, 0,]
% g
A

IOZ

3D 90°

B+TMPg/ B+TMPg/

Fig. 6. SEM images of the fracture surfaces in 70x magnification of injection
moulded (IM) and 3D-printed (3D) biocomposites having different raster ori- B+TMPg PLA
entations: 0°, = 45° and 90°. [90,, 0,] [0,, 90,] [90,, 0,]

: oL T o\
pointed out. oL \ \

4.3. Tensile tests of injection moulded biocomposites

Comparing the ultimate tensile strengths of the here investigated
biocomposites (Appendix A, Fig. A a-d), it can be observed that the
biocomposites containing PBAT (35.8-41.8 MPa) resulted in higher ul-
timate tensile strengths than those containing PHA (29.9-35.5 MPa).
The same applies to the elongation at maximum stress (1.52-1.94% for
PBAT and 1.12-1.43% for PHA containing biocomposites). The elastic
modulus of the biocomposites containing PBAT (4.0-4.2 GPa) was lower

Fig. 8. Deflection of biocomposites with different active layer orientations after
24 h water immersion.
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Fig. 7. Weight change and swelling coefficient in transverse and longitudinal direction after water immersion for 24 h and 48 h of 3D printed specimens.
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Fig. 9. Experimentally measured and theoretically calculated curvature of
biocomposite sheets after water immersion.

Active layer: 90°
Passive layer: 0° + PLA

Active layer: 0°
Passive layer: 90° + PLA

Active layer: +45°
Passive layer: -45° + PLA

Fig. 10. Blooming flower 4D printing example for investigation of de-
formations with different layer orientations simultaneously. a) view on active
layers oriented in 90° b) view on active layers oriented in 0° and ¢) view on
active layers oriented in + 45°.

tensile properties were nearly identical for both fibre types. The longer
the biocomposite components remain in the compounder, the more they
are exposed to external forces and high temperatures which might
damage and shorten the fibres and contribute to polymer degradation.
Main effect plots for the tensile strength and modulus can be found in
Appendix B.

Based on the obtained tensile test results, the materials
P + PBAT+TMPg_3 and P + PBAT+TMPm_3 were chosen for further
investigation and production of biocomposite filament for 3D and 4D
printing.

4.4. X-uCT analysis of biocomposite filaments and tensile tests of 3D
printed parts

X-uCT analysis revealed that both fibres TMPg and TMPm got
significantly shortened during compounding. The initial fibre lengths of
TMPg and TMPm got reduced to (105.1 + 82.5) ym and (85.8 + 51.7)
um, respectively (Fig. 4c).

According to X-uCT analysis results, B+ TMPm filaments had more
oriented fibres along the filament axis and lower volumes of agglom-
erations than B+TMPg filaments (Fig. 4a, b).

Dogbone specimens were 3D printed from both filaments B+TMPg
and B+TMPm. Additionally, injection moulded dogbones were prepared
since the biocomposite formulation had to be adjusted to be able to
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produce good quality filaments. The results of the tensile tests are pre-
sented in Fig. 5.

The initial tensile properties of the injection moulded specimens
(Appendix A) got reduced in tensile strength about 12% for
P + PBAT+TMPm and 32% for P + PBAT+TMPg compared to the new
formulations B+TMPm and B+TMPg, respectively. Further, the elastic
modulus was reduced by about 19% for both materials. The elongation
of P + PBAT+TMPg got particularly reduced (43%) when compared to
B+TMPg. Thus, the fracture toughness was significantly reduced
although the TMPg fibre fraction got halved. With lowering the fibre
fraction an increase in fracture toughness was expected. Fibre damage
and thermal degradation of the polymer matrix due to the second
compounding round must be considered and contributed most probably
to the reduced tensile strength and elongation [91,92].

The 3D printed samples with different raster orientations resulted in
slightly lower tensile strengths and stiffnesses than the injection moul-
ded ones. This was expected, because of the presence of voids in the
printed parts which form under the 3D printing process [93,94]. Void
formations can be seen in the fracture surfaces presented in Fig. 6.
Relatively large voids and irregularities can especially be observed on
the fracture surface of B+TMPg. The fibre accumulations of relatively
large volumes in B+ TMPg may have hindered the polymer flow through
the 3Dprinter extrusion nozzle resulting in a relatively porous part. Fibre
agglomerations and porosity may have reduced the tensile strength and
elongation of the biocomposites since the single fibres were not able to
transfer loads and rather acted like local defects. Additionally, the
inter-layer fusion bond might not be as strong as in a moulded part. This
typically leads to reduced tensile properties of parts printed in 90° and
partially of those printed in + 45° raster orientation due to inter-layer
fusion bond failure [15,95]. The slightly increased elongation for parts
printed in 0° or + 45° raster orientation might be related to increased
crystallinity of the 3D printed parts compared to the injection moulded
ones [93,94]. Dogbones printed from P + PBAT+ 15TMPm in + 45° had
a tensile strength of (26.2 + 1.1) MPa, an elastic modulus of (2.3 + 1.6)
GPa and elongation at maximum stress of (1.72 + 0.13) %. These tensile
properties are comparable to parts 3D printed from commercially
available wood fibre reinforced PLA/PHA [15,40] and also from wood
fibre/PLA filaments presented in other studies [14,25,39,41-44].
Eventually, PBAT did only contribute to a slightly improved tensile
strength in the 3D printed parts.

In Fig. 6b, an orientation angle of 0° refers to perfectly aligned fibres
along the filament axis. Most of the fibres are oriented about 10°— 20°
off from the filament axis. There is a slightly higher probability for
TMPm fibres to have an orientation angle of ~20° than for TMPg. The
TMPg fibres may be more entangled and thus less oriented in the fila-
ment than the TMPm fibres. This may have contributed to the measured
higher MFI (Fig. 3).

Additionally, it can be suspected that the greater presence of larger
TMPg fibre agglomerations contributed to the comparatively low tensile
strength and elongation of injection moulded and 3D printed parts from
B+TMPg. Regarding Fig. 6, relatively large voids and irregularities can
especially be observed on the fracture surface of B+TMPg. The fibre
agglomerations of relatively large volumes in B+TMPg may have hin-
dered the polymer flow through the 3D printer extrusion nozzle result-
ing in a relatively porous part. Fibre agglomerations and porosity may
reduce the tensile strength and elongation of a composite since the single
fibres are not able to transfer loads and rather act like local defects.

4.5. Water absorption and swelling of 3D printed parts containing TMP
fibres

3D printed samples of the materials B+ TMPg and B-+TMPm were
immersed in tempered water to investigate their water absorption and
swelling behaviour. TMP fibre agglomerations and increased surface
roughness could also be observed in 3D printed samples after water
immersion. A roughened surface was particularly visible for B+TMPg.
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This might be related to greater swelling strains induced through the
larger TMPg fibre agglomerations. Pictures of 3D printed specimens
before and after water immersion are presented in Appendix C.

Fig. 7 presents the weight change and swelling coefficient in trans-
verse (90° raster orientation) and longitudinal direction (0 ° raster
orientation) of 3D printed biocomposites. B+TMPm seemed to absorb
water slightly faster than B+TMPg. B+TMPm was almost saturated after
24 h in the water bath while P + PBAT+ 15TMPg showed a slight in-
crease in weight also after 48 h in water (Fig. 7 (left)). Fig. 7 (right)
shows that B+TMPg resulted in greater dimensional changes than
B+TMPm. The swelling coefficient § is higher in the transverse direction
(up to 26% for B+TMPg and 18% for B+ TMPm) than in the longitudinal
(up to 9.5% for B+ TMPg and 7.5% for B+TMPm), which is related to the
anisotropic swelling behaviour of wood fibres [56,57]. Additionally, it is
assumed that the TMP fibres are oriented longitudinally to the filament
axis [38]. Measuring the swelling of B+TMPg was particularly chal-
lenging because irregular swelling of the 3D printed strands was more
prominent than in B+TMPm. This was most probably related to the
greater presence of TMP fibre agglomerations and resulted in a higher
deviation of the transverse swelling coefficient for B4 TMPg.

4.6. 4D printing of biocomposites

The deflection of 3D printed samples from B+TMPm and B+TMPg
with different active and passive layer orientations after water immer-
sion is shown in Fig. 8. Besides two mono-material configurations, one
bi-material with a passive layer of PLA-filament was investigated. As
seen in Fig. 8, bi-material configurations warped far more than mono-
material configurations. Samples printed with a [904/ 02] layup
deflected slightly more than those with a [04/ 903] layup. This obser-
vation agrees with previous investigations on printed square samples
presented in Section 3.5.

The experimentally measured and theoretically calculated curvature
is presented in Fig. 9. Input parameters used for the analytical models
are given in Appendix D. Comparing the models, values obtained from
laminate theory are generally lower than those obtained from bi-metal
theory. Especially for the bi-material configurations (“+PLA”), the
measured curvature was up to 90% higher than estimated by the models.
Considering the mono-material configurations with B+TMPm, the bi-
metal model deviates about 8%, while values obtained by laminate
theory deviate about 22%. Curvatures of the configurations with
B+TMPg were greatly (30-40%) overestimated by the analytical
models. This was related to the measured water uptake AM, which was
comparatively high for B+TMPg. It can be assumed that the greater
presence of fibre agglomerations and porosity led to more diffuse
swelling and therefore a less significant curvature in relation to the
amount of absorbed water. Greater porosity could additionally hinder
stress transfer in the sample and hence shape change [15]. The porosity
was calculated based on weight measurements and is given in Appendix
E.

Other sources of error might have been the swelling strain mea-
surement and the measurement of h and L of the 3D printed sheet
samples. Irregularities in the 3D printing process and in the filament
material itself must also be considered. Additionally, the ratio between
active and passive layer thickness might have been affected by the
printing sequence. The first layers are generally more compressed than
the upper layers of a 3D sample, which means that in the [904/ 03] layup
the active layer might be denser than the in the [04/ 902] layup [80].
The curvature is expected to be less prominent for more compressed
samples [15].

Concludingly, both models are considered suitable for comparative
assessment of the direction and to some extent also intensity of the effect
of raster orientation and layer thickness on the curvature. Both models
and the measurements indicated similar trends of curvature when
comparing the different configurations. However, the models were
barely capturing the strong curvature of the bi-material samples. It is

Additive Manufacturing 59 (2022) 103166

expected that thermal effects contribute to the strong curvature of the bi-
material samples. Due to immersion in 60 °C temperate water, PLA is
heated to its glass transition temperature. During printing, the amor-
phous structure of PLA transformed into relatively large crystals due to
rapid cooling. Heating PLA above its crystallisation temperature and
below its glass transition temperature (Tg), after it was processed into a
3D printed, part is called annealing [27,59]. The crystals formed after
cooling are not in equilibrium. When PLA is heated to temperatures
close to Tg, there is an increase in the mobility of polymeric chains (of
the amorphous region) and therefore an increase in viscous behaviour
and decrease in elastic behavior [27,96]. The internal stresses induced
during fabrication can then be relieved and cause shape changes. Since
the water temperature is close to Tg this might cause a difference in
theoretical and experimental results. [97,98]. The swelling coefficient,
in this case, could have been negative and amplified the effect of the
shape change.

Since the bi-material construction resulted in greater deflections, a
blooming flower with different raster orientations in the petals was
printed for demonstration of the shape morphing effect of different
raster orientations. After being immersed in 60 °C water for 24 h a raster
orientation of 90° of the active layers results in the greatest shape
morphing effect, as seen in Fig. 10 a). The petals bent upwards with a
rotational axis longitudinal to the active layer orientation. In Fig. 10 b)
the shape morphing effect is less compared to Fig. 10 a). A [904/ 02]
layup only led to minor shape changes. In the case of [454/— 452], a
twist in the petals was observed. As expected, the twist formed around
an axis longitudinal to the active layer orientation.

These results show the applicability of both biocomposite materials
(B-+TMPm and B+TMPg) for 4D printing using water as a stimulus. The
shape morphing behaviour was highly dependent on the raster orien-
tation and the material combination.

5. Conclusion

In this study biocomposites from PLA, PHA or PBAT and TMP fibres
were prepared and evaluated based on mechanical, thermal, and rheo-
logical properties. The goal was to optimise a biocomposite formulation
suitable for 3D and 4D printing. Two materials were chosen to be pro-
cessed into 3D printing filament: B+ TMPm and B+TMPg. The decision
was based on PBAT containing biocomposites showing higher tensile
strength, elongation at ultimate strength and MFI than PHA containing
formulations. Both chosen biocomposites were well printable. However,
B-+TMPg turned out to be comparatively brittle and more porous.

Importantly, tensile tests of 3D printed dogbones showed that
B+TMPm outperforms B+TMPg concerning tensile strength and elon-
gation. The tensile properties of 3D printed dogbones of B+TMPm are
comparable to commercially available wood fibre reinforced PLA
filaments.

X-uCT analysis revealed the presence of greater fibre agglomerations
and less aligned fibres along the filament axis in B+ TMPg compared to
B+TMPm filament. That may have contributed to reduced flow prop-
erties of B+TMPg under 3D printing leading to greater printing defects
and lower tensile properties.

To demonstrate the applicability of B+TMPg and B+TMPm filaments
for 4D printing, water absorption and swelling strains were measured on
3D printed parts. B+TMPg showed greater swelling strains than
B-+TMPm, especially transverse to the filament axis. This was most
probably attributed to the anisotropic swelling behaviour of TMP fibres
and that the TMP fibres are oriented longitudinally to the 3D printed
strands. Additionally mono- and bi-material parts were 3D printed to
demonstrate the design of shape morphing effects. Bi-material samples
deformed greatly, while mono-material samples warped just slightly
after being immersed in water for 24 h.

Finally, a blooming flower was 3D printed with B+ TMPm and PLA in
a bi-material construction to investigate the shape morphing effects of
different raster orientations simultaneously. Again, the greatest shape



C. Zarna et al.

morphing effect was observed transversely to the filament strands (90°
active layer orientation).

The biocomposite B+ TMPm showed to be well suited for 3D and 4D
printing. Concluding, B+TMPm had greater tensile strength, was less
brittle and had a higher MFI as B+ TMPg and showed reasonable shape
morphing effects using water as stimulus.
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Appendix. A: Tensile test results of injection moulded PLA,
PLA+PHA, PLA+PBAT and biocomposites

See Fig. Al.
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Appendix B. : Main effect plots

See Fig. B1.
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Appendix C. : 3D printed biocomposite specimens before and
after water immersion

See Fig. CI1.

a)

B+TMPg B+TMPm

0°,

Fig. C1. a) 3D printed squares before water immersion in 20x magnification. b) 3D printed squares after water immersion of 48 h in 20x magnification.

11



C. Zarna et al.

Appendix D. : Warping of 3D printed biocomposite specimens
after 24 h in water

See Table D1.
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With:
Pspecimen:Density of the specimen considering the specimens theo-

retical volume.

Pmaterial: Density of the material measured on injection moulded

dogbones under the assumption of neglectable porosity of the injection

Table D1
Parameters used for the Bi-metal model and laminate theory model.
Material Layup Pa Po AM E, [MPa] E, [MPa] t, [mm] t, [mm]
Active/passive
B+TMPm/ [04/ 905] 0.183 0.039 0.092 1937 2562 0.3 0.6
B+TMPm
B+TMPm/ [904/ 05] 0.183 0.039 0.102 1937 2562 0.6 0.3
B+TMPm
B+TMPm/ [904/ 02] 0.183 0.003! 0.088 1937 2200* 0.6 0.3
PLA
B+TMPg/ [04/ 902] 0.249 0.059 0.159 1957 2405 0.3 0.6
B-+TMPg
B+TMPg/ [904/ 03] 0.249 0.059 0.140 1957 2405 0.6 0.3
B-+TMPg
B+TMPm/ [904/ 03] 0.249 0.003! 0.120 1957 2200* 0.6 0.3
PLA
With:

fa: Transverse swelling coefficient (90° raster orientation) obtained from 3D printed square samples

pp:Longitudinal swelling coefficient (0° raster orientation) obtained from 3D printed square samples

AM: Difference in water content obtained from weight measurements on the corresponding 3D printed sheet sample.
E,:Elastic modulus obtained from tensile tests on 3D printed dogbone specimens with a raster orientation of 90°.
Ey:Elastic modulus obtained from tensile tests on 3D printed dogbone specimens with a raster orientation of 0°.

ty:Theoretical thickness of the active layer according to the slicer software.

ty:Theoretical thickness of the passive layer according to the slicer software.
1:Values for PLA filament as a passive layer were taken from the technical datasheet:
https://www.prusa3d.com/product/prusament-pla-vanilla-white-1 kg/#downloads

Appendix E. : Porosity of 3D printed samples

See Table E1.

Table E1
Porosity of 3D printed biocomposite samples.

Sample type Material Layup Porosity [%]
Sheet (4D printing) B+TMPm/ [04/ 905] 16.86
B+TMPm + 3.08
B+TMPm/ [904/ 04] 21.90
B+TMPm +1.69
B+TMPg/ [04/ 902] 40.06
B+TMPg +2.14
B+TMPg/ [904/ 02] 38.86
B+TMPg +0.18
Dogbone (mechanical B+TMPm [0] 18.95
testing) + 4.04
B+TMPm [+ 45/ 11.28
— 45] +4.76
B+TMPm [90] 24.11
+2.20
B+TMPg [0] 19.86
+6.66
B+TMPg [+ 45/ 24.55
—45] +7.90
B+TMPg [90] 28.60
+277

Porosity was calculated from:

Porosity = (1 —’M> x 100%

Pumaterial

(F.1)

moulded parts compared to the 3D-printed ones.
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The major advantage of cellular structures is the saving of material, energy, cost, and weight. Biocomposites are
strong, lightweight materials and offer a high degree of design freedom. The purpose of this study was to
characterise and compare the bending properties of various cellular structures for utilisation in panels made of a
wood fibre/PLA biocomposite. Material extrusion (MEX) 3D printing is a highly flexible manufacturing method

and well-suited for prototyping. Hence, MEX was applied to manufacture five different cell configurations that
were mechanically tested. Additionally, numerical simulations were carried out to present a tool for optimising
the structures for future requirements. Two material modelling approaches, a hyperelastic and a linear elastic,
bimodular model were created and validated based on 3-point-bending tests. It is shown that a linear elastic,
bimodular and perfectly plastic material model can adequately capture the elastic/plastic bending behaviour of
the corresponding 3D-printed sandwich panels.

1. Introduction
1.1. Wood fibre-reinforced biocomposites for 3D printing

Wood fibres as reinforcement of thermoplastic biopolymers are
considered as having potential for many products, such as furniture and
car components [1-4]. Wood fibre-reinforced biocomposites are mainly
manufactured by injection moulding, extrusion, and 3D printing [5-7].
Wood fibres, primarily thermomechanical pulp fibres (TMP), have been
successfully used as reinforcement of biobased thermoplastics, such as
PLA and bio-polyethylene [8-11]. Additionally, recycled wood particles
were compounded with PLA, but are considered fillers rather than
reinforcement [12-14]. Window frames, deckings and sidings are
commercially available products, that are partially made of recycled
wood fibre composites [15]. Lightweight cellular panels from wood
fibre-reinforced thermoplastic were also manufactured by 3D printing. A
biocomposite from PLA and wood fibres is mostly considered a model
material due to PLA’s moisture sensitivity. One potential industrial
application could be floor or wall coverings. LX Hausys produces floor
and wall coverings based on PLA composites with the tradename ZEA-
Maru [16].

Material extrusion (MEX) 3D printing (ISO/ASTM 52900) is a

* Corresponding author.
E-mail address: chiara.zarna@ntnu.no (C. Zarna).

https://doi.org/10.1016/j.compositesa.2022.107368

resource-saving production method, most suitable for prototyping. This
is due to the high degree of flexibility in terms of the part design and the
printing materials [17,18]. Filaments for 3D printing, filled with wood
particles were used to save resources and reinforce neat polymers
[17,19-28].

Voids in 3D-printed parts are usually formed between the deposited
filament strands during the printing process. Such voids are one of the
main reasons for the comparatively low tensile strength of 3D-printed
parts and contribute to their anisotropy [29,30]. Wood fibre fillings in
filaments may contribute to void formations [23,31]. However, Fil-
gueira et al. and Tarres et al. [8,19,20] showed that TMP fibres can
facilitate the deposition of strands during printing and lead to a more
stable 3D-printed structure. Commercially available biocomposite fila-
ments usually contain 10 wt% to 40 wt% fibre loading. Higher fibre
contents may increase the risk of nozzle blockage, void formations, and
fracture during printing due to a rougher filament surface and a higher
brittleness of the filament [23,28,32].

1.2. Cellular structures

Cellular structures are often inspired by nature. Honeycomb cells are
the most widely used ones and provide maximum cell space using
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minimal material [33]. They are particularly strong and stiff when
loaded in the out-of-plane direction since the cell walls support each
other and prevent themselves from buckling. The out-of-plane
compressive and shear strengths are highly dependent on the relative
density of the honeycomb [34], as well as the material used to construct
the cells [35].

Honeycomb and other cellular structures are commercially available
in many different material types, e.g, paper, metal, ceramic, plastics,
and composites and are present in a wide range of applications,
including transportation, architecture, construction, chemical, me-
chanical and environmental engineering, biotechnology and medicine
[35-371.

The in-plane properties [38] of a cellular structure are additionally
dependent on the geometric cell type [35,39,40]. Besides the hexagonal
honeycomb, common cellular shapes appear as triangular, square, or
circular [35,39]. These structures are commonly orientated vertically to
the skin sheets.

To investigate and compare different structure types, the relative
density pre is a crucial parameter. Relative density is the ratio of the
density of a structured or porous material and the corresponding solid

Hexagonal (H):

o8t
T 3(V3l+2t)

Pret Prel =

Squared (S):
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material density [39]. It can be calculated considering geometric unit
cells. The area of the struts is then divided by the full cell area (Fig. 1)
[35,41]. The relative density has a high impact on the bending proper-
ties of structured panels. Aratjo et al. [39] demonstrated that a lower
relative density (prel, 1ow = 0.25 compared to pre], high = 0.6) can result in
lower flexural strength, but higher flexural stiffness for in-plane cellular
structures.

An overview of common cellular structures, which were investigated
in the present study, is shown in Fig. 1. The equation to calculate pr¢ is
given for every structure.

1.3. Modelling of biocomposites

Computational modelling is, among others, a useful tool for product
optimisation. Finite element analysis (FE-analysis) can be used to
simulate experiments virtually by using a numerical method. Recent
research on FE-analysis, applied to natural fibre composites, can be
found in [42-44]. The reinforcing ability of short fibres in a thermo-
plastic matrix is highly dependent on the fibre volume fraction, the fi-
bre’s length-to-diameter-ratio (fibre aspect ratio), the fibre dispersion,

Triangular (T):

QL—t)*t (2V3l—t) =t
—z  Pra=— @
t/2 /
/2
\20°

Circular-cored Circular-cored
Hexagonal (CH):  Square (CS):
2V/3nR? nR?
Pree =1-———7 prev=1——
2l R

Fig. 1. Potential unit cell shapes for sandwich structures and their relative density. Reprinted and modified with permission from [35, P. 337].
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fibre alignment and the fibre-matrix surface interaction. Short-fibre
reinforced biocomposites can be considered isotropic when the fibre
aspect ratio is below the critical load transfer length, the fibres are
evenly distributed in the matrix and the fibre orientation is completely
random [45-47]. In this case, the fibres can be regarded as filler mate-
rial. In 3D printing, most of the wood fibres are probably oriented along
the strand deposition direction [48,49]. Additionally, formations of or-
dered and disordered crystalline forms might occur depending on the
cooling rate when depositing the biocomposite material, e.g., low cool-
ing rates yield a higher degree of crystallinity in semicrystalline ther-
moplastics such as PLA. The polymer chains most likely orientate along
the deposition direction. The fibre and polymer chain orientation might
enhance the anisotropy of the 3D-printed part. Annealing of the 3D-
printed part can be done to overcome this effect [50].

1.4. Purpose of the study

To address rising environmental concerns, especially when it comes
to fossil-based raw materials, biocomposites offer potential as a more
environmentally friendly alternative compared to conventional com-
posite materials [51-54]. Monteiro et al. [55] stated that the biggest
challenges in manufacturing wood fibre composite panels are the
reduction of mechanical performance due to reduced relative density,
the difficulties in lamination, and low machinability.

The purpose of this study is to explore the potential of 3D-printed
biocomposite panels and provide a suitable FE-analysis model for such
parts, to be able to optimise the designs of structures more efficiently.
The motivation to use 3D printing as a manufacturing method for the
presented panels was to limit the manufacturing process to only one
single step and material. The use of only one type of material is meant to
contribute to the potential recyclability of such panels. In 3D printing,
the design could be customised and modified relatively quickly.
Therefore, 3D printing might be suitable for design evaluations in the
early development stages of such panels. Regarding mass production,
extrusion and fusion bonding is considered to be a suitable solution to
manufacture sandwich panels in a more efficient way. Using these
processes would change the material properties of the here presented
3D-printed panels, but the principles of the structural behaviour of
sandwich structures would remain the same.

2. Materials and methods
2.1. Wood fibre-reinforced biocomposite

Recycled pine wood (15 wt%) filled PLA/PHA filament was used to
3D-print all samples presented in this study. The filament is commer-
cially available as woodFill® from Colorfabb BV (Belfeld, The
Netherlands). Some material data of woodFill ® are presented in
Table 1.

The filament material was delivered and stored in vacuum-sealed
bags and printing and testing of the specimens were performed within
4 weeks in a dry environment (~30 % relative humidity, ~20 °C). Thus,
the moisture content of the specimens was considered to be below 1 %
[56]. The effect on the material strength and stiffness due to ageing was
considered to be low and negligible [57,58].

2.2. Test specimen manufacturing

Dogbone, compression and 3-point-bending samples were manu-
factured with a Prusa i3 MK3 from Prusa research a.s. (Prague, Czech

Table 1
Data for tensile and bending properties of Colorfabb woodFill®.
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Republic) with a parameter setup according to Table 2. In this study, no
annealing treatment was performed since the focus was placed on a
comparative assessment of the different sandwich configurations. The
samples were printed under the same environmental conditions and
always the same printing parameters. The degree of crystallinity is
therefore considered to be similar in all samples. Note, that the dog bone
specimens for the tensile test were printed with a 0.4 mm nozzle and the
sandwich panels for the 3-point-bending test, as well as compression test
specimens, with a 0.6 mm nozzle. The 0.6 mm nozzle was chosen
because of nozzle blockage with the 0.4 mm nozzle when printing the
relatively large and complex sandwich panels. A [+45/-45] lay-up was
chosen because it was shown to yield slightly better printing quality due
to a denser packing of the deposited filament strands and reduced
anisotropy compared to a [0/90] lay-up [59-62].

The dog bone specimens were printed according to the dimensions of
1SO 20753:2018, type Al. The sandwich panels for 3-point-bending tests
had dimensions of 50 x 210 x 8 mm® (w x 1 x ©), according to EN 310.
The skin sheets of the sandwich panels were 1 mm thick each, and the
thickness of the core was 6 mm accordingly. To allow the comparability
of the structures, all panels were designed to meet a relative density of
Prel, panel = 0.5. This means, that a biocomposite sandwich panel (prej,
panel = 0.5) had half the material volume of a solid panel with the same
outer dimensions. The relative density can be calculated by dividing the
part density by the material density.

To calculate the relative density of the structures the equations
shown in Fig. 1 were used. Note, that the equations in Fig. 1 do not
include the skin sheets. Taking an upper and lower skin sheet of 1 mm
thickness into account, the relative density of the structured part must
be prel, structure = 0.33 to achieve an overall relative panel density of pre|,
panel = 0.5. The dimensional configurations are presented in Table 3.

Since the structure configurations were based on geometrical con-
siderations, the relative density of the actual specimens was measured
and calculated after printing the panels. The average weight of each
panel type was measured and divided by the volume of its outer di-
mensions to calculate the specimen density pspecimen- The material
density pmaterial Was calculated by dividing the average mass of each
specimen type by the volume of the actual panel specimen. The relative

P,

panel density can then be calculated by pr,jpgma = 7252 Details about
: matr

the calculations of the relative panel density is provided in the appendix.

2.3. Tensile tests of 3D-printed biocomposite

Ten 3D-printed biocomposite dogbone specimens were tensile tested
on an MTS Series 809 Test System (Eden Prairie, MN, United States) with
a maximum axial force of 50 kN. The specimens were printed with a
raster angle of + 45° and following Table 2. The test procedure was
following ISO 527-2:2012. The tensile tests were operated with a test
speed of 1 mm/min. A dynamic axial clip-on extensometer from Instron
with a gauge length of 50 mm was used for axial displacement mea-
surements and strain calculations. Additionally, strain gauges of the type
FCA-6-11-3L from TML with a gauge length of 5 mm were used to
measure transverse strain and calculate the Poisson’s ratio.

2.4. Compression tests of 3D-printed biocomposite

3D-printed biocomposite specimens were tested according to ISO
604:2002 on an MTS Series 809 Test System (Eden Prairie, MN, United
States) with a maximum axial force of 50 kN. The specimens had a
cylindric shape with a diameter of 10 mm and a height of L, = 50 mm

Product Tensile strength [MPa] Tensile stiffness [MPa]

Modulus of rupture [MPA] Modulus of elasticity [MPA] Density [kg/ms]

Colorfabb Woodfill® 46 3290

70 3930 1150
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Table 2
Printing set-up for manufacturing dog bone and 3-point-bending specimens from Colorfabb woodFill® filament.
Nozzle diameter Layup Infill Layer height Extrusion width Extrusion speed Extrusion temperature Bed temperature
0.4/0.6 mm + 45° 100 % 0.15 mm 0.65 mm 50 mm/s 200 °C 60 °C
bl raster orientation to fill the gaps between the structure perimeters
Table 3

Structure configurations of the investigated biocomposite panels for a desired
relative density of 0.5.

Specimen code Wall Sidelength ~ Radius R Actual relative
thickness t 1 [mm] [mm] panel density
[mm]

Hexagonal (H) 1 5.21 0.51

Squared (S) 1 9.02 0.49

Triangular (T) 1 15.60 0.50

Circular-cored 1 8.20 6.10 0.50

hexagonal (CH)
Circular-cored 1 26.00 12.00 0.50

squared (CS)

and Lg = 10 mm, respectively. Eight specimens, with L, = 50 mm, were
used to determine compressive elastic modulus and five specimens, with
Ly = 10 mm, were used to determine compressive strength. The
compression tests were operated with a test speed of 1 mm/min. A dy-
namic axial extensometer (MTS 632.29F-30) with a gauge length of 5
mm was used for axial displacement measurements and strain calcula-
tions. Additionally, strain gauges of the type FCAB-5-11-3LJB-F from
TML (Tokyo, Japan) with a gauge length of 5 mm were used to measure
transverse strain. As seen in Fig. 2a, sandpaper was placed between the
sample and compression plate surfaces to prevent slipping.

2.5. 3-point-bending tests of 3D-printed honeycomb structures

For each structure type (Fig. 1), three biocomposite panels were 3D
printed (Fig. 3a) and 3-point-bending tests were conducted on an
AMETEK CS2-225 (Berwyn, Pennsylvania, United States) test machine
with a maximum axial force of 889 N. The test speed was 10 mm/min
and the gauge length was 180 mm. The supports had a diameter of 5 mm
and the punch 10 mm. The flexural strength and stiffness were calcu-
lated according to EN 310.

To 3D print the panel specimens in Fig. 3 the filament was following
a perimeter path. The perimeter frame was then filled with a + 45°
raster orientation. For the structure pattern, the filament was again
placed as an external and internal perimeter (three parallel filament
strands). The patterns CS and CH required an additional infill with + 45°

a)

(Fig. 3b). To print the upper surface sheet, one layer of bridge infill with
a unidirectional 0° raster orientation was placed.

2.6. Modelling and simulations

FE analysis was carried out in Abaqus/Standard 2017 from Dassault
Systemes (Vélizy-Villacoublay, France). All sample geometries were
modelled as a solid and 3D deformable part and meshed with a CD3D8R-
element with a global size of 0.67 mm for the structure and 2 mm for the
skin sheets. No mesh convergence analysis was performed but it was
ensured to use at least three elements over the cell wall and skin sheet
thickness. The mesh was considered to be sufficient based on previous
modelling experience of traditional composites and no global stress
concentrations were present. An implicit analysis was performed, based
on an isotropic, linear elastic, perfectly plastic and bimodular material
model. In this case, bimodular means an asymmetry in the compression
and tension behaviour of the material. Since the specimens to determine
material properties for the numerical model are printed in an [45/-45]
layup, the here presented isotropic model is limited to loading condi-
tions only along the axis to which the 3D-printed strands are oriented in
+ 45°. Applying loads along other directions might yield less accurate
results due to the anisotropy of the material. In the present study, the
focus is placed on the different material behaviour in tension and
compression and how this affects the flexural stiffness and strength of
3D-printed biocomposite sandwich panels. The material properties, used
to simulate 3-point-bending tests are presented in Table 4. The values
were fitted based on tensile and compression tests (Fig. 5 and Fig. 6).

To implement the two different moduli for tension and compression
in Abaqus 2017 the field variable function together with a user sub-
routine (UMAT) was used. The UMAT is used to switch the field variable
depending on the hydrostatic strain output of every increment. For
negative hydrostatic strains, the field variable FV = 0 is applied and
refers to E¢ and o¢ (compression mode). For positive hydrostatic strains,
the field variable FV = 1 is applied and refers to Er and or (tension
mode).

Additionally, a hyper-elastic (Marlow Model) and perfectly plastic
material model, fitted on tensile test data only, was applied. Both models
were validated based on 3-point-bending tests and compared to each

Fig. 2. (a) Experimental setup of compression tests and (b) compression test specimens for measuring compressive strength (Ls = 10 mm) and determining

compressive modulus (Lm = 50 mm).
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Fig. 3. 3D-printed 3-point-bending specimens (a) printed from wood fibre-reinforced PLA and (b) 3D-slicer preview for each structure panel at an out-of-plane

printing height of 6.20 mm.

Table 4

Input data for the material models used in this study.
Material model input variable Values
Density, p 1,15 g/cm®
Young’s modulus in tension, Ey 2500 MPa
Young’s modulus in compression, E¢ 1800 MPa

Poisson’s ratio, v 0.35
Yield stress in tension o1 28.4 MPa
Yield stress in compression o¢ 26.5 MPa

other.

3. Results and discussion
3.1. Tensile tests of 3D printed wood fibre-reinforced PLA
The tensile-tested dogbone specimens are shown in Fig. 4. As seen in

Fig. 4a, brittle fracture occurred, and transverse matrix cracks were
visible. The crack formation was partially visible along the printing

raster orientation (45°) but failure did not occur at the fusion bond
between the layers as it usually does in 3D-printed samples from neat
PLA [63]. This emphasises that the interlayer adhesion was sufficiently
strong and that the wood fibre particles might have acted as stress
concentrations and initiated crack formations. It was assumed that local
defects due to the wood fibre filling were more prone to failure than the
fusion bond between the layers.

In Fig. 5a, the force-displacement curves, obtained from tensile tests
are shown. The sudden drop in force at a displacement of 17 mm, was
related to stress relaxation during the extensometer removal. To detach
the extensometer from the specimen, the strain was held constant for the
removal time. A decrease in stress under constant strain is a typical
phenomenon for polymer materials and is related to viscoelasticity.
Fig. 5b shows the corresponding stress-strain curves.

The average tensile strength from the experiment was ot = (28.4 +
1.0) MPa. Tensile strength was taken as the maximum stress from the
stress—strain curves in Fig. 5b. An average Young’s modulus of Ete =
(2899 + 121) MPa and an average Poisson’s ratio of vy = 0.35 + 0.06
were calculated. All calculations were carried out according to ISO
527-2:2012.

Fig. 4. (a) Biocomposite dogbone specimens after tensile testing and (b) fracture surface showing brittle fracture.
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Fig. 5. Results from tensile tests of biocomposite dogbone specimens. a) Force-displacement curves and b) stress-strain curves and simulations of the corresponding

tensile test.

Fig. 6. Compression-tested specimens a) with Ly, = 50 mm for estimating the compression modulus and b) with Ly = 10 mm for measuring the compressive strength.

The red, solid, and dotted curves show the numerical simulations
performed in Abaqus 2017. The linear elastic material model (illustrated
as the red, solid curve in Fig. 5) was fitted to the physical tests by
adjusting Young’s modulus and the tensile yield strength to Er and ot
(Table 4). A hyperelastic material model, in this case, the Marlow-
Model, was additionally created to describe the elastic tensile proper-
ties of the 3D printed biocomposite material more accurately. The
hyperelastic model was built based on the stress—strain data of sample S3
since it represented a reasonable average of all stress—strain data. Ac-

compressive strength and were compressed to different levels of defor-
mation. Lateral bulging was selected as the failure criterion for the
material’s compressive strength.

The compression-tested specimens are shown in Fig. 6. The samples
with the length L, were only used to extract information about the
elastic material behaviour. As the buckling of the samples became
noticeable, the compression test was stopped. The specimens with the
length.

In Fig. 7a the corresponding stress-strain curves are shown. Here,

cording to [64,65] the Marlow-Model is well applicable to semi- only the elastic section of the stress-strain curves was of interest. As
crystalline thermoplastic polymer materials. Pastor-Artigues et al. [66] already showed, an increase in strength can
be seen as plastic deformation occurs. This is because of the reduction of
3.2. Compression tests of 3D-printed wood fibre-reinforced PLA voids and increase of material density under compression.
The average compressive modulus from the experiment was esti-
Specimens of the length Ls (Fig. 6b) were used to measure mated (based on ISO 604:2002) to be Ece= (2011 + 294) MPa. The
a) b)
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Fig. 7. Results of compression tests of 3D-printed biocomposite specimens with a) a length of Lm = 50 mm and b) Ls = 10 mm.
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compressive strength was read from the stress—strain curves in Fig. 7b,
which were obtained by compressing the short cylinder specimens
shown in Fig. 6 (right). As illustrated by the black, dashed lines the
compressive strength was read at a point where the stress—strain-slope
declines and becomes significantly non-linear. The average compressive
strength from the experiment was 6¢ e = (27.9 + 1.2) MPa.

The red curves in Fig. 7a and b show the stress—strain curves obtained
by simulating the compression tests in Abaqus 2017. An isotropic, linear
elastic and perfectly plastic material model was used. The curves were
fitted by adjusting Young’s modulus and the compressive yield strength
to Ec and o¢ (Table 4).

3.3. 3-point-bending tests of 3D printed sandwich structures

Some fracture surfaces of selected 3-point-bended specimens are
shown in Fig. 8. Regarding the 3D-printed biocomposite specimens, the
crack propagated through short, irregular zig-zag paths with some
openings between the stacked layer strands. This is typical for 3D
printed materials with a horizontal + 45° build-up [59,63]. Addition-
ally, the upper and lower sandwich sheets seemed to slightly peel off
under bending and formed a crack pattern according to the structure
(Fig. 8a-c). It was previously observed that in 3D-printed parts the crack
growth planes delaminate under bending loads [62]. Especially the
squared specimens (S) showed a quite even crack surface, leading to the
assumption that the interlayer adhesion was sufficient and the printing
parameter, chosen to manufacture the specimens, was suitable for this
material.

In Fig. 9, the force-displacement curves of all 3-point-bending tested
specimens are shown. Comparing the five different biocomposite panel
types, the H and triangular T structures were less stiff than the other
ones. Regarding the flexural strength, the CS structure was the weakest
one, probably due to the less homogeneous material distribution, caused
by the specific CS pattern. CH showed the highest average flexural
strength and stiffness.

However, all structure types with an out-of-plane orientated pattern,
yield quite similar results of flexural stiffness and strength (Table 5).
Flexural stiffness and strength were measured and calculated according
to EN 310.

3.4. Numerical simulations of different cellular structured panels

Numerical simulations of 3-point-bending tests were performed for
all structured biocomposite panels, presented in this study. Both mate-
rial models hyperelastic and bimodular linear elastic were applied and

Composites Part A 165 (2023) 107368
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Fig. 9. Results of 3-point-bending tests of different cellular structures, 3D-
printed from a biocomposite filament.

Table 5
Average values for flexural modulus and strength for the different structured
biocomposite panels tested in this study.

Sample Average flexural modulus Ep, Average flexural strength f;,,
designation [MPa] [MPa]

S 1529 + 86 243 +2.1

CH 1568 + 71 249+0.8

T 1375 + 49 24.4+0.7

H 1295 + 36 225+ 0.5

Cs 1456 + 35 21.5+ 0.6

compared. The simulation result for the hexagonal structure (H), using
the bimodular linear elastic material model, is presented in Fig. 10. The
x-axis symmetry was used to reduce calculation time. The boundary
condition XSYMM was used to constrain the cut surface of the panel
along the x-axis and rotation around the y- and z-axis. Due to the x-axis
symmetry, the sandwich panel is not moveable along the x-axis The
support and punch were modelled as rigid, non-deformable shell bodies.
The support was fully in-build having zero degrees of freedom and the
punch was constrained to be only moveable along the y-axis. Support
and punch were contact pairs with the upper and lower specimen sur-
face, respectively. As contact properties “hard contact” was chosen for
the normal behaviour and the friction formulation “penalty” with a

Fig. 8. Failure surface of some selected 3D-printed specimens after they got 3-point-bending tested. a) Circular-cored-hexagonal (CS), b) Hexagonal (H), c)

Squared (S).
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S, Max. Principal (Abs)

(Avg: 75%)
+3.290e+01
+2367e+01
+1.445e+01

-2.245e+01
-3.168e+01
-4.090e+01

Fig. 10. Simulation results at the last increment of time of the 3-point-bending test of the specimen (H), using the bimodular material model. a) visualization of the
field variable (FV) with elements subjected to compressive loads in blue (FV = 0) and elements subjected to tensile loads in red (FV = 1) and b) visualization of the
maximum principal stress distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

friction coefficient of 0.3 [67,68]. An implicit, quasi-static simulation
was performed where a negative displacement of —20 mm was applied
to the punch along the y-axis. As history output, the relative displace-
ment and reaction force in the y-direction was selected.

Fig. 10a shows the distribution between elements, which were
identified to be subjected to negative (blue) or positive (red) strains. In
Fig. 10b the maximum principal stress distribution is shown for the last
time increment. Principal stresses describe the eigenvalues of the Cau-
chy stress tensor which act in the three principal directions because of
projecting the Cauchy stress tensor onto an orientation where all shear
stresses are equal to zero. The maximum principal stress describes the
maximum normal stress at a point. The maximum principal stress theory
states, that failure occurs when the maximum principal stress exceeds
the ultimate yield strength of a material [69].

In Fig. 12, the simulation results in form of force-displacement
curves are plotted together with the corresponding physical tests of each
panel structure type. The bimodular, linear elastic simulation results and
force-displacement curves obtained through physical tests showed an
error in flexural strength of max. —5% for the CS structure and —8% in
flexural modulus for the CH structure. When using the hyperelastic
material model the maximum error in flexural modulus was found to be
+ 24 % for the CS structure. The results for flexural strength turned out
to be quite similar for both material models. This was expected due to
the relatively small difference of 1.9 MPa between the tensile and
compressive yield strength values used for the simulations.

In Fig. 11, bar graphs are used to visualize the deviation of flexural
modulus and strength obtained from physical tests and simulations. The

a) b)

2000

- 9 © O =
53 (o] -
S 1500 — =
el <
3 on
2 1000 5
o 7
= =
=500 5
- [T
i 0

H S CHCS T

— = NN W W
b O© WL O W O W

least error of 1-2 % between the simulation and the physical test was
found for the structures T and H.

In contrast to the hyperelastic material model, the linear elastic,
bimodular model slightly underestimated the flexural modulus for S,
CH, and CS.

A lower elastic modulus under compression than under tension can
be expected for 3D-printed parts [66,70]. One reason for this might be
voids, created by the 3D printing process, which will be reduced under
compression and let the material behave softer. Pastor-Artigues et al.
[66] and Tomdas Vukasovic et al. [70] analysed this behaviour and
concluded that an elastic bimodular material model should be consid-
ered when simulating 3-point-bending tests of 3D-printed structures.

For investigating various design configurations, the linear elastic,
bimodular and perfectly plastic material model is representing the
elastic/plastic 3-point-bending behaviour sufficiently, if the previously
defined 3D printing set-up is maintained. One additional source of error
could be the strain rate sensitivity of PLA [71]. In this study, the strain
rate of tensile tests for creating the material model was approximately
10* 57! while the sandwich panels were tested with a strain rate of
approximately 2x10™ s™! [72]. Thus, the model could be expected to be
slightly softer and less strong than the experiment. However, the slight
difference in strain rate was considered negligible since the strain rate
sensitivity of 3D-printed PLA was shown to get more prominent at
higher strain rates (>10" s™!) [71,73]. This model is considered to be
useful for further design developments, and it could be interesting to
validate the model on other load cases and structures.

® Physical tests

# Simulation
(linearelastic,
bimodular)

O Simulation
(hyperelastic)

H S CHCS T

Fig. 11. Bar graphs of the a) flexural modulus and b) strength of 3D-printed, biocomposite sandwich panels. Black rhombuses show the results of flexural modulus
and strength obtained from simulations using a linear elastic and bimodular material model and circles show simulation results using a hyperelastic material model.
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Fig. 12. Simulation results (coloured curves) and physical test results (black curves).

4. Conclusions

This work presented a comparative study of 3-point-bending prop-
erties of sandwich panels, having different structures and were simu-
lated based on two different material modelling approaches, a
hyperelastic and a linear elastic, bimodular model. The panel specimens
were manufactured by MEX printing with a commercial wood fibre-

reinforced PLA filament.

Tension and compression tests were performed on 3D printed, wood
fibre-reinforced biocomposite material. The 3-point-bending tests were
used for validation of the two modelling approaches. The linear elastic,
bimodular model yielded sufficient results and underestimated the
flexural strength by only 5% and the flexural stiffnes by 8% referring to
the CS and CH structure, respectively. The hyperelastic model
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overestimated the flexural stiffness by up to 24 %.

The structures with an out-of-plane orientated pattern showed
similar bending properties when having the same relative density of 0.5.
However, the CH structure yielded the highest flexural strength and
stiffens compared to the other investigated structures. The linear elastic,
bimodular and perfectly plastic material model, provided in this work, is
suitable for predicting the 3-point-bending properties of 3D-printed
wood fibre biocomposite panels. It is a relatively simple model,
requiring little computing effort and time as well as reasonable experi-
mental effort.

To take this research further, it could be interesting to use the
bimodular material model to optimise designs of 3D-printed parts and to
adapt the model to other test scenarios and other 3D-printed materials.
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Table A: Relative density of 3D-printed sandwich panels

Specimen Specimen Specimen Specimen Mat. Density Specimen

code average mass volume density [g/em?] relative
[g] [cm?] [g/cm?] density

H 46.4 43.40 0.55 1.07 0.51

S 48.3 40.91 0.58 1.18 0.49

T 46.3 41.70 0.55 1.11 0.50

CH 50.5 42.04 0.6 1.20 0.50

CS 50.0 42.08 0.59 1.19 0.50
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ARTICLE INFO ABSTRACT

Keywords: Sandwich panels with unidirectional core stiffeners are known for their relatively high bending stiffness at low
Biocomposites weight, stability under compressive and shear loads and energy absorption capability. In this study, 3D printing
3D printing was used to screen biocomposite sandwich panels easily and preliminarily with different unidirectional core
i’[xet;;()i[;al properties stiffener designs. Thermomechanical pulp (TMP) fibre-reinforced poly(lactic acid) (PLA) was used in this study.
Wood fibres A corrugated, trapezoid and arched cell structure were tested experimentally and numerically using a

bimodular material model, accounting for different behaviour in tension and compression. The trapezoid
structure showed the best flexural properties of the three 3D-printed sandwich beams. It was chosen to be
explored further, manufacturing it by extrusion. Extrusion is a production process likely to be used in industry on
a larger scale.

Basic material properties of the biocomposites were obtained from injection moulded dogbone specimens. The
flexural properties of the extruded panels were measured experimentally and simulated using finite element
analysis. Simulations were done with a hyperelastic material model. Predictions and experiments were in
adequate agreement, allowing such kind of simulation to be used for extruded biocomposite sandwich panels.

1. Introduction

To address rising environmental concerns, especially when it comes
to fossil-based raw materials and waste management, biocomposites
offer potential as a more environmentally friendly alternative compared
to conventional composite materials [48-51]. The attempt of replacing
conventional panels with biocomposite sandwich panels is to increase
sustainability by using fewer amounts of material and preferably ma-
terials derived from natural resources. Additionally, the use of light-
weight materials and structures can contribute to reducing fuel
consumption under transportation. Wood fibres, such as TMP fibres,
were shown to have the potential to reinforce biobased thermoplastics,
such as PLA, bio-polyethene, etc. [1-4]. Besides the potential reinforcing
effect, TMP fibres can serve as a cost-efficient and lightweight filler
material [5]. Wood fibre-reinforced plastic outdoor and indoor decking
and facings can be found in form of extruded panels [6]. One example is
RecoDeck®+ from Step on Safety Ltd. PLA is a moisture-sensitive
biopolymer [7] and is therefore mainly considered a model material
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or for indoor use. For example, indoor floor and wall covering products
based on PLA composites are commercially available from LX Hausys
under the tradename ZEA-Maru [8]. Additionally, PLA is one of the most
used biopolymers in 3D printing because of its great availability [9].
Due to the high degree of design freedom, additive manufacturing is
aresource-saving production method, especially for prototyping in early
development stages [10,11]. Filaments for material extrusion (MEX),
filled with wood particles are commercially available and usually
contain 5 wt% to 20 wt% fibres. Higher wood fibre contents may in-
crease the risk of nozzle blockage, void formations, and fracture during
printing due to a rougher filament surface and a higher brittleness of the
filament [12-15]. MEX 3D printing is not yet widely used in large-scale
industrial applications, since the process is more time-consuming than
those of conventional moulding techniques, such as injection moulding
or extrusion and the mechanical properties of 3D-printed parts are
comparatively low [16]. However, the usefulness of 3D printing in early
development stages was emphasised and 3D printing is applied in
several industrial sectors, e.g, automotive, aerospace, sensor
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Fig. 1. Directions in a sandwich panel with corrugated unidirectional core stiffeners and unit cell shapes for out-of-plane aligned structures and their relative density:

a) trapezoid (TR) unit cell, b) arched (AR) unit cell, ¢) corrugated (CO) unit cell.

applications and smart textiles [9].

Extrusion of wood-fibre biocomposites is a fast and continuous
manufacturing method, most suitable for profiles and panels with uni-
directionally aligned structures [17,18]. However, designing and
manufacturing an extrusion tool is not trivial and requires extensive
consideration of the material flow characteristics, which usually is a
time, material and cost-consuming procedure [19]. This might slow
down and inhibit efforts to optimise structural designs. Not only the
extrusion tool design but also the processing conditions have an impact
on the mechanical properties of the extrudate. Especially thermal
degradation must be considered when extruding wood-fibre-reinforced
biocomposites. Wood fibres usually degrade in temperatures above
200 °C [20]. Luigi-Jules Vandi et al. [21] presented a statistical study on
extrusion process parameters for wood-fibre biocomposites and
concluded that the extrusion temperature is one of the main influencing
parameters regarding the resulting tensile strength of the extrudates and
should be kept as low as possible. For Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) with 40 wt.% wood-fibre reinforcement, the optimal
extrusion temperature was found to be 170 °C [21]. Other methods to
manufacture sandwich panels with unidirectional core stiffeners from
biocomposites are hot-pressing [22] or impregnation using a corrugated
pre-form [23].

The main application of sandwich designs is to create lightweight
and comparatively strong and stiff panels [24]. Sandwich panels with
unidirectional core stiffeners, such as corrugated cores, are orthotropic
and especially stiff and strong along the core stiffeners [24,25]. Corru-
gated cores offer a higher bending rigidity in longitudinal than in
transverse direction (Fig. 1). Depending on the geometrical configura-
tions of the corrugation, the longitudinal bending rigidity can be about
10° times higher than the transverse one [26].

Compared to honeycomb cores the bending strength, stiffness and
twisting resistance in corrugated cores can be higher along the longi-
tudinal axis [27,28]. Corrugated sheet structures are known for their
high shear strength, energy absorption and load-bearing capacity and
are, among other applications, used as cores for panel constructions
[29-32]. Another advantage of corrugated cores might be that the open
channels are ventable to avoid moisture accumulation, which can be an
issue in honeycomb sandwich panels for aircraft construction [27].

Computational modelling, e.g., finite element analysis (FE-analysis)
is a useful tool for product optimisation and virtual component testing.

Fibre-reinforced biocomposites manufactured in injection moulding or
extrusion are anisotropic. The fibres align according to the flow of the
polymer material during the moulding process. Typically, the fibres are
aligned unidirectional close to the mould surface and randomly in the
centre [33]. Depending on the cooling rate certain formations of ordered
and disordered crystalline forms might occur, affecting the mechanical
properties of the resulting biocomposite part. During material extrusion,
the polymer chains orientate most likely along the extrusion direction,
which might enhance the anisotropy of the extruded part [34]. Bio-
composites can be considered isotropic, when the fibre aspect ratio is
below the critical load transfer length, the fibres are evenly distributed
in the matrix and the fibre orientation is completely random [35-37].
There exist several modelling approaches for biocomposites with vary-
ing complexity depending on the application [38-40]. 3D-printed wood
fibre biocomposites behave differently in tension and compression and
exhibit non-linear material behaviour [41,42]. Non-linearity and the
difference of elastic behaviour in compression and tension should be
considered when using FE-analysis to predict the flexural rigidity of
wood fibre composites [41].

The purpose of this study is to explore the potential of biocomposite
sandwich panels with an out-of-plane oriented cellular structure using
two different manufacturing methods. Here, 3D printing is used for
manufacturing of test specimens and to evaluate different geometrical
designs, both experimentally and numerically. One panel design was
manufactured by profile extrusion and the flexural properties were
verified by FE-analysis and compared to the corresponding 3D-printed
panel. To the best of our knowledge studies combining 3D printing,
material extrusion and numerical predictions, to promote the use of 3D
printing for design evaluations of mass products, are still missing in the
literature. Although the use of 3D printing for prototyping was empha-
sized [9,16], 3D-printed biocomposites were so far seldomly used in
industrial applications. Since designing and manufacturing new moulds
for extrusion requires more recourses than adjusting the part design in
3D printing, the optimisation process of product and mould designs
might be restricted. Hence, this study aims to present a methodology to
push the proliferation of 3D-printed biocomposites into wider use. The
proposed material models might be useful to possibly evaluate more
detailed adjustments of the design before manufacturing a mould.
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Parameter to calculate the flexural strength and stiffness of the 3-point bending tested sandwich panels.

L [mm] b [mm] h [mm] F; [N]

F, [N] a; [mm] az [mm] Frax [N]

Gauge length Panel width Panel thickness
180 50 8

10% Of Finax
0.1 Fapay

40% of Fiax Deflection at F; Deflection at Fy Fracture load

0.4 Fiax a (Fy) a (Fo)

2. Theory and calculations

To investigate and compare different sandwich designs, the relative
density prel should be considered [42,43]. The relative density can be
calculated by considering geometric unit cells [44]. An overview of out-
of-plane oriented cellular structures, that were investigated in the pre-
sent study, is shown in Fig. 1. The red dashed box is framing the unit cell
of each geometry.

Equations (1)-(3) were used to calculate pye for trapezoid (TR),
arched (AR) and corrugated (CO).

2s t(h — 2s)

Preae = 3 (sin(a) x (2d + cos(a) x 1) +1) M
ar?

Preiar =1 = Wx(pin) )

Preo — 1 sin(a) x I x (cos(a) +d) @)

hx (cos(a) x I +d) + e a7

The geometrical parameters used in Equations (1)-(3) correspond to
the symbols indicated in Fig. 1. To assess the flexural properties of the
biocomposite panels, the flexural stiffness Em and strength fm were
calculated according to Equations (4), (5) and Table 1 which are
following the test standard EN 310 for determining the apparent
modulus of elasticity in flatwise bending and bending strength of wood-
based panels:

L} % (F, — F))

e 4
4b x h*(ay — ay) )
3Fa X L

= ®

The bending rigidity is linked to the flexural modulus and can be
assessed analytically. For TR, CO, and AR sandwich panels with face
sheets of equal material and thickness the approximate bending rigidity
in a longitudinal direction can be roughly estimated by [25,45]:

Exsxd*
Dpp = 6
®T2x (1-17) ©)
ExsXd Ex P Extx (h—2)
D, =
o= =) T Zx (=) 2 7

In Equations (6) [45] and (7) [25], E is the elastic modulus of the face
sheet material, s is the thickness of the face sheets, d is the distance
between the centre of the two face sheets, t is the core wall thickness, h is
the panel height and v is the Poisson’s ratio considering isotropic ma-
terial behaviour. Equation (6) is only valid for cores with neglectable
flexural stiffness. This might be true for TR since the core is consisting of
single struts which are not connected to each other [45]. CO is compa-
rable to a continuous corrugated sheet and AR has broad solid pillars
whose contribution to flexural stiffness may not be negligible.

More accurate predictions of bending modulus and strength can be
obtained by FE-analysis. An isotropic, linear elastic, perfectly plastic and

Table 2

bimodular material model for simulating the bending properties of 3D-
printed sandwich panels was previously developed by the authors in
[42]. Bimodular means an asymmetry in the compression and tension
behaviour of the material.

3. Materials and methods
3.1. Wood fibre-reinforced biocomposites

Recycled pine wood (15 wt.%) filled PLA/PHA filament was used to
3D-print panel specimens for the 3-point bend tests. The filament is
commercially available as Colorfabb WoodFill® (Belfeld, The
Netherlands).

PLA IngeoTM 4043D from Nature Works (Minnetonka, MN, USA) was
compounded with TMP fibre from Norske Skog Saugbrugs (Halden,
Norway) with a granulate size of less than 8 mm. The fibre loadings were
20 and 30 wt.% and the samples were coded P20TMP and P30TMP,
respectively. Compounding was done in two rounds in a Coperion
Werner & Pfleiderer extruder (Stuttgart, Germany). In the first round,
PLA and TMP were compounded at an increasing temperature from
170 °C to 195 °C over the extrusion sections. The extrusion screw speed
was 300 rpm. The extrudate was granulated in a Schiitte-Buffalo Ham-
mermill (Buffalo, NY, USA) and compounded a second time at a
decreasing temperature from 170 °C to 160 °C and a screw speed of 500
rpm.

The materials and specimens were stored and tested in a dry envi-
ronment (~30 % relative humidity, ~20 °C). The moisture content and
thereby effects on material strength and stiffness due to ageing were
considered negligible [46-48].

3.2. Sandwich panel manufacturing by 3D printing

3-point bending test specimens were manufactured with a Prusa i3
MK3 FDM-printer (Prague, Czech Republic) with a parameter setup
according to Table 2. These parameters were shown to be suitable in a
previous study [42]. The outer dimensions of the specimens were 50 x
210 x 8 mm® (w x 1 x t), according to EN 310.

To allow the comparability of the structures, all panels were
designed to meet a relative density of prel,panel = 0.5. The relative density
was chosen to design structures that save 50% of the material volume
needed to fabricate an equivalent solid panel while offering a reasonable
loadbearing capacity along the longitudinal axis. To calculate the rela-
tive density of the structures the Equations (1) — (3) were used. The
dimensional configurations are presented in Table 3. The three struc-
tures were of the same height and CO and AR had the same face sheet
and wall or pillar thickness. TR was considered an exception as it is not a
sandwich, but the face sheets are supported by single struts. Compared
to CO and AR the face sheet thickness of TR was increased to compensate
for not having a self-supporting core and the cell width was kept similar
to the one of AR. The actual relative panel density was determined by
weighting the specimens after printing, as described in [42]. The mass of
the specimens and the corresponding relative density are given in Ap-
pendix (Table A).

Printing set-up for manufacturing 3-point bending test specimens from Colorfabb woodFill® filament [42].

Nozzle diameter Layup Infill Layer height

Extrusion width

Extrusion speed Extrusion temperature Bed temperature

0.6 mm + 45° 100% 0.15 mm 0.65 mm

50 mm/s 200 °C 60 °C
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Table 3
Structure configurations of the investigated biocomposite panels for a desired relative density of 0.5.
Specimen code ‘Wall thickness t [mm] Side length I [mm] Width d [mm] Angle Face sheet thickness s [mm] Actual relative panel density
a ]
Trapezoid (TR) 1.4 6.0 1.7 56 1.5 0.50
Corrugated (CO) 1.0 5.1 2.20 77 1.0 0.51
Arch radius r [mm] pillar width p [mm]
Arched (AR) 6.0 1.0 1.0 0.48

a) , - c)
TR

Fig. 2. 3D slicer preview for each structure panel at an out-of-plane printing height of 6.35 mm and 3D-printed 3-point bending test specimens with the a) trapezoid,
b) corrugated and c) arched design.

a) b)

360° water : Conveying
misting system & system

/bR

Fig. 3. a) Extrusion tool and b) extrusion line set-up with water cooling system and conveyor.
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Table 4
Input data for modelling the here presented 3D-printed biocomposite sandwich
panels [42].

Input variables for 3D-printed sandwich panels Values
Density, p 1.15 g/em®
Young’s modulus in tension, Er 2500 MPa
Young’s modulus in compression, E¢ 1800 MPa
Poisson’s ratio, v 0.35

Yield stress in tension o1 28.4 MPa
Yield stress in compression 6¢ 26.5 MPa

The 3D-printed panel specimens in Fig. 2 were all printed under the
same conditions, as described in [42]. One layer of bridge infill with a
unidirectional 90° raster orientation was placed to print the upper face
sheet.

3.3. Injection moulded dogbones to obtain tensile properties of extruded
material

Dogbone specimens of P20TMP and P30TMP were injection moulded
with an Xplore micro injection moulder (Sittard, The Netherlands) at an
injection temperature of 190 °C and a mould temperature of 30 °C. The
dogbone specimen shape is based on ISO 527-2:2012 type A, with
modified dimensions resulting in an overall length of 50 mm and a
length of the narrow parallel-sided portion of 18 mm. The cross-
sectional area is 4 mm x 2 mm (width x thickness). This was
restricted by the injection moulding equipment used to manufacture the
specimens. Note that valid failure in the gauge section was obtained.
Tensile tests were conducted on a Zwick Roell Zmart. Pro (Ulm, Ger-
many) using a load cell of 2.5 kN and an extensometer (Zwick B1089)
with a gauge length of 15 mm. The test procedure was based on ISO
527-2:2012 and a test speed of 2 mm/min was chosen. For each mate-
rial, PLA, P20TMP and P30TMP four specimens were tested. The tensile
strength and Young’s modulus were calculated according to ISO
527-2:2012.

3.4. Sandwich panel manufacturing by extrusion

An extrusion tool was designed and manufactured to test the concept
of extruding such a TR sandwich with biocomposite material. The
extrusion tool is shown in Fig. 3a and is designed to fit a Coperion
Werner & Pfleiderer laboratory extruder. The mould design is a series of
unit cells following the shape and dimensions shown in Fig. la and
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having an overall width of 47 mm. An experimental extrusion line was
built, including water cooling, and a manual conveying system. After
extrusion the panels were cut to approximately the same length as the
3D-printed panels. conveying of the extrudate (Fig. 3b). A water misting
system was arranged with four nozzles creating a water mist all around
the extrudate, directly after leaving the tool. Additional nozzles are
placed above the extrudate along the conveying line. P20TMP was
extruded at a temperature of 150 °C and P30TMP at 170 °C. The
extruded sandwich panels were weighted, and their actual relative
density was calculated the same way as for the 3D-printed samples. The
actual relative panel density was 0.47 + 0.05 for both materials.

3.5. 3-point bending tests of 3D-printed and extruded sandwich panels

For each structure type (Fig. 1), three biocomposite panels were 3D-
printed (Fig. 2) and the 3-point bending tests were based on the pro-
cedure described in the test standard EN 310 and conducted on an Ins-
tron Electropulse test machine (Nordwood, United States) with a
maximum axial force of 10 kN. The test speed was 10 mm/min and the
gauge length was 180 mm. The supports had a diameter of 5 mm and the
punch 10 mm. Extruded panels of P20TMP and P30TMP were tested in
the same way using the same equipment.

3.6. Modelling and simulation of 3point-bending tests on 3D-printed and
extruded sandwich panels

FE analysis was carried out in Abaqus/Standard 2017. All sample
geometries were modelled as a solid and 3D deformable part and the
panel core and face sheets were meshed with a CD3D8R-element with a
global size of 0.67 mm. The x-axis symmetry was used to reduce
calculation time. The boundary condition XSYMM was applied to
constrain the cut surface of the panel along the x-axis and rotation
around the y- and z-axis. The support and punch are modelled as rigid,
non-deformable shell bodies. The support is fully in-build having zero
degrees of freedom and the punch is only moveable along the y-axis.
Support and punch are contact pairs with the upper and lower specimen
surface, respectively. As contact properties “hard contact” was chosen
for the normal behaviour and the friction formulation “penalty” with a
friction coefficient of 0.3 [49,50]. An implicit, quasi-static simulation
was performed where a negative displacement of —20 mm was applied
to the punch along the y-axis. As history output, the relative displace-
ment and reaction force in the y-direction was selected. The material
properties (Table 4) were tested in our lab previously and reported in
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Fig. 4. Tensile test results of injection moulded dogbones from PLA, P20TMP, and P30TMP a) stress-strain curves and b) bar graphs of ultimate tensile strength and
modulus. The elongation at break is illustrated as grey-transparent narrow bar graphs together with the elastic modulus in coloured, wider bar graphs.
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Table 5

Input variables for modelling extruded sandwich panels from P20TMP.
Input variables for extruded P20TMP Values
sandwich panels
Density, p 1.35 g/cm®

Stress and strain data from one
representative test

0.35

65.9 MPa

Uniaxial tensile test data

Poisson’s ratio, v
Yield stress oy

[42]. They were obtained through uniaxial tensile and compression tests
on 3D-printed specimens, as described in [42].

For simulating the bending properties of extruded P20TMP sandwich
panels an isotropic, hyperelastic and perfectly plastic approach was
chosen. Only P20TMP was simulated since this material turned out to be
more suitable for profile extrusion compared to P30TMP and thus more
extruded sandwich panels, suitable for 3-point bending tests, could be
obtained from P20TMP. For the hyperelastic response, the Marlow
model was applied as it showed good results for non-linear elastic ma-
terial considerations [51,52]. As input, the stress-strain data set from
uniaxial tensile tests on injection moulded dogbones of P20TMP
(Fig. 4a) was used. Since in injection moulding and extrusion, the fibres
are assumed to orientate along the polymer flow direction, the isotropic
material model is considered suitable for the here presented load case.
For loading in other or multiple directions, an anisotropic material
model might yield more accurate results. The Poisson’s ratio of the
biocomposite was chosen to be the same as for the 3D-printed bio-
composite material from [42]. The actual Poisson’s ratio of P20TMP
might differ slightly from the assumed value, but should be between 0.3
and 0.4, according to the literature [53-55]. Failure is assumed when
the equivalent stress is exceeding the defined yield strength. The defined
yield strength is the ultimate tensile strength from the experiment.

Both applied material models are isotropic and therefore limited to
loading conditions only along the material axis to which the material
was tensile tested. This is because wood fibre-reinforced biocomposites
are anisotropic materials due to the alignment of fibres along the

a)
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polymer flow direction. Further, strain dependence, damage and plas-
ticity mechanisms are not part of the models.

4. Results and discussion
4.1. Tensile tests and simulation of injection moulded dogbones

The results from tensile tests on injection moulded PLA, P20TMP,
and P30TMP dogbones are shown in Fig. 4. There was no significant
difference in tensile strength between PLA ((65 + 3) MPa) and P20TMP
((66 £ 2) MPa)) but P30TMP ((69 + 1) MPA) had a significantly higher
tensile strength than PLA and P20MTP. The tensile modulus increased
significantly from (3450 + 362) MPa (PLA) (5669 + 103) MPa
(P20TMP) and (6770 + 288) MPa (P30TMP), and the elongation at
break decreased from (2.67 + 0.08)% (PLA) to (1.82 £ 0.02)%
(P20TMP) and (1.53 4 0.15)% (P30TMP). The black dotted line is the
stress—strain response in uniaxial tension using the material model form
Table 5 in FE-analysis. This model was also used to simulate the 3-point
bending test of the extruded P20TMP panels.

The reinforcing ability of short fibres in a thermoplastic matrix is
highly dependent on the fibre volume fraction, the fibre’s length-to-
diameter-ratio (fibre aspect ratio), the fibre dispersion, fibre alignment
and the fibre-matrix surface interaction. The fibre dispersion and length
are affected by the biocomposite processing parameters [56]. The
addition of 30 wt.% TMP increased the ultimate strength of the PLA
matrix by 6% and the stiffness was almost doubled. The increase in ul-
timate strength confirmed a suitable choice of compounding parameters
for the biocomposite and the partial orientation of the fibres along the
vertical axis of the dogbones.

4.2. 3-point bending tests and simulations of 3D-printed sandwich
structures

Some fracture surfaces of 3-point bending tested specimens are

shown in Fig. 5a. All specimens showed a relatively even crack surface,
with a tendency to face sheet peel-off for TR. Since here the face-sheets

layer

q. / debonding

mal
cracking

Fig. 5. a) Fracture surface of TR, AR and CO sandwich panels after the 3-point bending test and b) DIC image of sample CO under 3-point bending loading at the time

of fracture.

Table 6
Average values of measured flexural modulus and strength and analytically calculated flexural rigidity of the 3D-printed biocomposite sandwich panels assessed in this
study.
Sample Felxural modulus from Flexural strength from Calculated flexural Flexural modulus from Flexural strength from
designation experiment [MPa] experiment [MPa] rigidity [Nm] simulation [MPa] simulation [MPa]
TR 2102 + 43 342+0.8 8.9 1754 34.6
co 1559 + 17 29.6 +£ 0.8 6.7 1534 29.2
AR 1694 + 31 27.3+£0.3 6.9 1579 28.5
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Fig. 6. Results from 3-point bending tests and simulations of 3D-printed panels: a) force-displacement curves using a bi-modular material model (coloured) and
experimental results (black), b) visualization of the maximum principal stress distribution and of the field variable (FV) at the last increment of time.

are bonded to a relatively small surface area (1.4 mm strut width), it
might be more likely that face-sheet debonding occurs under bending-
deformation.

In Fig. 5b a snapshot, taken with a digital image correlation (DIC)
camera at the time of the fracture of TR, is shown. The crack was
initiated through tensile strains on the bottom side of the specimen
caused by matrix cracking. A Mode I fracture due to tensile forces
perpendicular to the fracture plane was observed. The crack propagated
relatively straight towards the upper face sheet in in-layer mode [57].
Finally, layer debonding occurred close to the upper face sheet.

The average values and standard deviation of flexural strength and
stiffness, normalized to a relative density of 0.5, are presented in
Table 6. Comparing the three different biocomposite panel types, the TR

structure is outperforming the other structures in terms of flexural
strength and stiffness. This is closely related to thicker face sheets used
for TR compared to CO and AR. According to Equations (6) and (7), TR is
about 33% stiffer than CO and 29% stiffer than AR. Based on physical
test data TR is about 35% and 24% stiffer than CO and AR, respectively.
The analytically calculated flexural rigidity might be the most accurate
for CO since the model was designed for corrugated sheets [25,26].
Simulations of 3-point bending tests were performed for the three
panel configurations presented in this study. The bimodular model used
in this study was previously developed and presented in [42] and vali-
dated on 3D-printed honeycomb-like sandwich panels. The simulation
results are presented in Fig. 6. Fig. 6b shows the section cut along the y-
z-plane in the middle of the TR panel at the last increment of time of the
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Fig. 7. a) Stress-deflection curve of 3-point bending tested extruded biocomposite sandwich panels and b) the fracture surface of extruded sandwich panels.
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3-point bending simulation. The maximum principal stress distribution
and the distribution between elements, which were identified to be
subjected to negative (blue) or positive (red) strains are shown. The
maximum principal stress describes the maximum normal stress at a
point. Failure occurs when the maximum principal stress exceeds the
yield strength of a material [58].

The error in flexural stress between experiments and simulations
amounts to maximal + 8% for AR and —17% in flexural modulus for TR.
The deviation between the flexural modulus obtained from simulation
and physical test results is less than 5% for CO and AR. However, for TR
the flexural modulus is significantly underestimated. This might be
related to that the TR struts are constructed out of three parallel filament
strands, aligned in 0° orientation. COs and ARs structures are filled with
+ 45° oriented strands (Fig. 2). 3D-printed structures are typically
stronger and stiffer when the load is applied along the raster orientation
compared to 45° off raster orientation. It might also be the case, that the
filament alignment in TR is resulting in fewer voids along the loading
direction compared to CO and AR and thus leading to a higher overall
flexural modulus. Further, TR might be more prone to damage due to the
relatively small surface area of the connection between lattices and face
sheets compared to CO and AR. Other possible sources of error might be
variations in the biocomposite filament, as well as minor changes in
environmental conditions during the printing process. Note that the
material properties used as input to the FE-analysis were obtained from
3D-printed samples that are already expected to have most of the
production-related defects. However, the sufficient agreement between
experiments and simulations using the previously presented model from
[42] shows that the panels were 3D-printed with reproducible quality.

4.3. 3-point bending tests and simulations of extruded sandwich panels

The relatively simple experimental extrusion line set-up was suffi-
cient to manufacture TR sandwich panels from biocomposite material
and prove the concept. P30TMP required a higher extrusion temperature
than P20TMP to increase its ability to flow. The ability of a composite
melt to flow is typically reduced with increasing fibre fraction [59].
Further, P30TMP was more likely to rip after leaving the extrusion tool,
which might be related to a lower melt strength of P30TMP compared to
P20TMP. Melt strength is the resistance of a material in a rubbery state
to stretching [60]. Additionally higher fibre loadings might increase the
friction between melted biocomposite, and the extrusion tool surfaces
making the extrudate more likely to stick to the tool surface.

Unfortunately, the here presented experimental extrusion process
was poorly controllable, and the panel wall thickness was varying.
Variations in wall thickness were even more present in P30TMP
compared to P20TMP. This might be improved by implementing a
driven and controlled conveying system to draw the extrudate at a
constant speed, optimizing the tool design and using lubricants to
minimize the friction between the extrudate and extrusion tool. Further,
the cooling system could be improved by controlling water temperature
and setting up multiple water misting systems in a series or a water bath.
Additionally, a second extrusion die could be placed shortly after the
tool exit to stabilize the profile shape and smooth the surfaces. Five
extruded panels of P20TMP and three of P30TMP could be used for 3-
point bending tests. The results are presented in Fig. 7.

Stress-deflection curves are plotted in Fig. 7a as well as simulations
results obtained from FE-analysis of P20TMP using the previously
described hyperelastic, perfectly plastic material model (Table 5). The
model predicts flexural stiffness accurately with an error of about 9%.
The flexural strength is overestimated by about 20%, which is most
probably related to the varying outer dimensions, wall thicknesses and
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Table 7
Flexural strength and stiffness of extruded sandwich panels from P20TMP,
P30TMP and simulation of P20TMP normalised to a relative density of 0.5.

Designation Flexural strength Flexural modulus Actual relative
[MPa] [MPa] density
P20TMP 41.55 + 5.54 4374 + 983 0.47
P30TMP 44.16 = 9.55 4498 + 133 0.47
Simulation 52.1 4679 0.47
P20TMP

face sheet thicknesses of the extruded panels. Especially the face sheet
thickness is tending to be thinner than assumed. The face sheet thickness
was considered in the FE-analysis, but local thickness variations were
neglected. The flexural strength is assumed at the first sign of yielding
since the extruded panels show low toughness. Dimensional inaccura-
cies, local heterogeneities of the biocomposite material, e.g, fibre ag-
glomerations, voids, etc. and damage mechanisms are not considered in
the numerical model. Local defects might induce stress concentration
and initiate failure of the biocomposite part at lower strengths than
predicted by the homogeneous FE model.

Additionally, there is a slight difference in the strain rate of the
tensile tests (8 x 10*s™1) and the bending tests (2 x 10 s’l, calculated
according to [61]). Higher strain rates typically result in higher ultimate
strength and stiffness of biocomposites. The higher strain rate used for
tensile tests compared to the bending tests might have contributed to the
overestimation of flexural strength by the simulation. However, this
contribution is considered small since it was shown that the strain rate
sensitivity of PLA gets more prominent at higher strain rates [62,63].
Due to the water cooling the extruded panels were exposed to higher
cooling rates than the injection moulded dogbones which were cooled
more slowly. This might have resulted in a higher degree of crystallinity
in the dogbones compared to the extruded panels, contributing to a
higher ultimate strength obtained from FE-analysis compared to the
experiments [64]. However, by comparing the FE-analysis and experi-
mental results, it can be confirmed that polymer extrusion is a suitable
method to produce TR sandwich panels from TMP fibre-reinforced PLA.
The bending properties of the extruded panels agree with the expected
bending properties of such biocomposite material and structure. The
fracture surfaces of P20TMP and P30TMP are shown in Fig. 7b. A sudden
brittle fracture was initiated from the lower face sheet due to tensile
loads. No local buckling was observed in the experiment or simulations.

When normalized to a relative panel density of 0.5, the flexural
strength of the extruded P30TMP panel (Table 7) is about 27% higher
than the 3D-printed TR panel (Table 6). The flexural stiffness of the
extruded sandwich panel is more than doubled compared to the 3D-
printed one. The significant differences in flexural strength and stiff-
ness between extruded and 3D-printed panels are closely related to a
difference in raw materials and methods used to manufacture the
sandwich panels. Both materials (Woodfill® filament and P30TMP),
mainly consist of PLA and 30 wt.% wood fibre reinforcement. However,
Woodfill® filament also contains an unknown amount of poly-
hydroxyalkanoates (PHA), which is a thermoplastic biopolymer, used to
enhance printability and reduce the risk of filament breakage under
printing. Compared to PLA, it has generally lower tensile strength
(10-40 MPa) and stiffness (150-3500 MPa), depending on the compo-
sition of monomers [65]. Further, according to the Woodfill® product
information recycled fine pinewood is used as the wood fibre component
in the filament. P20TMP and P30TMP are compounded with virgin TMP
fibres, which are expected to have a greater length-to-width ratio than
recycled fibres and thus contribute more to the biocomposite strength
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and stiffness [37,66].

Another important aspect is the difference in the manufacturing
method. The 3D-printed panels are a structural build-up due to the layer-
by-layer construction. Compared to the extruded panels, the 3D-printed
ones can be seen as having several initial material defects. Voids form
especially between the perimeter and the filling (Fig. 2) as well as be-
tween the single strands, depending on the printing parameters. Addi-
tionally, the layer-to-layer or strand-to-strand adhesion is considered as
being less resistant to external loads than the material itself [37,67]. The
difference in tensile as well as flexural strength and stiffness between
moulded and 3D-printed parts with + 45° raster orientation seems to
become even more significant when fibre reinforcements are used. This
may be related to differences in fibre orientation. It is assumed that in
extruded or moulded parts the fibres orientate along the flow direction
[68]. This means that the fibres in the extruded samples are expected to
be aligned longitudinally, while in the 3D-printed panels they are
mainly aligned in 45°, resulting in lower mechanical properties [68].

It was verified that the material model from [42] can be used to
evaluate different 3D printed sandwich designs relatively fast, simply
and accurately. After finding a favourable design by FE-analysis, an
extrusion tool was built as polymer extrusion might be more suitable for
a time and cost-efficient mass production of biocomposite sandwich
panels with unidirectional core stiffeners. The bending properties of
extruded panels were shown to be predictable with sufficient accuracy
by FE-analysis using the hyperelastic and perfectly plastic material
model derived from tensile tests on injection moulded dogbones. For
future evaluations of e.g, other biocomposite materials and extrusion
tool designs, only one set of stress—strain data of the used material might
be required to predict the approximate bending properties by FE-
analysis.

5. Conclusions

In the present work, three different 3D-printed sandwich designs
with unidirectional core stiffeners were physically tested and simulated
based on a bimodular material model. Biocomposite material from PLA
reinforced with 20 wt.% and 30 wt.% TMP-fibres was produced by
compounding. Both biocomposite materials had superior tensile
strength and stiffness compared to neat PLA and were used to fabricate
the trapezoid panel design in profile extrusion, which has been consid-
ered a suitable manufacturing method for sandwich panels with unidi-
rectional core stiffeners.

Comparing the three panel configurations, TR is the strongest and
stiffest in bending considering a relative density of 0.5. This was strongly
related to the increased face sheet thickness as demonstrated by calcu-
lating the panel rigidity analytically. Additionally, the flexural strength
and stiffness of the 3D-printed panels could be predicted adequately
(minimum and maximum error of + 4% to —17%) using FE-analysis.

Extrusion of TR biocomposite profile panels was successfully
demonstrated as a proof of concept in an experimental extrusion line set-

Table Al
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up. Experimental and numerical assessment of the bending properties of
extruded sandwich panels from P20TMP further confirmed the suit-
ability of polymer extrusion for such biocomposite sandwich panels. The
extruded biocomposite TR sandwich panels were about 27% stronger
and 56% stiffer than the corresponding 3D-printed ones.

Sandwich panels with unidirectional core stiffeners were fabricated
by 3D printing and profile extrusion from biocomposites. Importantly, in
this study two different production methods were combined to bridge
different development stages along with testing and prediction of
properties of biocomposite materials.

Concludingly, polymer extrusion can be used to mass-produce stiff
biocomposite panels with unidirectional core stiffeners and the
approximate bending properties of those panels can be sufficiently
predicted by using the presented hyperelastic and perfectly plastic ma-
terial model in FE-analysis. The model required only one set of stress-
strain data from a tensile test and the Poisson’s ratio of the corre-
sponding biocomposite material to provide satisfactory results. To take
this research further and enable a wider applicability of wood fibre-
reinforced biocomposites for material extrusion, long-term properties,
such as creep, fatigue and environmental durability should be consid-
ered and studied to a greater extent.
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Appendix:

(See Table A1).

Relative density of panels for 3-point bending experiments. The addition of “3D“ refers to the 3D-printed panels and “P20TMP* and “P30TMP“ to the extruded ones.

Specimen Average Approximate volume Average approx. solid panel volume  Specimen density [g/ Material density [g/ Specimen relative density [g/
Mass [g] [cma] [cm3] cma] cma] cm3]

CO_3D 52.7 41.6 85.7 0.61 1.27 0.49

AR_3D 49.1 42.0 85.4 0.57 1.17 0.49

TR_3D 51.4 42.1 85.7 0.60 1.22 0.49

TR_P20TMP 39.5 25.5 55.7 0.71 1.55 0.47

TR_P30TMP  36.6 25.5 54.9 0.68 1.43 0.47
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