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ABSTRACT
Cellulose nanocrystals (CNC) were surface modified with dialkylamines to increase the
compatibility between the CNC and the polymeric matrix, and promising results were
obtained, with a 300 % stiffness increase when the mixed dispersion was compression
moulded on a laboratory scale. The manufacturing process was up-scaled using waterassisted mixing in a twin-screw extruder (TSE) followed by a second compounding step and
injection moulding (IM). The composites were successfully produced using conventional
melt-processing techniques but these did not show the same improvement in mechanical
performance, probably due to the formation of CNC aggregates. There were indications of
network formation when CNC was added, especially in the case of surface-modified CNC.
Cellulose fibres and thermomechanical pulp were used as reinforcement in similar types of
polymer matrices and the mixtures were similarly processed by TSE and IM. These materials
were characterized with regard to appearance and durability. The discoloration of the
composites due to excessive heat during processing did not significantly affect their
mechanical properties, and the addition of the cellulose-based reinforcement to the
polymer did not reduce its resistance to thermo-oxidative degradation compared to that of
the pure matrix. In fact, the resistance to degradation was increased when lignin was
present in the reinforcing element, showing a synergistic effect together with the added
anti-oxidant.
Superior properties were expected for the CNC composites compared to those of the larger
cellulose fibre reinforcements, but in continuous production the stiffening effects were
similar regardless of reinforcement type. These results confirm that the processing method
and properties strongly affect the final properties of the composite.
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LDPE-10 % CNC
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extruder before being shaped into strips using single
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1 INTRODUCTION
1.1 BACKGROUND
The urgent demand for sustainability both in industry and in society in general emphasises
the need for low-cost, environmentally friendly materials with the potential for highvolume production. The use of fossil-based materials needs to be successively reduced,
replacing them with more sustainable alternatives which still fulfil the requirements.
Cellulose-based materials are an interesting and promising candidate, being renewable and
biodegradable, with large availability and good mechanical properties. Cellulose-based
materials have been used throughout history as construction material, fabrics, paper and
packaging. Cellulose is a natural polymeric material. Other examples of natural polymers
are starch, wool, proteins and DNA. Synthetic polymers started to be developed in the early
1950s. Since then, the production of synthetic polymers has increased steadily, and
synthetic polymers, often called plastics, are highly incorporated into most people’s
everyday life. The properties and applications are vast, and the use of plastics has strongly
contributed to the development of today’s society and technologies, for example, in
revolutionizing the packaging industry, increasing the shelf-life of groceries and hence
decreasing food waste, and in reducing weight of load-bearing constructions in the
automotive and aero industries to reduce fuel consumption. Despite the positive
contributions of plastics in society, there are nevertheless drawbacks regarding: the fossil
origin of most plastics in use today and the sometimes harmful substances used as additives
in polymers, but the greatest concern with plastics is the pollution caused by littering, i. e.
their accumulation in nature and the oceans, affecting living creatures to an extent that is
not yet fully understood but definite. The collection and waste management of polymers is
vital but it is also important to reduce the amount of plastics used, especially for excessive
packaging or single-use products which can be replaced by more sustainable materials,
which would be beneficial to reduce the environmental pollution.
Reinforcing elements can be introduced to increase the stiffness and strength of the usually
ductile polymers. Commonly used reinforcing elements are glass fibres or carbon fibres,
both conventionally produced from a non-renewable resource. The use of cellulose-based
reinforcements in thermoplastics was proposed in the 1970s1–5 and they have the potential
to replace fossil-based materials in polymer composites in a number of applications. The
automotive, construction and packaging industries have all increased the use of natural fibre
composites during the last two decades6–11, motivated by their relatively low density and
interesting mechanical properties, being renewable, biodegradable and abundantly
available at a relatively low cost. There are however problems in using cellulose as a
reinforcing element in a polymer matrix; the mixing of a hydrophilic cellulose with a
1

hydrophobic polymer leads to aggregation and makes the dispersion of the fibre difficult.
Fibre breakage, thermal degradation during processing and poor adhesion between the
reinforcement and matrix are also difficulties that affect the final properties of the
composite material12,13. Many of these challenges are directly related to the manufacturing
and processing of composites, to the continuous feeding of the reinforcement and hence to
the dispersion of the reinforcement, thermal degradation and fibre breakage. The final
properties of the thermoplastic composites with cellulose-based reinforcement are thus
highly dependent on the processing conditions.

1.2 CELLULOSE-BASED REINFORCEMENTS
Cellulose is the most abundant polymer on earth, with an annual production estimated to
be over 1011 tons14, produced by photosynthesis in plants using sunlight. Cellulose can also
be found in algae, fungi and some species of bacteria, but most of the cellulosic material is
found in the plant cell wall. The properties of the cellulose fibre vary among different
sources, and depend on the size, shape, crystallite content, orientation and thickness of the
cell walls15. Cellulose compounds from wood are of special interest since the forest industry
is large in Sweden, with 2/3 of the country covered by forest16. Approximately 40 % of the
wood structure is cellulose, and the other main components are hemicelluloses (about 30
%), lignin (about 30 %) and some minor amounts of extractives. These components can be
separated in various ways, following currently used processes within the pulp and paper
industry17,18.
The cellulose molecule consists of a long linear homo-polysaccharide chain, which can be
up to 20000 monomer units long depending on the source19,20. The chains have both
crystalline and amorphous regions forming cellulose nanofibrils, which are aligned and
aggregated together into microfibrils. The hydroxyl groups (-OH) of cellulose form
hydrogen bonds both within the molecule and between the molecules, thus forming strong
crystalline regions. Cellulose plays a critical role in maintaining the structure of the plant
cell wall by contributing both strength and stiffness, making it possible for tall thin
structures and stems to withstand the stresses from the environment. Although it is a
polymer, it is not possible to process cellulose using thermoplastic techniques since the
cellulose decomposes at temperatures lower than melting.
Cellulose has been and is continuously being used in numerous applications and particularly
as a construction material throughout human history. There is an ongoing development of
the use of this multifaceted material in new applications involving different processing
techniques and treatments and also as an additive in other types of materials, cellulose can
for example be incorporated into concrete and insulating materials, it can be used as a
thickener in food and viscous products like paint and it can serve as a reinforcement or filler
in thermoplastics, elastomers and thermosets21–23. The concept of using cellulose-based or
2

wood-based fillers in polymer composites is not new, and a substantial amount of work has
aimed at optimizing the use of natural fibres in many applications24. Cellulose or natural
fibres have been of interest as reinforcement in composites for several years and they are
already applied in automotive and aircraft components, packaging, electrical components,
sporting equipment and the biomedical industry10.
Combining cellulose with a polymer gives great opportunities to improve the mechanical
properties of inherently rather weak and flexible polymers and at the same time reduce the
need to use fossil-based materials. It may also be possible in the future to replace some glassfibre reinforcements with cellulosic materials. Cellulose has potentially good mechanical
properties as a reinforcing element with high specific stiffness and high strength. In
addition to its promising mechanical property profile and its low density, the main
advantages of cellulose are its renewability, biodegradability, low abrasion towards
processing equipment and its almost unlimited availability to a low cost if replanting is
continuously maintained.
However, when cellulose is used as a reinforcing material in a polymer matrix, some
challenges must be faced. The hydrophilic nature of cellulose makes it prone not only to
absorb water but also to repel the most conventionally used polymers due to their, often,
hydrophobic nature. The ability to absorb moisture impedes processing since high moisture
levels are not desired, and this may also contribute to the formation of aggregates. Fibre
aggregates are hard to break up and this makes it difficult to distribute the fibres uniformly
in the polymer matrix. The mismatch in hydrophilic/hydrophobic character between
cellulose and most plastics can also result in a weak interphase between the two components
and thus to adhesion problems and a reduced reinforcing effect12,13. Another problem when
cellulose is used as a reinforcement in a polymer matrix is the thermal stability of the
cellulose. Elevated temperatures are needed when processing thermoplastic materials, but
degradation of the cellulose may start below the required processing temperature,
depending on the choice of polymer matrix. Thermal degradation is also dependent on the
type of fibre, the concentration, the presence of oxygen and moisture and the exposure
time25–27. Degradation of the fibres will reduce the mechanical performance of the
composite, and the surface characteristics and visual appearance of the component may
change.
Cellulose or wood fibres can be used in different grades as a reinforcing element, giving
different properties and at different costs. There are in principal two ways to separate fibres
from the wood matrix, by either a chemical or a mechanical pulping process. In the
mechanical pulping process, debarked wood logs or wood chips are mechanically ground
resulting in a pulp with a high yield where most of the constituents of the wood are still
present; cellulose, lignin, hemicellulose and some minor amounts of extractives. The chips
can be pre-heated with steam to 120 °C prior to the grinding process resulting in
thermomechanical pulp (TMP)17. The pre-heating softens the bounds between the fibres to
3

give a more gentle refining process and increase the proportion of whole fibres compared
to fibre fragments18. The mechanical pulp consists nevertheless of a wide distribution of size
fractions and the final properties of the pulp are dependent on the processing parameters
used. The chemical pulping process separates the cellulose fibres by dissolving most of the
lignin, which acts as an adhesive between the fibres. The most dominant process used for
the production of chemical pulp is Kraft cooking, using sodium hydroxide and sodium
sulphide. Both mechanical and chemical pulp can be further processed by bleaching.
The cellulose fibres are, as mentioned before, built up of long cellulose molecular chains
divided into amorphous and crystalline regions on a nanoscale. There are in general two
different types of nanocellulose; cellulose nanofibrils (CNF) produced by mechanical
treatment of the cellulose fibre (often combined with a chemical treatment), and the even
smaller cellulose nanocrystals (CNC) produced by acid hydrolysis of the cellulose fibre28. In
the present study, only CNC has been considered. The CNC has been extracted by removal
of the amorphous regions by hydrolysis of the cellulosic fibres/fibrils using sulfuric acid,
leaving only the densely packed crystalline regions29,30, in our case typically with needlelike crystals about 6 nm thick and 200 nm long31. The properties of CNC are in general
dependent on the cellulose source with regard to dimension, aspect ratio and crystallinity,
whereas the hydrolysis conditions determine the surface chemistry, surface charge and
particle aspect ratio28. Nanocellulosic materials possess promising mechanical properties due
to their dense and strong structure with a greater strength and stiffness than the larger
cellulose fibres, as well as a larger surface area for adhering to the matrix9. Values reported
by Lee et. al.32 indicate that the tensile strength of a CNC is in the range of 0.3-22 GPa and
that the axial modulus is between 58 and 180 GPa, and this is the reason for the interest in
using CNC as a reinforcing element in composite materials, cf e. g. Klemm et al.33.
The hydroxyl groups (-OH) on the CNC surface provide high surface reactivity11 and
hydrolysis converts some of the surface hydroxyl groups on the CNC to negatively charged
sulphate half-ester units, stabilising the CNC in aqueous dispersions and reducing the
tendency to aggregate. However, the sulphate groups also promote thermal degradation
through an acid catalysed dehydration process starting already at 150 °C, and this can be
detrimental since the commonly used engineering polymers require higher processing
temperatures34,35. This dehydration process can be inhibited by neutralisation by e. g.
sodium hydroxide35.
The properties of the CNC can be tailored by grafting functional groups onto the cellulose
surface to reduce the hydrophilic nature of the cellulose and increase its compatibility with
a hydrophobic matrix, increasing the adhesion and interactions both between matrix and
reinforcement and between reinforcing elements13,36. The thermal stability can also be
increased by chemical modifications grafted onto the sulphate groups on the CNC
surface10,37. Börjesson and Westman38 have summarized possible routes and processes which
can be used to adjust the properties of CNC.
4

There is a growing interest in using cellulose-based materials as reinforcement in polymer
composites, but the processing and manufacture of these materials in general needs to be
better understood, and also the properties of the final material with regard to ageing and
the visual appearance in terms of surface characteristics and discoloration or yellowing
associated with the formation of chromophores due to oxidation of the material. This
degradation can be initiated at rather low temperatures especially with long exposure
times39,40. The type of cellulose affects the degradation and other substituents, e.g. lignin
and hemicelluloses contribute to the discoloration. The durability of cellulose-reinforced
composites is affected by thermo-oxidation41, exposure to UV radiation, moisture an oxygen
in addition to elevated temperatures. The thermo-oxidative degradation is also influenced
by the porosity of the composite, the physical and chemical structure of the polymer matrix
and the amount and type of antioxidant present41. The degradation of the polymer matrix
has been reported to accelerate further degradation due to the action of degradation
products39,40,42.

1.3 POLYMER MATRICES
A polymer is composed of repeated units in long chain structures with properties depending
on the chemical structure of the repeating unit. Polymers can be naturally occurring, such
as cellulose, wool, silk, natural rubber, proteins and DNA, or synthetic. Synthetic plastics
are used in a wide range of applications from single-use products and packaging to highperformance load-bearing structures in the automotive, aero and construction industries,
including cross-linked thermosets and elastomers (rubber) as well as re-meltable
thermoplastic materials, but bioplastics are still less than 1 % by weight of the global plastic
production43. Apart from using a fossil-based resource for producing synthetic polymers,
the waste management and the end-of-life handling are strongly questioning the use of
plastics, especially for the short-term use products. After following the concept to refuse or
reuse a component, the collected post-consumer waste needs to be increased to avoid
littering and increase recycling or energy recovery rates. In 2017, almost 80 % of the
globally used polymeric materials ended up in landfills, the environment or the ocean 44.
The polymer matrices used in this study were ethylene-acrylic acid copolymers (EAA) and
low density polyethylene (LDPE). Ethylene-acrylic acid is a thermoplastic copolymer
consisting of alternating ethylene and acrylic acid sections. EAA was selected as matrix
material because it has a lower melting temperature than pure polyethylene and because
acrylic acid increase the hydrophilicity, providing a material expected to be more
compatible with the cellulose reinforcement, giving a better dispersion and better adhesion
between fibre and matrix. The EAA is available with different acrylic acid contents, it is
usually available in the form of pellets, but it is also available as an aqueous polymer
dispersion. LDPE was selected as a matrix material not only because it is one of the most
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common thermoplastic polymers, but also because it has a melting temperature lower than
the degradation temperature of the cellulose reinforcement.

1.4 PROCESSING OF CELLULOSE-REINFORCED COMPOSITES
Thermoplastic composites with a cellulose-based reinforcement can be processed by various
techniques, but a continuous process is preferred for most applications. The processing
method, including mixing, compounding and shaping, will to a great extent determine the
final properties of the material by affecting e. g. the dispersion of the reinforcements,
degradation and the orientation. Dispersion of the reinforcing elements during processing
is important for the mechanical properties of the composite25,45. The hydrogen bonds
between the cellulose fibres as well as the difference in surface character between the
cellulose and the matrix make the dispersion difficult, leading to aggregated fibres with a
lower aspect ratio and poorer mechanical properties than a single element. High
temperatures, long exposure times and extensive shear forces also affect the degradation
behaviour.
Batch-wise production using e.g. solvent casting, dispersion mixing or a micro extruder is
commonly applied when nanocellulose is used as reinforcing element. These processes are
convenient for use on a laboratory scale but difficult to convert to large-scale industrial
compounding32,36,46, and the feasibility of using conventional melt-processing techniques
should be considered36,47. The mixing of polymer and CNC in an aqueous dispersion without
the application of any additional external force or heat may provide a well dispersed CNC
for further mixing processing. After drying these mixtures, compression moulding may be
used to shape the composite into a material with properties that cannot be compared with
those of materials produced using methods where shear forces are applied48, e.g. injection
moulding or extrusion.
The continuous production of a polymer composite on a large scale involves two steps:
mixing of the reinforcing element with the matrix and additional compounding followed
by a melt-shaping extrusion or injection moulding. The mixing is important to achieve a
good dispersion and avoid aggregates. The degree of dispersion can be improved by applying
high shear forces and an elongation flow field, but using compatibilizers or surface grafting
of functional groups may also improve both the dispersion and the adhesion between matrix
and reinforcement49. The shear forces applied during mixing and compounding might lead
to an undesired aggregation of the filler, especially if the matrix and reinforcement are
incompatible50,51, but the mixing could possibly be improved by a repeated run of the
material through the mixing extruder to increase the amount of shearing but this might also
increase the risk of thermal degradation2,52,53.
Extrusion could be performed using a single-screw (SSE) or twin-screw configuration (TSE),
where the material is heated and melted while the screw rotation moves the melt towards
6

a die. The TSE is expected to provide a better mixing, especially if the screws are co-rotating.
Other advantages of TSE are its degassing capacity and the possibility to feed components
down stream, which could be beneficial when adding cellulose-based reinforcement
sensitive to thermal degradation.
In order to reduce the risk of aggregation of CNC into larger particles, a master-batch
approach could be used, the CNC then being mixed with a carrier polymer, compatible with
both cellulose and matrix, before being added to the matrix polymer, but it has been shown
that liquid feeding and water-assisted extrusion can be a more effective way to reduce the
degree of aggregation36,54,55. The extent of discoloration has been shown to be reduced by
the presence of water in the system56–58.
Injection moulding is a commonly used technique for producing polymer components with
high productivity and little part-to-part variation59, the material being conveyed by a screw
device before injection into a mould. The high pressure and the high elongational flow and
high shear fields influence the final properties of the product, and successful injection
requires control of the temperature, pressure, time and machine movements60.

1.5 AIM
The aim of this work has been to seek to replace fossil-based polymeric materials with
renewable wood-based materials by using wood-based materials as reinforcement in
thermoplastic composites. The specific aim of the project was to improve the mechanical
and thermal properties as well as the appearance of the composites and to explore the
possibilities of using large-scale production methods for thermoplastic materials. Special
attention has been devoted to melt processing by extrusion and injection moulding, to
improve the final properties of the composite. A further aim was to explore the possibility
of modifying the properties of CNC by surface modification, to enhance its compatibility
with the polymer matrix and increase the reinforcing effect of the CNC.

7
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2 MATERIALS
Two different materials have been employed as polymer matrix. The ethylene-acrylic acid
copolymer (EAA) was used extensively because it is more hydrophilic in nature than the
commonly used polyethylene. Using EAA was expected to increase the compatibility
between the hydrophilic CNC and the matrix. The low melting point of EAA was
considered beneficial, allowing for melt processing without the risk of excessive thermal
degradation of the cellulosic reinforcement. LDPE was also used as a matrix material, it was
chosen due to its large availability and commonness, and to its relatively low melting point.
Polyethylene can also be of interest from the aspect that suitable bio-based grades are
available61.

2.1 ETHYLENE-ACRYLIC ACID COPOLYMER
The ethylene-acrylic acid copolymer (EAA) dispersion used in Papers I and II was obtained
from BIM Kemi AB, Sweden. This grade had an acrylic acid content of 15 %, a melting point
of 88 °C, a density of 0.994 g/cm3 and a melt flow rate of 36 g/10 min (ISO 1133, 190 °C, 2.16
kg) according to the supplier. The dispersion had a solids content of 20 wt.% EAA and pH
9.7.
The EAA pellets used in Papers III and V were an ethylene-acrylic acid copolymer (EAA),
Primacor 3540 from Dow Chemical Company, with an acrylic acid content of 7 %. This
EAA grade had a number average molecular weight (Mn) of 16100 g/mol, a density of 0.932
g/cm3, a melting point of 95 °C and a melt flow rate (ISO1133) of 8 g/10 min, according to
the supplier.

2.2 LOW DENSITY POLYETHYLENE
The low-density polyethylene (LDPE) grade used in Paper IV was a medical grade obtained
from Borealis AG (FT6230) without additives, with a density of 0.913 g/cm3 and a melt flow
rate of 2 g/10 min (ISO 1133). In Paper V, a LDPE grade 19N730 from Ineos Olefins and
Polymers was used, with a density of 0.92 g/cm3, a melting point of 108 °C and a melt flow
rate of 8 g/10 min (ISO 1133), all according to the supplier.

2.3 CELLULOSE NANOCRYSTALS
Cellulose nanocrystals (CNC) were used as reinforcement in Papers I, II and V, but the CNC
was prepared by different routes. The never-dried CNCs in Papers I and II were obtained
by sulphuric-acid-hydrolysis of microcrystalline cellulose (MCC) type Avicel® PH101 with
an average particle size of 50 µm, using a procedure described by Hasani et al.62.
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In Paper V, sulphuric-acid-hydrolysed cellulose nanocrystals were obtained as a neutralised
(Na+) spray-dried powder, dispersible in water, from Celluforce, Canada, which was
dispersed in water to a dry content of 6-7 wt.%, using an IKA T25 digital Ultra Turrax at a
rotational speed of 7400 rpm for 10 min.

2.4 CELLULOSE TISSUE OR FIBRES
Two different kinds of tissue paper made of chemical pulp were used as sources of cellulose
fibres, denoted CF in Paper II and CT in Paper IV. The CF in Paper III was a two-layered
tissue with 100 % primary fibres from Metsä tissue, Sweden/Finland. This tissue had a sheet
grammage of 34 g/m2 and consisted of 75 % birch fibres and 25 % softwood pulp and was
free from any additives. In Paper IV, another two-layered tissue consisting of 75 % short
fibres (eucalyptus) and 25 % long fibres (pine) was used; it had a grammage of 34 g/m2 and
is denoted CT.

2.5 THERMOMECHANICAL PULP
The thermomechanical pulp (TMP) originated from spruce and was supplied by Stora Enso,
having an average particle length of 1.7 mm and width 20-40 μm.

2.6 ANTIOXIDANT IRGANOX 1010
Irganox 1010 (Pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate)),
a hindered phenolic primary antioxidant (radical scavenger) (Flick 2004), was used as a
thermo-oxidative stabilizer in the durability study in Paper IV.
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3 EXPERIMENTAL
In-depth descriptions of the techniques and the conditions used can be found in the
appended Papers.

3.1 SURFACE GRAFTING OF CNC
The CNC prepared as described in section 2.1 was modified following three different routes
to graft chemical groups onto the cellulose surface.
In Paper I, the procedure outlined by Chattopadhyay et al. 63 was followed, using
methylated azetidinium salts to react with sulphate groups on the CNC to graft three
different chemical groups onto the cellulose surface: N-morpholino-3methoxyazetidinium,
N,N-diallyl-3-methoxyazetidinium
and
N,N-dihexyl-3methoxyazetidinium. For the production of composites (Paper II), the methylation was
omitted, resulting in a hydroxy functionality instead. No significant differences were
observed in the performance of the surface-treated CNC due to this omission, but it made
the modification procedure more straightforward. The surface modifications are denoted in
the following as MorphCNC, diAllylCNC and diHexylCNC respectively, regardless of
reaction route used. The molecular structure of the three different groups and the three
different reagent routes are shown in Figure 1. The synthesis of the azetidinium salts is
described in detail in Papers I and II.
Hasani et al. 62 have shown that the dimensions of the CNC did not change significantly as
a result of this type of surface grafting. The increase in weight of the CNC as a result of the
surface modification was considered to be negligible64.
Due to the promising results obtained, it was decided to focus the upscaling of the process
on the diallyl-modification. In Paper V, the diallyl-modification was performed on the CNC
from CelluForce, as described in section 2.1. Due to difficulties in producing large quantities
of high-quality azetidinium salts, the modification was carried out using a cyclic carbonate
reagent (4-((diallylamino)methyl)-1,3-dioxolan-2-one). The synthesis of the carbonate
reagent was performed as described in Paper V according to a two-step reaction scheme,
outlined by Reddy65 and Parzuchowski66.
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AzOMe

Morpholine

AzOH

diAllyl

R1 = morpholine, hexyl or allyl
Carbonate reagent

R2 = H or methyl group

a)

diHexyl

Reagents

R1 Groups

b)

c)

Figure 1: The molecular structures of the surface modifications. a) schematic view of the surface
grafted CNC. The surface grafting can be achieved by using any of the three reagents in b),
resulting in a R2 of Methyl when using AzOMe and H as R2 when using AzOH or carbonate
reagent. c) schematic outline of the three different grafting groups, R1.

3.2 MANUFACTURING PROCESSES
The processing techniques used in Papers II-V are listed in Table 1.
Table 1: Compounding and shaping techniques used in Paper II-V
Mixing and compounding
Paper
II
III
IV
V

Dispersion
mixing
X

Twin-screw
extrusion

Shaping
Compression
moulding
X

X
X
X

Single-screw
extrusion

Injection
moulding
X

X
X

3.2.1 Dispersion mixing
Aqueous dispersions of CNC and EAA were blended to give 0.1, 1 and 10 wt.% CNC
concentration levels in the composite materials with both surface-treated CNC and
unmodified CNC (Paper II). An IKA T25 digital Ultra Turrax was used for 6 minutes at 7400
rpm to ensure thorough mixing of the components. The aqueous dispersions were then
poured onto large plates and allowed to dry in air at room temperature for approximately
one week, giving approximately 20 g of thin flakes of a mixture of polymer and CNC.
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3.2.2 Melt mixing and compounding by twin-screw extrusion
In Paper V, a co-rotating, Werner & Pfleiderer ZSK 30 M9/2 (Stuttgart, Germany) twinscrew extruder (TSE) was used for continuous production in a two-step process with an
initial water-assisted melt mixing, followed by a second homogenising (compounding)
extrusion. The CNC dispersion with unmodified or diallyl-modified CNC from Celluforce,
prepared as describe in section 2.1, was added to the hopper together with the polymer
pellets. A peristaltic pump Heidolph SP standard, PD 5001 (Schwabach, Germany) was
employed for the less viscous unmodified CNC but a syringe was used for the more viscous
diallyl-modified CNC dispersion. The feeding rates were adjusted to give a CNC content of
10 wt.% in the composites. The water-assisted extrusion was carried out using the mixing
screw configuration design (MS) at 50 rpm whereas the second compounding step was
performed using the compounding screw (CS) configuration at 70 rpm. The two screw
configurations (MS and CS) are shown in Figure 2. The material was compounded twice in
the TSE and pelletized after each cycle before the final shaping step. The TSE had a screw
diameter of 30 mm, a screw length of 971 mm, five heating zones along the cylinder and
one heating zone at the die. The temperature profile from the hopper to the die for the first
pass (mixing step) was 80-90-130-130-120-120 °C and 120-140-200-200-170-170 °C for the
second pass (compounding step).

(a)

(b)

Figure 2: The two screw configurations used for water-assisted mixing and compounding; (a)
Mixing screw (MS) and (b) Compounding screw (CS)

In Papers III and IV, the composites containing TMP or CT/CF were produced by mixing
and compounding using the TSE described above but with the cellulosic compound being
fed into the polymer melt in the middle section of the screw, see Figure 3. The TMP and
CT/CF were dried at 75 °C for at least three days before mixing.
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Extrusion direction

Figure 3: The screw configurations used for mixing and compounding of TMP or CT/CF
composites, from the inlet to the die

The temperature profile for the twin-screw extrusions for the compounds with LDPE as the
matrix material in Paper IV was 120-170-180-180-190-190 °C. The screw speed for the first
mixing, varied between 18 and 50 rpm. The screw speed was selected to give a material flow
rate of 45 and 35 g/min to achieve a reinforcement content of 20 and 5 wt.% respectively.
In the second TSE compounding, the screw speed was kept constant at 45 rpm in all cases.
The CF-containing composites with EAA as matrix material (Paper III) were compounded
with a lower temperature profile from hopper to die: 100-130-140-140-150-150 °C. The
screw speed was set to 96 rpm and the cellulosic tissue feed rate was balanced in relation to
the screw speed in order to obtain a cellulose content of 20 wt.% in the composite.

3.2.3 Shaping by compression moulding, single screw extrusion and injection
moulding
CNC composite materials were produced at a small scale by compression moulding 12 g of
the dried flakes of the EAA and CNC in a hydraulic press (Buscher-Guyer KHL 100,
Switzerland) to give square plates 100 x 100 mm2 in size and about 1 mm thick. The
compression moulding was carried out at 105 °C and with a maximum pressure of 500 bar,
for approximately 5 min. A detailed description is given in Paper II.
The large-scale production of CNC composites (Paper V) and of CT-containing composites
(Paper III) was carried out using an injection moulding machine type Arburg Allrounder
221M-250-55 (Austria), producing square plates with dimensions of 64 x 64 x 1.5 mm3. The
sprue from the cylinder nozzle to the cavity diverged from a diameter of 4 mm to a diameter
of 7 mm along the sprue length of 54 mm, followed by an 18 mm long runner with a cross
section of 40 mm2 and a rectangular cavity gate having a 8 x 1.5 mm2 cross section and a
land length of 1 mm. The mould temperature was 25 °C and the injection pressure 75 MPa.
The holding pressure was 80 MPa and the backpressure 1.5 MPa. The circumferential screw
speed was set to 20 m/min. The injection speed was 50 cm3/s when filling the sprue, and
this was reduced to 20 cm3/s when filling the mould cavity. For the CNC composites in
Paper V, the temperature profile from the hopper to the nozzle was 110-150-150-170-170
°C and the injection moulding cycle time was 45 s, including 10 s holding time and 30 s
cooling time. The CF-reinforced composites in Paper III were produced with three different
temperature profiles, with increasing temperature along the barrel to arrive at 170, 200 and
230 °C respectively in the two last heating zones before the nozzle. The materials were
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denoted according to the temperature in the two last zones, e.g. CF170. In each injection
moulding series, the first 20 samples were discarded before the process was considered
stable.
A Brabender 19/25D single-screw extruder (SSE) was used to produce thin strips of TMPreinforced or CT-reinforced LDPE for accelerated ageing studies (Paper IV). A Maillefer
barrier type screw with a diameter of 19 mm and a length of 475 mm, and with a 2.5:1
compression ratio and a final distributive mixing section was used for the SSE. The
temperature profile along the barrel was 120-170-180-190 °C and the screw speed was 25
rpm. A ribbon die head, 50 mm wide and 0.5 mm high, together with a Brabender Univex
flat film take-off unit was used to give the final shape and to stretch the material into flat
homogeneous strips with a thickness of 0.55 ± 0.05 mm.

3.3 CHARACTERIZATION
3.3.1 Thermal stability and appearance
The thermal stability of the composite materials was studied by thermogravimetric analysis
using a TGA/DSC 3 + Star system (Mettler Toledo, Switzerland). The samples were heated
from 25 °C to 500 °C at a rate of 5 °C/min or 10 °C/min in a nitrogen atmosphere. The mass
loss and onset temperature for degradation was calculated using the Mettler Toledo STARe
evaluation software.
The thermal transitions and crystallinity were assessed by differential scanning calorimetry,
DSC, using a Perkin-Elmer DSC7 or a Mettler Toledo DSC2 calorimeter equipped with a
HSS7 sensor and a TC-125MT intercooler. The endotherms were recorded with increasing
temperature from 25 to 160 °C at a scan rate of 10 °C/min in a nitrogen atmosphere. The
Mettler-Toledo DSC 2 was also used to determine the oxidation induction time (OIT) of the
composite materials subjected to accelerated thermo-oxidative ageing in accordance with
the ISO 11357-6 and ISO11357-1 standards (Paper IV).
The colour of the composite materials was determined using a Datacolor 600
spectrophotometer with a 9 mm diameter opening and a d/8° measurement. The colour was
expressed in the 1976 CIELAB system (“ISO/CIE 11664-4:2019,” 2019) with coordinates L*
(lightness), a* (red-green) and b* (yellow-blue). The gloss was measured with a Konica
Minolta Uni Gloss 60Plus or a BYK Gardner-micro-TRI-gloss with an angle of incidence of
60 ° at room temperature. The surface topography of the injection-moulded samples in
Paper III was characterized using an S Neox optical instrument from Sensofar (Spain)
according to the ISO 25178 standard using MountainsMap ver. 7.4.8341 software from
Digital Surf (France).
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The composites containing the different surface-modified CNCs in Paper II were examined
visually using a heat-gradient Kopfler Bench, to compare discoloration effects and hence
the initiation temperatures for thermal degradation. Small samples of the composites of both
surface-treated and untreated 10 wt.% CNC and a reference sample with pure EAA, were
heated at 120, 130, 140, 150 and 160 °C for 8 minutes.

3.3.2 Accelerated thermo-oxidative ageing
The strips of LDPE reinforced with TMP/CT (Paper IV) were subjected to accelerated
thermo-oxidative ageing at 90 °C in a Termaks TS8430 laboratory heat chamber. Eight strips
of each material were conditioned for at least 48 hours at 23 ± 2 °C and 50 ± 5 % RH, before
being hung well separated in the heat chamber. The oxidation induction time (OIT) and
mechanical properties were continuously determined during the first 31 days (744 h) of
ageing. At this point, OIT of all the composites without added antioxidant (AO) was shorter
than 5 min, and the resistance to thermal oxidation was considered to be exhausted. The
accelerated ageing of the composites containing added AO was continued, with sampling
up to 3528 h (147 days). FTIR spectroscopy was performed with a Thermo Fisher Scientific
Nicolet iS50 FT-IR in the attenuated total reflection (ATR) mode to identify the functional
groups present on the surface of the samples, and thus the level of degradation products.

3.3.3 Rheological properties
The rheological properties of the aqueous CNC dispersions (Paper I) and the composite
materials (Paper V) were assessed using an Anton Paar MCR 702 Rheometer (Graz, Austria).
For the aqueous dispersions, the measurements were performed at 25 °C with a cone-plate
configuration with a diameter 50 mm and cone-plate angle 1.991°. The steady-state shear
viscosity was determined when the shear rate was varied between 1 and 1000 s-1. The
dynamic-mechanical properties were measured on the aqueous dispersions during a strainsweep at 1 Hz, and the storage modulus G’ and loss modulus G” were assessed as functions
of the shear strain amplitude.
The same equipment was used to perform small-amplitude oscillatory shear tests (SAOS) on
the injection moulded CNC composites in Paper V. Disk-shaped samples were analysed
using a parallel plate geometry (15 mm plate diameter) at 170 °C and the rheological
properties of the composites were found to be stable for more than 50 minutes. The thermal
degradation during the rheological measurements was assumed to be negligible. In the
SAOS experiments, the linear viscoelastic region was assessed using a strain sweep from 1
to 100 % at a constant angular frequency of 1 s-1, and angular frequency sweeps in the range
of 0.08−200 s-1 were performed at strain amplitudes of 0.04 - 0.7 %.
The shear viscosity of the 10 wt.% CNC composite melts was determined as a function of
the shear rate using a capillary viscometer in Paper V (Göttfert Rheograph 2002, Germany).
16

Two cylindrical capillaries of different length (10 and 20 mm) but with the same diameter
(1mm) were used to estimate the pressure entrance losses (Bagley correction of the applied
pressure). A 500 bar pressure transducer (Dynisco, USA) was used to record the pressure
applied when the melt was pushed through the capillary at different piston speed, which
was varied between 0.05 and 2 mm/s, corresponding to shear rates of 58 to 2300 s-1. The
measured shear rates were subjected to the Rabinowitsch-correction. The shear viscosities
were determined at a melt temperature of 170 °C.

3.3.4 Characterization of surface grafting
To ensure that the surface grafting was successful, a number of characterization methods
were applied to the surface-treated CNC. The methods are described in detail in Papers I,
II and V.
The ζ-potential of the surface-grafted CNC was measured using a Zetasizer Nano ZS
(Malvern Instruments, UK) based on the Laser Dopple Velocimetry technique. The
measurements were made at 25 °C using DTS1070 disposable folded capillary cells, with a
50 mW diode-pumped solid-state laser with a wavelength of 532 nm.
The sulphate half ester content was determined using conductometric titration. Typically,
a sample volume of 75-100 ml was prepared, containing around 0.1 g CNCs (dry weight).
The titrations were either done manually by adding 0.1-1 mL aliquots 10 mM NaOH, in 3060 s intervals until sufficiently many data points were collected after the equivalence point,
monitoring the conductivity with a conductometer (SevenCompact, Mettler-Toledo or
Eutech Instruments) or using an automated titrator set-up (Mettler-Toledo). For the
automated titrations 0.1 mL aliquots 10 mM standardised NaOH was added in 50-70 steps
with 30-60 s intervals.
Fourier-Transform Infrared (FTIR) spectroscopy was performed on either freeze-dried CNC
samples pressed into pellets with potassium bromide, or on dried CNC films using ATRFTIR. The spectra were recorded from 4000 to 400 cm-1 and 32 scans were collected.

3.4 MECHANICAL PROPERTIES
3.4.1 Tensile properties
Tensile properties were measured using a Zwick/Z2.5 tensile tester with a 500 N load cell
for all composite materials except the composites subjected to accelerated ageing in Paper
IV, where an Instron 5984 tensile tester equipped with a video extensometer and a load cell
of 500 N was used. Test bars with a gauge length of 40 or 20 mm were cut and conditioned
at 50 ± 5 % relative humidity and 23 ± 2 °C for at least four days prior to the tensile tests.
The tensile properties were measured at 23 ± 2 °C with a strain rate of 2.5·10-3 s-1 (6 mm/min)
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except for the materials tested in the Instron 5984 video extensometer where a method
employing four ramps where used. A detailed description is given in Paper IV.

3.4.2 Dynamic-mechanical analysis
A Rheometrics RSA II was used to measure the dynamic-mechanical properties of the
materials. Samples were pre-strained to a strain of 0.13-0.15 % and a sinusoidal deformation
was then superimposed at a constant temperature of 23 °C. The storage modulus, loss
modulus and mechanical loss factor data of the materials were used to discuss the adhesion
and stability of the interphase between the matrix and the reinforcement.
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4 SUMMARY OF RESULTS
The results are here divided into; manufacturing processes, characterization and mechanical
properties. The findings from the initial analysis of the surface grafted CNC in Paper I and
the further developments in Papers II and V are presented together with the results relating
to TMP- and CF/CT-reinforced composites in Papers III and IV.

4.1 MANUFACTURING PROCESSES
The surface grafting was performed using methoxyazetidinium salts (Paper I),
hydroxyazetidinium salts (Paper II) or a carbonate reagent (Paper V). In the upscaling of
the process in Paper V, the surface grafting process had been further studied and carbonyl
groups were used instead of azetidinium salts, which are difficult to produce on a large scale
with high purity. The surface grafting of CNC was considered to be successful on the basis
of the results of TGA, FTIR and conductometric titration. Further details of the surface
grafting are given in section 4.2.5 and in Papers I, II and V.
In Paper I, the aqueous dispersions of CNC were successfully modified with three surface
modification groups; Morph, diHexyl and diallyl (Figure 1c). CNC composites were
produced on a small-scale at 0.1, 1 and 10 wt.% CNC content by mixing the modified CNC
and dispersions followed by drying to obtain well-dispersed CNC in the composite
materials67. These compounds were compression moulded into plaques, as described in
Paper II. Figure 4. show the appearance of the 10 wt.% CNC samples with the three
different modifications. Neither the CNC modified with diHexyl nor that modified with
diAllyl showed any visible aggregates or discoloration and the transparency was the same
as that of the neat EAA matrix and of the composite with unmodified CNC reinforced up
to 10 wt.%. The EAA15-10 % MorphCNC composite exhibited a more yellowish
appearance and somewhat more visible defects. The discoloration of the EAA15-10 %
MorphCNC was not further investigated, but there are reports of the influence of amine
structure on the yellowing.68,69

EAA15-10 %
MorphCNC

EAA15-10 %
diHexylCNC

EAA15-10 %
diAllylCNC

Figure 4: Dispersion-mixed, air-dried and compression-moulded EAA15 composites with 10 wt.%
surface modified CNC, from the left; MorphCNC, diHexylCNC and diAllylCNC
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To scale-up the production of CNC composites, 3 kg batches of 10 wt.% CNC (diallyl
modified and unmodified) reinforced EAA or LDPE were successfully produced using a wet
mixing process with TSE followed by injection moulding. This led to a change in
transparency and colour as can be seen in Figure 5. Small darker entities, indicating
aggregates of CNC in the material were also observed. This was more pronounced in the
EAA7 samples and the colour difference was greater when the surface-treated CNC was
added to the EAA7 matrix.

LDPE

EAA7

LDPE-10 % CNC

EAA7- 10% CNC

LDPE-10 % diAllylCNC

EAA7-10 % diAllylCNC

Figure 5: TSE-mixed, injection-moulded composites with 10 wt.% CNC, compounded in 3 kg
batches by wet-mixing in TSE

Thermomechanical pulp (TMP) or cellulose tissue (CT or CF) was successfully compounded
into the polymer melt using the twin-screw extruder to feed the reinforcement into the
polymer melt, and a second TSE was found to greatly improve the homogeneity of the
composite compounds2,52,53,70. The compounded materials were injection-moulded into
plaques at different processing temperatures (Paper III) or single-screw extruded into strips
and subjected to accelerated thermo-oxidative ageing (Paper IV).
Figure 6 shows the injection-moulded plaques of 20 wt.% cellulose-fibre-reinforced EAA
(CF) and neat EAA, processed at different temperatures. The temperature had a marked
influence on the colour of the cellulose-containing plates, causing a yellowing already at a
melt temperature of 170 °C and becoming darker with increasing melt temperature. The
appearance of the unfilled EAA, on the other hand, did not seem to be affected by the
processing temperature, the transparency was preserved regardless of the melt temperature.
All the plaques were visually quite homogeneous, indicating that the cellulose fibres were
successfully dispersed using the adopted procedure.
The single-screw-extruded strips reinforced with 5 or 20 wt.% cellulose tissue (CT) or
thermo mechanical pulp (TMP) are shown in Figure 7. There is no significant difference in
colour between the samples without (upper row) and with antioxidant (lower row). The
addition of TMP gave the composite a light brown colour whereas the addition of CT
resulted in a light-yellow appearance. There was no significant filler aggregation in either
the TMP-containing or the CT-containing samples.
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170 °C

200 °C

230 °C

EAA7

EAA7-20 % CF

Figure 6: Injection-moulded cellulose-reinforced composites produced at three different
processing temperatures and the unfilled matrix material treated at the same temperatures

LDPE

LDPE+AO

LDPE20 % TMP

LDPE5 % TMP

LDPE+AO20 % TMP

LDPE+AO5 % TMP

LDPE20 % CT

LDPE5 % CT

LDPE+AO20 % CT

LDPE+AO5 % CT

Figure 7: Single-screw-extruded strips of LDPE reinforced with 5 or 20 wt.% cellulose or
thermomechanical pulp and the neat LDPE, where the top row are the materials without
antioxidant and the lower row are the materials with antioxidant

4.2 CHARACTERIZATION
4.2.1 Thermal stability
The thermal stability was investigated mainly by thermogravimetric analysis. The onset
temperature of thermal degradation and the crystallinity of the CNC composites are listed
in Table 2. The surface-grafted CNC had an onset temperature about 100 °C higher than
that of the unmodified CNC, as shown in Figure 8. This can be attributed to the conjugation
with the sulphate half ester, preventing the catalysed degradation seen in the unmodified
material 34,71.
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Figure 8: Thermogravimetric curves showing the mass of the unmodified CNC and of the
azetidinium-grafted CNC (before mixing with polymer) as a function of temperature

When CNC was incorporated into the EAA15 matrix by dispersion mixing and compression
moulding, however, the functional groups grafted onto the CNC did not improve the
thermal stability of these composites. Figure 9a shows the appearance of the composites
containing 10 wt.% CNC after exposure to (from right to left) 120, 130, 140, 150 and 160 °C
for 8 minutes. At 150 °C, the colour started to change and at 160 °C all the samples were
brown. No significant difference between the composites was detected, indicating that the
functional groups grafted onto the CNC did not increase the thermal stability of these EAAbased composites. With unfilled EAA, there was no colour change at all up to 160 °C, and
the samples remained transparent. The TGA results (in Figure 9b) confirmed that the
thermal degradation of the composites began at ca 150 °C. This was somewhat surprizing
since the TGA of the modified CNC showed thermal stability up to ca 250 °C, as shown in
Figure 8. It is well established that sulphates act as good leaving groups in the presence of a
nucleophile such as hydroxide and carboxylate which is abundant at pH 9.7 (the pH-level
of the EAA-dispersion), so the azetidinium groups on the sulphate diesters are cleaved by
the carboxylates of the EAA matrix generating sulphate half-esters that have a lower
thermal stability. At neutral pH, the carboxylate is in the carboxylic acid form and it is then
less prone to react with the sulphate diester, and no degradation at 150 °C is observed. The
pH-neutral composite containing 10 wt.% diAllylCNC did not show any change in colour
up to 160 °C, as shown in Figure 9a.

22

160 °C

150 °C

140 °C

130 °C 120 °C
100

EAA15-10 %
diAllylCNC

EAA15-10 %
MorphCNC

80

Mass (%)

EAA15-10 %
diHexylCNC

60

40

EAA15-10 %
CNC
EAA15-10 %
CNC
Neutralised EAA1510 % diAllylCNC

EAA15-10 % CNC
EAA15-10 % MorphCNC
EAA15-10 % diHexylCNC
EAA15-10 % diAllylCNC
Neutralised EAA15-10 % diAllylCNC

20

0
0

100

200

300

400

500

600

Temperature (°C)

a)

b)

Figure 9: a) Upper photograph: The composites containing 10 wt.% CNC after exposure to (from
right to left) 120, 130, 140, 150 and 160 °C for 8 minutes. Lower photograph: The untreated CNC
composite and the sample produced under neutralised processing conditions, after exposure to
(from right to left) 120, 130, 140, 150 and 160 °C for 8 minutes. b) Thermogravimetric curves
showing the mass of the composites containing unmodified CNC, the azetidinium-grafted CNC
and a model sample produced under neutralised conditions as a function of temperature

Figure 10 shows that in the case of the 10 wt.% composites produced by wet mixing of TSE
and injection-moulding the composites reinforced with unmodified CNC exhibited a
greater thermal stability (270 °C) than those reinforced with modified CNC (240 °C).
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Figure 10: Thermogravimetric curves showing the mass of the neat CNC; unmodified and
modified, the polymer matrices and composites as a function of temperature
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Although the EAA7-CNC composite was more discoloured, the samples had a similar
degradation temperature profile. The degradation temperature was higher with the
unmodified CNC from CelluForce than with the unmodified CNC used in Papers I and II,
because the CelluForce CNC had Na+ as counterion. The darkening of the diAllyl-modified
composite with EAA7, Figure 5., was assessed to be because the alkali content of the EAA7
pellets initiated the degradation.
The TGA measurements on the CT/CF- or TMP-reinforced composites showed no
significant differences in thermal stability and these materials were studied more with
regard to their appearance; colour, gloss and surface roughness. No significant differences
in crystallinity or melting point between any of the composite materials and the
corresponding neat matrices were observed.
Table 2: Summary of crystallinity and onset temperature of thermal degradation of the composites
with CNC
Comment

Material

Crystallinity
(%)

Tonset
(°C)

Dried CNC from MCC,
AzOMe-modified

CNC from MCC
MorphCNC
diHexylCNC
diAllylCNC
CNC CelluForce
diAllylCNC (Carbonate)
diAllylCNC (hydroxyazetidinium)
EAA15
EAA15-10 % CNC
EAA15-10 % MorphCNC
EAA15-10 % diAllylCNC
EAA15-10 % diHexylCNC
Neutralised EAA15-10 % diAllylCNC

17
18
18
15
19
-

157
250
246
242
236
238
263
430
235
224
247
247
301

CelluForce CNC,
AzOH-modified,
produced as in Paper II
(reference)

EAA7-10 % CNC
EAA7-10 % diAllylCNC
EAA15-10 % CNC
EAA15-10 % diAllylCNC
EAA15-10 % diAllylCNC (Carbonate
modified)

-

239
239
249
237
227

CelluForce CNC,
Carbonate-modified,
wet-mixed,
TSE, injection-moulded
(Paper V)

EAA7
EAA7-10 % CNC
EAA7-10 % diAllylCNC
LDPE
LDPE-10 % CNC
LDPE-10 % diAllylCNC

16
16
14
22
21
20

430
265
239
441
272
238

Dried CNC from
CelluForce
CNC from MCC,
AzOH-modified,
dispersion-mixed, airdried, compressionmoulded (Paper II)
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4.2.2 Appearance
Table 3. summarizes the colour and gloss results for the injection moulded 10 wt.% CNC
composites (Figure 5). A clear reduction in lightness (L* ) was noted for both the EAA7 and
the LDPE composites compared to the unfilled matrix, particularly in the EAA7 composite.
All the reinforced samples were significantly more yellow than the neat matrices and the
addition of CNC to EAA7 resulted in a somewhat increased redness. All the composites
exhibited similar gloss values. The slight decrease relative to the unfilled material was
probably due to the rougher surface caused by the addition of the reinforcing element.
The temperature affected the colour of the 20 wt.% cellulose fibre reinforced EAA (Figure
6). These specimens developed a yellowish appearance already at 170 °C and became darker
with increasing process temperature. The visual appearance was confirmed by the values in
Table 3., where the L*-value decreased markedly and the b*-value increased in the
composite processed at higher temperatures. The specimen processed at 230 °C exhibited a
quite strong increase in a*-value compared to those processed at lower temperatures.
Table 3: The CIELAB colour coordinates and gloss values of the composite materials and unfilled
polymer matrices injection-moulded into plaques

EAA7
EAA7-10 % CNC
EAA7-10 % diAllylCNC
LDPE
LDPE-10 % CNC
LDPE-10 % diAllylCNC
EAA7 170
EAA7 200
EAA7 230
EAA7-20 % CF 170
EAA7-20 % CF 200
EAA7-20 % CF 230

L*

a*

b*

Gloss (%)

84.0
58.9
52.2
77.3
68.2
69.1
84.7
85.3
85.8
72.8
68.0
43.3

2.5
4.7
6.0
2.6
2.2
0,9
2.36
2.44
2.46
-1.39
-1.97
14.31

-3.5
21.3
19.2
-4.6
13.2
13.2
-3.85
-3.42
-3.57
6.17
26.63
23.34

26.9
19.9
21.7
16.7
22.8
26.1
12.8
15.3
15.9
7.9
7.6
6.3

The composites with either TMP or CT with 5 or 20 wt.% reinforcement described in Paper
IV also displayed a clear colour difference and a reduction in transparency compared to the
neat LDPE matrix. The specimens reinforced with TMP were yellower than those
reinforced with the cellulose tissue. In Paper III, the surface roughness of the 20 wt.%
cellulose fibre reinforced composites was examined. A clear difference in surface roughness
could be observed comparing the neat matrix and the composite specimens, where the
composites had a rougher surface as can be seen in Figure 11. These results were supported
by the lower gloss values for the composite materials, in which cellulose fibres and CNC
were used as reinforcing element (Table 3). The process temperature did not seem to affect
the surface roughness of the pure EAA but the composite surfaces became less rough with
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increasing process temperatures, probably due to a better replication of the relatively
smooth mould surface72.

a)

b)

Figure 11: Surface roughness of a) EAA7 170 and b) EAA7 - 20 % CF 170

4.2.3 Thermo-oxidation
The thermo-oxidative behaviour of the TMP or CT reinforced composites was characterized
by determining the oxidation induction time (OIT ) after accelerated ageing at 90 °C. Figure
12 and Table 4 show the OIT of the materials as a function of ageing time. Most of the
materials without added antioxidant exhibited an OIT of ca 0.5 min, regardless of ageing
time, indicating an insignificant resistance to thermal degradation (Figure 12a). The only
exception was the LDPE-20 % TMP sample which had an initial OIT of 6.8 ± 3.1 min before
ageing, suggesting that the addition of 20 wt.% TMP to the LDPE matrix might delay the
thermo-oxidation, possibly because the lignin acted as an antioxidant 41,73–75. After ageing at
90 °C for 144 h, the OIT of the LDPE-20 % TMP also decreased to 0.5 min, indicating that
the ageing had consumed the stabilizing effect of the added TMP.
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Figure 12: The oxidation induction time (OIT) after different ageing times for samples a) without
and b) with added antioxidant

The OIT of the samples with added antioxidant are shown in Figure 12b, indicating a much
stronger resistance to thermo-oxidation for all samples. The LDPE+AO-20 % TMP had the
greatest resistance, with an OIT of 13.9 min after 3528 h accelerated ageing. The ageing
time for each material to reach an OIT value shorter than 5 min, is given in Table 4.
Table 4: Oxidation induction time (OIT) of all samples prior to ageing and the aging time to reach
an insignificant resistance to thermal degradation, with an OIT shorter than 5 min. Standard
deviations in parentheses
OIT (min)
Material

0h

24h

2736 h

LDPE

0.4 (0.05)

LDPE-20 % TMP

6.8 (3.1)

LDPE-5 % TMP

0.5 (0.04)

LDPE-20 % CT

0.5 (0.03)

LDPE-5 % CT

0.5 (0.01)

LDPE+AO

18.2 (1.7)

LDPE+AO-20 % TMP

70.5 (5.0)

LDPE+AO-5 % TMP

19.9 (2.7)

2.7 (0.5)

LDPE+AO-20 % CT

25.9 (1.4)

1.6 (0.2)

LDPE+AO-5 % CT

30.8 (4.6)

3000 h

3528 h

3.3 (1.3)

2.4 (1.1)
13.9 (1.3)

4.4 (1.5)
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The addition of cellulose tissue (CT) had less effect than the addition of TMP on the OIT,
but it nevertheless increased the resistance to oxidation relative to the LDPE-AO matrix.
This stabilizing effect of a combination of TMP and a commercial AO has been reported
previously by Gregorová et al. 73. Figure 12a shows that the addition of 20 wt.% TMP
significantly increased the OIT of LDPE, but the increase was even greater in combination
with AO, as shown in Figure 12b.
The formation of carbonyl groups (C=O), which is an indication of thermo-oxidation, was
assessed using FTIR-spectroscopy. The full FTIR-ATR spectra are given in Paper IV. There
was no great increase in absorbance in the hydroxyl group (-OH) region (3000-3500 cm-1)
76
after the ageing, which implies that the degradation led mainly to an increase in the
carbonyl group absorbance. Figure 13 provides a more detailed overview of the carbonyl
bands (1680-1800 cm-1) after several ageing times for the unfilled LDPE and for the
composites containing 20 wt.% TMP or CT, with and without AO. This enhanced peak
height after ageing of the materials without added AO indicates the presence of acid, ester
and lactone groups 76–79. The increase in peak height for the samples containing AO was
much smaller and appeared only after much longer ageing times.
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Figure 13: FTIR-ATR spectra between 1600 and 1900 cm-1, showing the carbonyl bands
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4.2.4 Rheological properties
Figure 14a shows the shear viscosity as a function of the shear rate between 1 and 1000 s -1
for the dispersions containing untreated or surface-grafted CNC at a concentration of 1.3
wt.%. All the suspensions exhibited a pronounced shear thinning behaviour and the same
was noted at a concentration of 0.65 wt.%, although the viscosity was lower. In the low
shear rate region in Figure 14a, the dispersions of MorphCNC and diHexylCNC displayed
viscosity up to ten times greater than the dispersion containing the unmodified CNC, but
the dispersion containing diAllylCNC exhibited the highest viscosity. The curves for the
different dispersions approached each other as the shear rate increased. Similarly, as shown
in Figure 14b, surface grafting onto the CNC markedly increased the dynamic-mechanical
moduli G’ and G” compared with the values obtained for the dispersion with the
unmodified CNC. These findings were substantiated by the decrease in the percolation
threshold or gel point for the modified samples. The dispersions containing the unmodified
CNC started to gel at approximately 2.5 wt.% CNC, whereas the dispersions with the
surface-grafted material showed a gel-like behaviour already at 0.2 - 0.4 wt.%. The
percolation threshold was determined as the concentration at which the storage and loss
moduli overlapped over a significant region of the applied strain amplitude, as exemplified
in Figure 14b for the dispersion containing unmodified CNC.

Shear viscosity (mPa*s)

1000

100

10

Storage modulus G' (Pa)
Loss modulus G'' (Pa)

diAllylCNC 1.3 %
diHexylCNC 1.3 %
MorphCNC 1.3 %
CNC 1.3 %

G' CNC 1.5 %
G'' CNC 1.5 %
G' CNC 2.0 %
G'' CNC 2.0 %
G' CNC 2.5 %
G'' CNC 2.5 %

10

1

1

0,1

0,01

0,001
1

10

100

1000

1

Shear rate (s-1)

10

100

1000

10000

Shear strain (%)

a)

b)

Figure 14: a) The shear viscosity of the CNC-dispersions at a concentration of 1.3 wt.% as a
function of the shear rate and b) the dynamic mechanical moduli at a frequency of 1 Hz and 25 °C
as functions of the applied shear strain amplitude for aqueous dispersion containing different
concentrations of untreated CNC. At a concentration of 2.5 wt.% CNC, the storage and loss
moduli coincide over a substantial shear-strain region

These results show that surface treatment changes the interactions between the
nanocrystals in the aqueous dispersions. The treated particles formed network structures
already at lower concentrations, probably due to stronger molecular interactions leading to
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an increase in viscosity and an increase in the dynamic moduli. The grafted azetidinium
salts are primarily lipophilic, compared to the otherwise hydrophilic nature of CNC. In the
aqueous dispersions, the substituents are prone to interact with each other more than with
the surrounding water, forming a network to reduce their contact with water.
The different grafted azetidinium salts affect the rheological properties to different degrees,
and the magnitude of the effect probably depends on the strength of the intermolecular
bonding of the substituents. The main molecular interaction between alkyl groups is due to
van der Waals forces, and this applies to the Morph and diHexyl substituents. The length
of the substituents may also affect the shear viscosity, so that the longer diHexyl structure
may give a more flexible network than the stiffer and smaller Morph structure. The diAllyl
showed a significantly higher shear viscosity, possibly associated with the stronger
molecular interaction of π-π-bonds of the allyl functionality acting between the
substituents.
The CNC composites with EAA7 or LDPE as matrix material, produced by wet mixing in
TSE, were evaluated with regard to their rheological properties. Figure 15 shows the shear
viscosity of the composite melts at 170 °C as a function of the shear rate (after application
of the Bagley and Rabinowitch corrections). A shear thinning behaviour was observed in
all cases, and the shear viscosities were in general of the same magnitude. In more detail,
the EAA7-based melts exhibited a somewhat higher viscosity than those based on LDPE. In
the case of EAA7, the addition of CNC resulted in an increase in viscosity at a given shear
rate compared to that of the unfilled polymer. In this case, the surface treatment of the CNC
appeared to reduce the viscosity slightly relative to that of the melt containing untreated
CNC. The viscosities of the LDPE-based melts were similar, but the highest viscosity was
noted with the melt containing the surface-treated nanocellulose, but the differences were
not as great as those observed with the aqueous CNC dispersions.
EAA7
EAA7 - 10 % CNC
EAA7 - 10 % diAllylCNC
LDPE
LDPE - 10 % CNC
LDPE - 10 % diAllylCNC

Viscosity (Pa*s)

1000

100

10
100

1000

Shear rate (1/s)

Figure 15: The shear viscosity of the CNC-composites as a function of the shear rate
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EAA7
EAA7-10 % CNC
EAA7-10 % diAllylCNC
LDPE
LDPE-10 % CNC
LDPE-10 % diAllylCNC

Stroage Modulus, G' (Pa)

Storage modulus, G' (Pa)

The injection moulded CNC composites were subjected to oscillatory shear forces in strain
sweeps and frequency sweeps and the results are summarized in Figure 16. All the samples,
with the exception of the EAA7-10 % CNC and EAA7-10 % diAllylCNC materials,
exhibited a G’ plateau over the entire shear strain range in the oscillatory strain sweep
(Figure 16a). The EAA7-based materials containing the unmodified CNC had a higher G’
than those containing the surface-treated CNC. This was similar to the pattern noted for
the tensile modulus, as described in section 4.3. In contrast, both the unmodified and
modified CNC-reinforced samples exhibited a G’ that increased with increasing strain
amplitude up to a certain critical shear strain after which it decreased. This “overshoot” of
G’, has also been observed in polymers and complex systems with a structural network that
resists deformation up to a certain critical strain80,81. In our case, the overshoot was observed
only for the G’ value; as the loss modulus G’’ remained constant. The LDPE-based
composites exhibited no such behaviour, however, and the CNC-reinforced samples
actually exhibited lower G’ values than the matrix polymer, the samples containing the
unmodified CNC having the lowest values.
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Figure 16: The storage moduli (G’) as a function of (a) shear strain amplitude and (b) angular
frequency for EAA (filled symbols) and LDPE (unfilled symbols) composites reinforced with
unmodified and modified CNC

In the frequency sweep, Figure 16b, the EAA7 based samples containing CNC clearly
differed. The samples exhibited a pronounced plateau at lower frequencies and the EAA7
containing unmodified CNC showed the highest G’ values. The plateau at lower frequencies
is observed in systems in which a structural network is formed50,82,83. This plateau was not
observed in the case of the LDPE samples reinforced with CNC which behaved in a manner
similar to that of the matrix material. They also displayed lower G’ values than the unfilled
LDPE. This behaviour was also seen in the mechanical properties. There was little variation

31

in the strength of the LDPE composites reinforced with CNC, which could be related to the
absence of a percolated network in the material, cf section 4.3.1.

4.2.5 Characterization of the surface-grafting
FTIR, ζ–potential measurements and conductometric titration in addition to the thermal
stability measurements (TGA) described in section 4.2.1, were used for the characterisation
of the surface-grafting, the results of which are reported in detail in Papers I, II and V.
The FTIR spectra showed a peak shift corresponding to a change in the sulphate ester bond
absorption, indicating substitution on the sulphate ester supporting the hypothesis that the
grafting had been achieved. The higher ζ-potential values noted for the modified
nanocrystals, indicated that the modified CNC had fewer sulphuric groups on the surface
and thus that grafting had occurred. The sulphate half ester content on the CNC surface
was determined by conductometric titration, and the lower values of surface charge on the
surface-grafted samples showed that the reagents had reacted with the negatively charged
sulphate groups.
It was therefore concluded that the surface grafting on the sulphate half esters on the CNC
surface was successful.

4.3 MECHANICAL PROPERTIES
4.3.1 Tensile properties
The incorporation of the wood-based reinforcement into the polymer matrix had a
significant effect on the tensile properties of all types of reinforcements and matrices. The
different reinforcement and matrix materials were however processed by different
techniques and this means that the results may not be comparable unless these differences
are taken into account. It is nevertheless interesting to study the differences when trying to
tailor the mechanical properties of the composites. The Young’s modulus, yield stress (when
applicable), ultimate tensile strength and elongation at break for all the composites used in
this project are summarized in Table 5.
In the first small- scale production of CNC composites using dispersion mixing, air drying
and compression moulding, the reinforcement of EAA15 with 10 wt.% CNC had a strong
positive effect on the Young’s modulus. As shown in Figure 17, the modulus increased from
ca 300 MPa to more than 900 MPa with the untreated CNC, closely followed by the EAA1510 % diAllylCNC. At the lower concentrations of 0.1 and 1 wt.%, the effect was however
small.
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Figure 17: a) Young’s modulus and b) yield stress of the compression moulded EAA15 composites,
reinforced with three surface-modified or unmodified CNC, as a function of the CNC-content

With a low concentration of CNC, the material appeared to be more ductile than the EAA15
matrix itself, as shown in Table 5. The elongation at break increased with a low
concentration of CNC, which has been seen before when a filler is added to a matrix84. The
increased ductility may be interpreted as being due to interactions between the surfacemodified nanocrystals and also between the nanocrystals and the matrix polymer, as
discussed in detail in Paper II.
With water-assisted extrusion and injection moulding of 10 wt.% CNC composites with
EAA7 pellets or LDPE, the increase in mechanical properties was smaller. The change of
mixing and processing techniques used, together with the slight change of materials, had a
major effect on the final properties of the composite. The Young’s modulus increased by
50-100 % when the EAA7 or LDPE matrix was reinforced with 10 wt.% unmodified or
diallyl-modified CNC. The difference in processing may have affected the dispersion and
interaction between the matrix and reinforcing element but the mechanical properties may
also have been significantly influenced by the shaping. The injection moulding process
involves a strong orientational flow leading to an oriented morphology in the material. The
compression-moulded EAA15 displayed a stiffness almost 300 % higher than that of the
injection-moulded EAA7. Reference samples were produced using aqueous dispersed EAA7
or EAA15, reinforced with CNC from CelluForce and surface modified using both
hydroxyazetidinium salts and a carbonate reagent. All these combinations were dispersion
mixed, air dried and compression moulded as reported in Paper II. The strong increase in
the Young’s modulus seen in the compression-moulded samples in Paper II was also found
with the CelluForce-CNC with both EAA15 and EAA7 as matrix material. The difference
in CNC grade did not seem to influence the stiffness of the material significantly, but the
ductility of the material was significantly greater for the diallyl-modified EAA samples,
giving an elongation at break similar to that of the neat matrix material. The EAA15-10 %
diAllylCNC with CelluForce CNC exhibited a greater elongation to break than the same
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material containing CNC produced from MCC which instead exhibited a large increase in
yield stress.
The yield stress was increased slightly when 10 wt.% surface-modified CNC was added to
the compression-moulded composites, but the effect was more pronounced with the
injection-moulded EAA7-10 % CNC and EAA7-10 % diAllylCNC, where the increase was
40-120 %. The elongation at break was enhanced by the diallyl treatment of CNC in the
injection-moulded EAA7 matrix compared with the EAA7 composite with unmodified
CNC.
In the case of the compression-moulded samples with 10 wt.% CNC in Paper II, the Young’s
modulus of the CNC was estimated to be between 55 and 60 GPa using the Cox-Krenchel
equation 32,85,86, described in Paper II. This estimation was made using the values of tensile
moduli given in Table 5, assuming perfect adhesion between the matrix and the CNC. 5560 GPa is a rather high value, approaching the value for glass fibres (70 GPa) and surpasses
or is close to previous values reported for the effective modulus of cellulose nanofibrils
(CNF), e. g. 29-36 GPa 87, 33-62 GPa 88 and 25-42 GPa 89.
The tensile modulus of both EAA7 and LDPE was also clearly improved by the addition of
TMP or CT/CF as reinforcing agent. An addition of 20 wt.% resulted in a higher stiffening
effect than an addition of 5 wt.%. The addition of 20 wt.% CF into EAA7 (injection
moulded) increased the elastic modulus by a factor of approximately 3, whereas the addition
of 20 wt.% CT into a LDPE matrix (SSE) approximately doubled the modulus. The addition
of antioxidant slightly increased the elastic modulus of the TMP-reinforced or CTreinforced samples but did not change the properties of the neat LDPE matrix, possibly due
to a decrease in degradation of the reinforcement during processing which did not occur
with the neat LDPE.
The effect of the ageing was markedly affected by the presence of antioxidant as can be seen
in Figure 18. The elongation at break decreased with increasing ageing time in the case of
samples without antioxidant, whereas it did not change significantly in the case of samples
with antioxidant. Ageing had a significant effect on the tensile strength of any of the
samples.
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Table 5: Mechanical properties of the composite materials, with different reinforcements, matrices
and processing techniques. Standard deviations in parentheses

Material

Young’s
modulus
(MPa)

Yield
stress
(MPa)

Ultimate
tensile
strength (MPa)

Elongation
at break
(%)

EAA15
EAA15-0.1 % CNC
EAA15-0.1 % MorphCNC
EAA15-0.1 % diAllylCNC
EAA15-0.1 % diHexylCNC
EAA15-1 % CNC
EAA15-1 % MorphCNC
EAA15-1 % diAllylCNC
EAA15-1 % diHexylCNC
EAA15-10 % CNC
EAA15-10 % MorphCNC
EAA15-10 % diAllylCNC
EAA15-10 % diHexylCNC

322 (5)
270 (13)
294 (28)
237 (25)
249 (24)
353 (18)
367 (22)
314 (21)
295 (16)
921 (64)
678 (46)
864 (32)
678 (21)

15.1 (0.6)
13.5 (0.3)
14.1 (0.5)
12.1 (1.0)
12.8 (0.6)
15.3 (0.5)
15.2 (0.6)
14.1 (0.6)
14.1 (0.4)
15.1 (0.4)
21.1 (0.7)
17.9 (0.4)

25.8 (1.2)
24.5 (0.7)
24.3 (0.8)
21.2 (1.3)
23.5 (1.4)
25.3 (1.7)
23.4 (1.3)
22.9 (1.0)
23.7 (1.2)
21.9 (0.9)
14.2 (2.3)
19.7 (0.8)
16.5 (1.0)

255 (6)
278 (6)
284 (11)
276 (11)
288 (15)
246 (7)
252 (10)
261 (10)
267 (10)
6 (1)
11 (10)
31 (22)
28 (15)

CelluForce CNC,
AzOH-modified
produced as in Paper
II (reference)

EAA7-10 % CNC
EAA7-10 % diAllylCNC
EAA15-10 % CNC
EAA15-10 % diAllylCNC
EAA15-10 % diAllylCNC
(Carbonate modified)

860 (21)
783 (27)
948 (35)
697 (17)
544 (14)

16 (0.2)
14 (0.2)

18 (0.4)
16 (0.3)
23 (0.2)
22 (1)
17 (2)

88 (20)
58 (8)
8 (0.7)
206 (18)
115 (43)

CelluForce CNC,
Carbonate modified,
wet-mixed,
TSE, injectionmoulded
(Paper V)

EAA7
EAA7-10 % CNC
EAA7-10 % diAllylCNC
LDPE
LDPE-10 % CNC
LDPE-10 % diAllylCNC

109 (2)
197 (14)
166 (4)
150 (7)
210 (2)
209 (6)

5.7 (0.1)
12.9 (0.3)
8 (0.2)
7 (0.1)
8.5 (0.3)
9 (0.2)

16.8 (0.6)
17.5 (0.3)
16 (0.5)
13 (0.3)
12.1 (0.3)
12.6 (0.1)

90.6 (2.6)
36.7 (3.6)
59 (3.2)
62 (3.6)
39.4 (1)
38 (2.1)

LDPE
LDPE-5 % TMP
LDPE-20 % TMP
LDPE-5 % CT
LDPE-20 % CT
LDPE+AO
LDPE+AO-5 % TMP
LDPE+AO-20 % TMP
LDPE+AO-5 % CT
LDPE+AO-20 % CT

269 (14)
298 (8)
533 (38)
308 (19)
480 (21)
272 (25)
339 (35)
644 (10)
307 (20)
553 (20)

-

10.6 (3.1)
9.8 (0.3)
13.5 (0.4)
10.0 (0.4)
15.5 (0.5)
11.6 (1.8)
9 (0.4)
12 (0.1)
10 (0.2)
12 (0.6)

346 (81)
27 (4.7)
7 (0.4)
33 (7.3)
9 (1.0)
263 (158)
29 (4.9)
5 (0.7)
32 (4.8)
7 (0.9)
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Figure 18: The effect of ageing time on the elongation at break and ultimate tensile strength of a)
neat LDPE with and without AO and b) LDPE composites reinforced with 20 wt.% TMP or CT
with and without AO

The trials with different processing temperatures and browning of the 20 wt.% CFreinforced samples did not have any significant effect on the mechanical properties. The
stiffness and strength of the composite materials were more or less unchanged, whereas the
elongation at break increased somewhat when a higher processing temperature was used.
This was even more evident for the pure EAA7 matrix which also showed an increase in
ultimate tensile strength when the process temperature was increased, as shown in Figure
19. Further studies based on shrinkage measurements and polarized light microscopy
revealed differences in orientation between samples moulded at different melt
temperatures. It appears that interactions associated with the acrylic acid comonomer can
create a network structure in the samples. This is further discussed in Paper III.
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Figure 19: Stress-strain curves for the EAA7-20 % CF composites and the neat EAA7 matrix,
injection-moulded at different process temperatures
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4.3.2 Dynamic-mechanical analysis
Figure 20 shows the mechanical loss factor (tan δ) as a function of the strain amplitude of
the applied sinusoidal deformation for (a) the dispersion-mixed and compression-moulded
composites with 10 wt.% CNC and (b) the water-assisted extruded and injection-moulded
composites with 10 wt.% CNC, in comparison with the neat matrices. The difference in the
slope of the loss factor (amplitude) curve between the composite and the matrix can provide
information about the properties of the interphase region between the matrix and the
reinforcement 84,90.
The surface grafting clearly affected the mechanical loss factor of the compression moulded
specimen (Figure 4), as can be seen in Figure 20a, where the surface modification with
diHexyl and Morph gave a somewhat higher loss factor than the composite with unmodified
CNC which was less sensitive to an increase in strain amplitude. The surface treatment may
lead to a flexible interphase region close to the CNC. The composite containing 10 wt.%
diAllylCNC had the lowest tan δ value with a weak dependence on the strain amplitude,
indicating a rather strong interphase region.
EAA15-10 % CNC
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Figure 20: The mechanical loss factor as a function of the applied strain amplitude for a)
compression-moulded EAA15 composites containing 10 wt.% CNC , either surface modified or
unmodified and the neat EAA15 matrix and b) injection-moulded EAA7 and LDPE composites
containing 10 wt.% CNC, either surface modified or unmodified and the neat EAA7 matrix

These findings were confirmed by the mechanical loss factor of the composites produced
by water-assisted extrusion and injection moulding in Paper V, as shown in Figure 20b. The
magnitude of the loss factor was not significantly different for the samples having the same
matrix material. The loss factor was only weakly dependent on the applied deformation at
high strain amplitudes in the case of the EAA7 reinforced with diAllylCNC compared with
the unmodified CNC, indicating a more stable interphase region. This was to some extent
supported by the greater extensibility of the composite, cf Table 5. With LDPE as the
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matrix, the loss factor of the composites with CNC increased more with increasing imposed
deformation than that of the unfilled polymer, and there were no significant differences
between the modified and unmodified CNC.
Accelerated ageing for 744 h did not significantly affect the mechanical loss factor of LDPE
reinforced with 20 wt.% TMP or CT, whether with or without added AO, as can be seen in
Figure 21. There was thus no indication of any significant weakening of the interphase
region between the fibre and matrix in this case.
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Figure 21: The mechanical loss factor as a function of the applied strain amplitude for LDPE
composites reinforced with 20 wt.% TMP or CT, with and without AO, before and after 744 h of
accelerated ageing

38

5 CONCLUSIONS
The addition of 5-20 wt.% cellulose-based reinforcement, regardless of the size or type,
improved the mechanical properties compared to those of the neat polymer matrices, with
an increase of 50-300 % in the tensile Young’s modulus. Theoretically, cellulose
nanocrystals should have a stronger reinforcing effect than the larger fibres due to their
greater specific stiffness and high aspect ratio, but the mechanical properties are also greatly
affected by the processing method, where the dispersion-mixed, air-dried and compressionmoulded CNC composites exhibited a greater increase in the mechanical properties than
the injection-moulded CNC samples mixed by water-assisted extrusion and compounding.
When a continuous processing technique such as extrusion was used, the increase in tensile
modulus of the CNC composite was similar to that of the composites reinforced with larger
fibres from cellulose tissue or thermomechanical pulp. This may be due to a tendency to
form large aggregates or not to be homogeneously dispersed.
Continuous large-scale conventional processing techniques have been used to produce CNC
composites using water-assisted mixing to successfully produce homogeneous material in a
steady state. However, dispersion mixing still seems to be the best option to keep the
nanoparticles apart, avoid aggregation and obtain favourable mechanical properties.
Without any obvious solution for performing dispersion mixing on a large scale, it seems
important to continue to adjust the process parameters to maintain nano-sized particles in
the future of continuous processing. The process parameters have a great effect on the
resulting material, and minor changes in temperature, residence time, pressure, technique,
feeding rate etc. would have a significant impact.
The choice of surface modification seems to affect the adhesion and network formation
within the composite, by an interaction both between the reinforcement and the polymer
matrix and between the reinforcing elements, resulting in ductile and flexible materials
especially with low reinforcement content. The surface-modified CNC clearly promoted an
internal network in aqueous dispersion, lowering the percolation threshold significantly. It
was also shown that it is possible to increase or maintain thermal stability of CNC by surface
modification, depending on the surface chemistry of the CNC used.
Colour changes caused by exposure to elevated temperatures were visible early in the
degradation process but, even with significant discoloration and browning, the mechanical
properties of the material were not significantly affected.
The addition of wood-based reinforcement did not reduce the resistance towards thermal
degradation during ageing. In fact, the addition of a lignin-containing reinforcement
significantly increased the resistance towards thermo-oxidative ageing, especially in
combination with an added antioxidant.
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6 FUTURE WORK
Further studies might explore the use of other matrix material with cellulose reinforcement.
This would include engineering polymers with better mechanical properties such as
polyamides, for use in more long-term load-bearing applications. Bio-based or
biodegradable matrix materials would also be of interest, to produce compostable
composites for short-term-use products.
The surface treatment and modification of the CNC as well as the larger cellulose-based
fibres could be further advanced, e.g. by exploring the possibilities of tailoring the
properties of a given system of reinforcement and polymer matrix to improve adhesion,
dispersion, thermal and mechanical properties.
The processing and resulting properties should be further studied to optimize the
production method, to ease the upscaling and make it more feasible for industrial use by
understanding and predicting flow behaviour and the optimum process parameters. The
feasibility of using moisture or not in the mixing and compounding step should be further
evaluated, to see whether moisture can increase the dispersion and adhesion significantly
or merely create difficulties during processing with excess water in the system. Other screw
configurations should be studied to possibly increase the dispersion or the adhesion
between reinforcement and fibre, i.e. to maximise the reinforcing effect. The second
extrusion step is expected to improve the dispersion and mixing, but further studies are
required to assess whether there is a risk that the prolonged exposure time to elevated
temperature and shear forces may initiate significant thermal degradation.
The durability of the material should be further studied to be able to predict the long-term
behaviour of the materials before they are confidently implemented by industry. This
includes an analysis of the ageing behaviour and its effect on the thermal and mechanical
properties as well as on the appearance and surface characteristics.
If a non-biodegradable polymer matrix is still used, it will probably be very important to
consider the handling after the first lifecycle of the material, i. e. to look in more detail into
issues such as reusability (hence durability), recycling or incineration. The recycling of
thermoplastic composites in general could be performed mechanically, thermally or
chemically, but there are as yet no commercial operations for the recycling of composite
materials in an economic way91. Reinforcements commonly used in packaging plastics may
cause problems during the separation of different polymer types before mechanical
recycling and they may cause contamination if they cannot be separated with the
techniques used today. The discussion regarding the after-life of the first lifecycle needs to
be further expanded to find strategies and solutions to use these materials in as sustainable
a way as possible.
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