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Abstract Composite films of nanofibrillated cellulose
(NFC), derived from beech wood pulp, and 8 commercial
acrylic and alkyd polymeric binders were prepared.
Structural and mechanical properties of the composites
were assessed by microscopy and tensile tests before and
after aging. While the NFC was compatible with acrylate
polymers, it formed undesired aggregates during process-
ing with the alkyd polymers. Modulus of elasticity, tensile
strength, and elongation at break of prepared films
depended on the initial properties of the neat polymers. All
composite films were stiffer, stronger, and less extensible
than the corresponding neat polymer films. The reinforcing
effect increased with increasing NFC content. Aging by
artificial weathering strongly affected the mechanical
properties of neat polymer and composite films. Alkyd
films became, compared to the acrylate films, much stiffer
and more brittle after artificial weathering. The results of
the mechanical tests are regarded as promising step to use
NFC as novel component in wood coatings.
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Introduction

Wood as complex, organic, and biodegradable compound
is sensitive to UV radiation, water, mechanical impacts,
and microorganisms [1]. All these factors damage an
unprotected wood surface, decrease its durability, and
change its appearance. Many polymeric binders with
varying properties and specific advantages and disadvan-
tages, such as acrylates, alkyds (oil-modified polyester
resins), polyurethanes, epoxies, and others, are used for
protective wood coatings [2]. Acrylates and alkyds are
predominantly applied in outdoor applications. Here, suit-
able mechanical properties of coatings, such as strength,
stiffness and ductility, are required to resist stresses due to
swelling and shrinkage of the wood substrate. Additionally,
functional additives are applied and many organic and
inorganic compounds are introduced to coating systems to
achieve improved UV, micro-organism or scratch resis-
tance [3-6]. Agglomeration, migration, and leaching of
these components are a known problem.

Related to these diverse requirements on protective
coatings, nanofibrillated cellulose (NFC) could serve as a
new multifunctional organic component for wood surface
coatings to improve their efficiency. By adding NFC,
mechanical properties could be enhanced and NFC could
additionally act as a carrier for functional components such
as UV absorbers or biocides.

NFC is a sustainable, biocompatible, and biodegradable
polymer deriving from cellulose, the most abundant bio-
polymer on earth. NFC and other nanocellulose materials
originate from different cellulose sources. Among others,
they were already isolated from wood pulp, hemp, sugar-
beet pulp, or even tunicates [7-10]. NFC was first isolated
in 1983 by Turbak et al. [11] from wood pulp using a
homogenizer. By now, different isolation procedures are
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established; among them, high-shear homogenization and
grinding are the most favoured ones [12, 13]. Isolated NFC
fibrils have diameters between 5 and 100 nm, lengths of
more than 1 pm and form network structures. NFC exhibits
excellent mechanical properties at low weight, is translu-
cent or transparent and is reactive due to the hydroxyl
groups on the large fiber surface [14].

Many different composites were already produced by
compounding NFC with a wide variety of polymers such as
polyacrylates, polylactic acid, hydroxypropylcellulose,
epoxy resins, natural rubber, or polyurethanes [15-20].
Mechanical properties of such composites change com-
pared to the respective neat polymers [21]. The modulus of
elasticity (MOE), which is a parameter describing the
stiffness, increases after the addition of NFC, a stiff
material with a high MOE. The tensile strength, which
indicates the maximum stress a tested material can endure
before failure, usually increases, as well. The elongation at
break indicates how extensible or flexible a material is and
the extensibility of polymers is usually reduced by adding
NFC, which is less extensible than the neat polymers.

Many different applications of NFC and nanocellulose
reinforced composites were already proposed and investi-
gated, among others for biomedical and packaging appli-
cations and for electronic displays [22—24]. Using NFC for
coating applications was also suggested; however, the main
focus has been on paper and packaging coatings, intending
improved mechanical, barrier and antimicrobial properties
[18, 24, 25]. To our knowledge, only few reports on using
NFC or other nanocelluloses in wood coating applications
exist. Landry and Blanchet [26] used silane modified
nanocrystalline cellulose to produce a hydrophobic wood
coating. Jamsd et al. [27] used NFC to better distribute
nanoparticles in wood coatings.

Table 1 Suppliers and types of used polymer emulsions

This work is part of a feasibility study, to investigate, if
NFC is suitable for wood coating applications based on
commercially used, water-borne polymeric binders. In an
earlier publication, the fibrillation of the applied cellulose
raw material and the characterisation of the resulting NFC
were described. Moreover, the impact of NFC on the rheo-
logical properties of water-borne binders was evaluated [28].

Within the presented study, the impact of NFC on the
mechanical properties of acrylic and alkyd polymer binders
was examined, as well as the change of these properties
due to aging.

Materials and methods
Materials

A refined fibrous beech wood pulp with 79 wt% cellulose
content, 14 wt% hemicelluloses and 0.8 wt% residual lig-
nin (Arbocel®, J. Rettenmeier & Sohne GmbH & Co. KG,
Germany) was chosen as raw material for the production of
NFC. 8 different, commercially available polymeric bind-
ers, 4 acrylate and 4 alkyd emulsions, were chosen to
prepare polymer—NFC composites. Table 1 presents these
polymer emulsions including their suppliers, their proper-
ties as declared by the suppliers and acronyms used in this
paper. The additives used and their corresponding suppliers
are included in Table 2.

Preparation of NFC
The used NFC was prepared as described before [28]. The

beech wood pulp was diluted with deionized water to give
a suspension of 1.5 wt% and swelled under stirring at

Name Commercial name Supplier Polymer and stabilization Solid
content (%)
Acrl Alberdingk AC 2739 Alberdingk Boley Acrylic acid/methacrylic acid co-polymer emulsion, 44-46
GmbH, Germany surfactant free

Acr2 Acronal DS 6288 BASF SE, Germany Anionic, acrylic emulsion 44

Acr3 Mowilith LDM 7416 Celanese, USA Acrylic acid/methacrylic acid styrene co-polymer, 49-51
anionic surfactants

Acr4 NeoCryl XK-98 DSM N.V., Netherlands Anionic, acrylic co-polymer emulsion 44

Alkl Resydrol AY586 Cytec Industries Inc., USA Surfactant free alkyd-acrylate emulsion (58 % fatty 45
acids)

Alk2 Uradil AZ-516 DSM N.V., Netherlands Anionic, surfactant free alkyd emulsion (63 % tall 59-61
oil)

Alk3 W’Sol NW474 Worlée, Germany Alkyd emulsion (74 % linseed oil) 60

Alk4 W’Sol NW 474 Worlée, Germany Alkyd emulsion with linseed oils 55

(75 wt%) + E
150 W (25 wt%)
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Table 2 Standard formulations of polymer—-NFC suspensions for preparation of polymer—-NFC composite films with 2.5 wt% NFC content

Component Content in suspension (%)

Polymeric binder acronym Acrl Acr2 Acr3 Acr4 Alkl Alk2 Alk3 Alk4

Solid content 25 25 25 25 25 25 25 25

NFC (dry/solid content) 0.64 0.64 0.64 0.64 0.64 0.64 0.64 0.64

Defoamer 0.5 0.5 0.5 0.5° 0.5 0.5° 0.5¢ 0.5¢

Wetting agent 0.2¢ 0.2¢ 0.24 0.2¢ 0.2¢ 0.2¢4 0.2° 0.2°

Film forming agent’ - - - 2.85 - - - -

Drying agent® - - - - 0.25 0.25 0.25 0.25

Deionized water 73.66 73.66 73.66 70.81 73.41 73.41 73.41 73.41

Sum 100 100 100 100 100 100 100 100

* TEGO Foamex 822 (Evonik Tego Chemie GmbH, Germany)

® BYK-028 (BYK Additives & Instruments, Germany)

¢ W’Add VP6410 (Worlée, Germany)

9 BYK-348 (BYK Additives & Instruments, Germany)

¢ W’Add 340 (Worlée, Germany)

f butyl glycol (Alfa Aesar, USA)

€ Octa Soligen Co 7 aqua (OMG Borchers GmbH, Germany)

10 °C for 4 days. The swollen pulp was treated in an inline

dispersing system (Megatron MT 3000, Kinematica AG, series 1 series 2

Switzerland) at 16000 rpm for 25 min/kg suspension.

Afterward, the suspension was processed in a high pressure 0 wt%

homogenizer (Microﬂuidizer®, Microfluidics Corporation, 0 wt% NEC 1 wt% NFC
. . . . 2.5 wt% 2.5 wt%

USA) with two interaction chamber combinations and 3.5 W%

pressures up to 1200 bar. The suspension was first passed =

10 times through chambers with diameters of 490 apd .- o Acr ][ A } ( Acrt H Acr? }

?OO pm  (H230z, H?)OZ). Afte.:rward, due to viscosity = E ;3 L L

increase, the suspension was .dlluted to 1.3-1.4 wt% a.nd S —g-g [ i M Acrd J & Aer3 H ord ]

was subsequently passed 10 times through chambers with L) L

diameters of 200 and 75 um (H30z, F20y), respectively. >_ [1

The resulting NFC suspension was concentrated by cen- o l

trifugation for storage at 5 °C. T g _é { Alk1 M Alk2 } /

Films of neat cellulose raw material and neat NFC were = =3 aging
prepared for tensile tests by solvent casting of a 0.5 wt% = g ‘ Alk3 M i ]
cellulose or NFC suspension, respectively, which was pCi Y

blended using a homogenizer (Ultra-Turrax T25 digital,
IKA Werke, Germany) for 3 min. After degassing, they
were cast into a silicone mold and water evaporated at
ambient conditions.

Preparation of polymer—NFC composite films

Polymer—NFC composite films were prepared using a
standard coating formulation based on the suppliers’ rec-
ommendations (Table 2).

For all compositions, a constant polymer solid content
of 25 wt% was used. A defoamer, to minimize foaming
during processing, a wetting agent for better substrate
wetting, a film forming agent for Acr4, and a drying agent

Fig. 1 Schematic overview of prepared test series

for the alkyds were used as essential additives for pro-
cessing. NFC suspension was added to polymeric binders
in different concentrations to generate two different sample
series of polymer—-NFC composites (Fig. 1). In the first
series, all polymeric binders listed in Table 1 were used to
test a broad variety of different binders. The composite
polymer—-NFC films contained 2.5 wt% of NFC relative to
the solid polymer. Polymer—-NFC composites of the second
series were only prepared with the acrylic binders, but with
different NFC contents. Concentrations were 1, 2.5 and
3.5 wt% of NFC relative to the solid polymer, which
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corresponds to 0.25, 0.64, and 0.91 wt% NFC in the wet
suspensions. This is a typical range of concentrations for
coating additives. Higher NFC concentrations were
impossible to process: the viscosity of these suspensions
was too high and air bubbles were trapped in the suspen-
sions, which were disadvantageous for film processing.
Additionally, reference polymer films, further called neat
polymer films, were prepared for both test series. Instead of
aqueous NFC suspension, water was added to reach the
same weight.

The polymer emulsions were diluted with the calculated
amount of water. Afterward, additives were added while
stirring with a dissolver stirrer. NFC suspension was added,
and the whole suspension was stirred for 30 min.

Polymer—NFC composite films were prepared using a
bar coater with a 500 um gap onto a polypropylene (PP)
foil. The PP foil was pre-treated with the wetting agent to
enable a sufficient spreading of the polymer—NFC sus-
pension. This was necessary, as the used polymer emul-
sions and formulations were developed for the much more
hydrophilic substrate wood.

The bar coated films with an area of ~60 x 250 mm
were dried at constant conditions of 20 °C and 65 % RH
for at least 1 day, removed from the foil, and stored at the
same climate.

Aging of polymer—NFC composite films

Polymer—NFC films without and with 2.5 wt% NFC were
subjected to aging by artificial weathering (Fig. 1). One
representative acrylate (Acr3) and alkyd (Alkl) were
chosen, respectively. Free films were prepared as described
above and were fixed onto birch plywood covered with
white paper as supporting substrate. The prepared speci-
mens were aged in a fluorescent UV accelerated weath-
ering tester (QUV, Q-Lab, USA) according to ISO 11507.
The films were exposed to UV light (UVA-340 lamps) with
a peak irradiance set to 0.89 W/m” at 340 nm under con-
stant temperature of 60 °C and dry humidity conditions for
24, 48, 96, 168, and 240 h.

Characterization
Scanning electron microscopy (SEM)

SEM images were taken, to investigate the polymer—NFC
interaction and to examine, if the NFC network structure
was retained in the polymer matrix. Samples were prepared
with two different methods. First, a drop of a polymer—
NFC suspension was placed onto a specimen holder, which
had been laminated with a mica plate before. The drop was
dried in vacuum and NFC—polymer interaction could be
observed in cracks within the dried drop. Second, polymer—
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NFC films with fractured surfaces from tensile tests were
clamped into suitable sample holders. All samples were
sputtered directly with a platinum layer of 8 nm (BAL-
TEC MED 020 Modular High Vacuum Coating Systems,
BAL-TEC AG, Lichtenstein). SEM images were recorded
with a FEI Nova NanoSEM 230 instrument (FEI, USA)
with an accelerating voltage of 5 kV and a working dis-
tance of 5 mm.

Tensile tests

Mechanical properties of the cellulose raw material, neat
NFC, neat polymer, and composite films before and after
aging were assessed via tensile tests on free films. Small
bone shaped specimens were cut from the free films. The
specimens had an overall length of 50 mm and widths of 4
and 9 mm in the stretching and clamping zone, respec-
tively. Film thicknesses ranged between 60 and 160 pm.
Specimens were oriented longitudinally and transversally
relative to the direction of film preparation. The specimens
were conditioned at 23 °C and 50 % RH for at least 2 days
prior to testing. For the tensile tests, a universal testing
machine (Zwick Z 010, Germany), equipped with a 200 N
load cell and an optical strain detector were used. MOE,
tensile strength (o,.x) and elongation at break (eg) were
determined in accordance to EN ISO 527-1. Gauge length
was 15 mm, a pre-force of 0.1 N was applied to the
specimens and the cross-head speed was set to 5 mm/min.
MOE values were calculated from the initial slopes in the
elastic region, mainly between 0.5 and 2 MPa stress. At
least five replicates were measured for each sample and
average values were calculated.

Results
Tensile properties of neat NFC

Table 3 presents the mechanical properties of the cellulose
raw material films and neat NFC films prepared by solvent
casting. For comparison, reference data from literature
summarized by Sir6 and Plackett [29] are also shown. NFC
films exhibited about two times higher MOE, tensile
strength and elongation at break than the initial cellulose
raw material.

Preparation and appearance of polymer—NFC
composite films

During the preparation of the polymer—NFC composite
films differences between wet and dry acrylate and alkyd
films containing NFC were observed. The wet acrylate—
NFC films exhibited a smooth, homogeneous surface and



J Mater Sci (2014) 49:6437-6448

6441

Table 3 Mechanical properties of NFC cellulose raw material
films £ standard deviation of at least five replicates

MOE (GPa) 0.« (MPa) &g (%)
Cellulose raw material 3.5 +0.8 45+ 7 45+ 1.5
NFC 63+ 1.5 90 + 18 84 +£2.5
NFC from literature® 25 —-175 67 — 312 2.1 —-115

? Values taken from Ref. [30]

the dry films showed smooth, slightly structured surfaces.
In contrast, small particles, considered as NFC agglomer-
ates, were visible in the wet alkyd—NFC suspension. In the
dried film, no single particles were distinguishable, as they
were integrated into the very rough film structure. All dry
composite films were translucent, the acrylate films milky
white and the alkyds milky yellow. The NFC-free polymer
films were transparent and some of the alkyd films exhib-
ited rough, fingerprint-like structures.

Figure 2 shows the SEM images of cracks in dried drops
of Acr3-NFC (2a) and Alk3-NFC (2b) suspensions as
representatives of each polymer class. In the Acr3-NFC
suspension, polymer particles were located inside the NFC
network, resting on the NFC fibrils (Fig. 2a). The image of
the Alk3-NFC suspensions is far different. In Fig. 2b a
nearly pure NFC network is surrounded by the polymer.
The NFC seems to repel the polymer and only few polymer
particles were directly placed on the fiber surfaces.

Figure 3 shows fracture surfaces after tensile tests of
neat polymer, Acr3—NFC and Alk3-NFC films before and
after aging, respectively. Both neat polymer fracture sur-
faces (Fig. 3a, b) were comparatively smooth and without
any further defects. Fibrils, probably ruptured during the
tensile tests, stuck out of the Acr3-NFC film (Fig. 3c).
Such structures were distributed over the whole fracture

surface and only small parts of the surface were free of
NFEC. In contrast, no fibers were visible on the fracture
surface after the tensile test of the Alk3—NFC composite
film (Fig. 3d), but in comparison to the neat polymer film
(Fig. 3b), the surface was much rougher. After aging, both
polymer-NFC films showed smoother fracture surfaces
than before aging (Fig. 3e, f).

Tensile tests on polymer—NFC composites

Test series 1: polymer—NFC composite films with acrylates
and alkyds at 2.5 wt% NFC concentration

Stress—strain diagrams of selected specimens of the first
series of tensile tests with neat polymer films and polymer—
NFC composite films are displayed in Fig. 4 and summa-
rized in Table 4. The polymers showed very different
stress—strain behavior even within the same polymer class.
In general, the acrylates exhibited higher tensile strengths,
except for Acr2, and also partially higher elongations at
break compared to the alkyds. All alkyds and the two
acrylates Acrl and Acr3 failed at elongations up to 100 %
with only little plastic deformation. In contrast, Acr2 and
Acr4 showed high elongations before failure, 444 and
266 % respectively. Additionally, the stress—strain curve of
Acr4 exhibited a very different behavior compared to the
other samples. Due to sample necking, followed by further
elongation of the necked specimen part, the stress rapidly
decreased and subsequently increased again until fracture.

Figure 5 shows the effect of NFC addition on the MOE
of composite films with 2.5 wt% NFC in relation to the
MOE of the corresponding neat polymer films. The MOE
increased after addition of 2.5 wt% NFC to the polymer
independent of the type of polymer. The polymers became

Fig. 2 SEM image of structures in open cracks in dried drops of Acr3—NFC suspension (a) and Alk3—-NFC suspension (b), both at 2.5 wt% NFC

concentration relative to solid polymer
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neat polymer films

NFC composite films NFC composite films

before aging before aging

after aging

Acr3 films

Alk1 films

Fig. 3 SEM images of fracture surfaces of neat Acr3 and Alkl films and corresponding composite films with 2.5 wt% NFC before and after

aging

stress [MPa]

25 25 25 25
Acr1 Acr2 Acr3 Acrd
20 - 20 20 A 20 -
15 A 15 15 4
10 - 10 10 {1\
5 - 59 oeeme 5
0 — 0 v 0 v
0 250 500 250 500 500 0 250 500
25 25 25
Alk1 Alk2 Alk3 Alk4
20 - 20 20 A 20 -
15 A 15 15 4 15 4
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5 54 . 541
. 0 . 0+ . 0 .
250 500 250 500 0 250 500 0 250 500
strain [%]

Fig. 4 Stress—strain diagrams of composite films with 2.5 wt% NFC (dashed line) and neat polymer films (straight line); curves are offset with

420 % strain to show initial slope

stiffer after the reinforcement and therefore all data points
were above the 1:1 line, which represents the theoretical
regression line without reinforcing effect. The MOE of

@ Springer

composite films in Fig. 5 was shifted upwards by about
50 MPa, with some slight dependence on the initial MOE
of the neat polymer. The calculated ratios of the MOEs of
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Table 4 Mechanical properties of test series 1 of neat polymer and polymer—-NFC composite films before aging + standard deviation of at least
five replicates and corresponding ratios

Composite/polymer film MOE O max eg (%) Ratio Ratio Ratio
(MPa) (MPa) MOEin nec/MOE, Omax, with NFC/Omax,0 €B, with NFC/€B.0

Acrl Neat polymer 238 + 28 19 £2 81 £ 19 1.20 1.16 0.95
With 2.5 wt% NFC 285 + 35 22 +1 77+£5

Acr2 Neat polymer 67 £ 9 37+0.1 444 + 31 1.99 1.22 0.64
With 2.5 wt% NFC 133 £ 19 45+03 282 £+ 19

Acr3 Neat polymer 106 + 12 15+£2 124 + 19 2.21 1.20 0.80
With 2.5 wt% NFC 234 £ 39 18+ 1 9 +5

Acr4 Neat polymer 408 =+ 31 10 £ 1 266 + 22 1.14 1.30 0.511
With 2.5 wt% NFC 467 £+ 33 13 £05 136 £ 13

Alkl Neat polymer 56 £ 13 79 £ 1.0 115 £ 8 1.75 1.14 0.71
With 2.5 wt% NFC 98 £ 16 9.0+£03 82 +£3

Alk2 Neat polymer 14+£2 5.8 +0.8 94 + 7 2.14 1.22 0.84
With 2.5 wt% NFC 30+5 7.1+£03 79 +£3

Alk3 Neat polymer 2.8 £0.6 1.1 £0.2 41 £7 8.21 4.00 1.07
With 2.5 wt% NFC 23+ 4 44 +02 44 £ 4

Alk4 Neat polymer 28+ 5 44 £05 75+ 4 2.25 1.34 0.64
With 2.5 wt% NFC 63 £ 10 59 +£03 48 + 2

composite films divided by the MOEs of the neat polymer
films support these findings (compare Table 4). It should
be mentioned that before aging, the tested alkyd films had a
lower stiffness than the acrylic films with MOEs ranging
from 14 to 56 MPa for the neat alkyds compared to
67-408 MPa for the neat acrylics.

The reinforcing effect of the NFC was confirmed by the
increased tensile strength and the decreased elongation at
break as seen in Fig. 4.

500 | 7
400 - "’
= L1
o %
) s
£ 300 A ’ P
= e
o Il
= ] .
£ 200 %
w
(@) ;¢
= P
100 A P
& @ acrylates
?,»’ & alkyds
0 +F——— . ;
0 100 200 300 400 500
MOE, [MPa]

Fig. 5 MOE of composite films with 2.5 wt% NFC in relation to the
MOE of the corresponding neat polymer film; the bars correspond to
the standard deviation of at least five replicates and the reinforcing
effect is shown in relation to the theoretical 1:1 line

The orientation of the tensile testing specimens relative
to the direction of film preparation was also evaluated and
found to have no impact on the tensile properties (data not
shown).

Test series 2: acrylate—NFC composites with different NFC
concentrations

The second test series comprised only the four acrylic
polymers due to their better compatibility with NFC and
acrylate-NFC composite films at different NFC concen-
trations (1, 2.5, 3.5 wt%) were tested. Figure 6 shows ex-
emplarily the effects of the NFC concentration on the
stress—strain behavior of Acr3—-NFC composite films. With
increasing NFC concentration, the stiffness increased,
higher stresses were needed to fracture the tested

stress [MPa]

0 +——F——T—
40 60 80

strain [%]

100 120

Fig. 6 Stress—strain diagram of Acr3—NFC composites with different

NFC concentrations
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specimens and the extensibility decreased. The same
behavior was observed for the three other tested acrylates.

Figure 7 summarizes the results of all tested specimens.
The MOE (7a) and the elongation at break (7c) were more
affected by NFC addition than the tensile strength (7b).
The resulting mechanical properties of acrylate films due to
NFC addition also depended on the properties of the
individual acrylate. Their initial properties still dominated
the mechanical properties of the acrylate—NFC composites.
It was evident in Fig. 7c that the decrease of the elongation
at break was more apparent for polymers with a high initial
elongation at break (Acr2/Acr4) compared to the polymers
with lower initial values (Acrl/Acr3). The according ten-
dency of the MOE and the tensile strength is not clearly
visible in Fig. 7a, b. For this reason, the ratios of the MOE
of composite films and the corresponding MOE of the neat
polymers were plotted against the MOE of the neat poly-
mers (Fig. 8). Apparently, the reinforcing effect of the
NFC increased with decreasing initial MOE of the neat
polymer films. E.g., the initial MOE of the neat Acr2
polymer film was the lowest and therefore the MOE-ratios
were the highest at all NFC concentrations. Moreover, the

600
(a) /3
W 400§ 31
oa : 1
H w/q/i/
200 § g
¢ = x i
0 r v ’
0 1 2 3
(b) 24 .
£ :/e//‘—‘l\
U) b
S _. 16 55—@_/”’/@——€ —o—Acr
= © ]
» o Ei_____g_,—"@"‘d'g Acr2
% =3 8 . —e—Acr3
o ) o 4 —=—Acrd
0 r ; '
0 1 2 3
(c) 600
®_ '3
3 400 -
er N
5%
o4
Q
0 . ' . . .

0 1 2 3

NFC concentration [wt%]
Fig. 7 MOE (a), tensile strength (b) and elongation at break (c¢) of
acrylate-NFC composite films depending on NFC concentration; the

error bars correspond to the standard deviation of at least five
replicates
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Fig. 8 Ratio of MOE of acrylate—-NFC composite films with different
NFC concentrations (MOEy;;, nrc) and MOE of neat polymer
(MOE,) depending on MOE,,

influence of the initial polymer properties on the reinforc-
ing effect of NFC was more pronounced at higher NFC
concentration. A similar trend was found for the tensile
strength: the ratios increased with decreasing initial tensile
strength.

Aging of polymer—NFC composite films

The results of the aging experiments by artificial weath-
ering for films with and without NFC are displayed in
Figs. 9 and 10. The Acr3—-NFC and AlkI-NFC films with
2.5 wt% NFC content changed their stress—strain behavior
remarkably depending on the weathering time. The Acr3—
NFC films became stiffer (increased MOE) at constant
elongation at break upon aging. Additionally, the tensile

()24 (b)24 Te8H
20 1 20 A [\96 h
Oh
161 16 4 48h
©
g oah 24h
g 12 48h 12 4
7 240 h
8 - = 8 . oh
|
168 h 96 h
4 41
Acr3-NFC Alk1-NFC
0 —_— 0 . .
0 50 100 0 50 100

strain [%]

Fig. 9 Stress—strain diagrams of composite films with 2.5 wt% NFC
of acrylate Acr3 (a) and alkyd Alkl (b) after different aging times;
curves are offset with +5 % strain to show initial slope
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tensile strength
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~
o
~

elongation at
break [%]

0 @ s w1 2w
weathering time [h]
—e— Acr3, 2.5 wt% NFC
—m— Alk1, 2.5 wt% NFC

—oe— Acr3, neat
Alk1, neat

Fig. 10 MOE, tensile strength and elongation at break of Acr3 and
Alkl films during aging; the error bars correspond to the standard
deviation of at least five replicates

strength decreased up to 96 h of aging and then levelled
off. The Alk1-NFC films behaved differently, as MOE and
tensile strength increased and elongation at break
decreased during aging. Changes were much more pro-
nounced for the alkyd films compared to the acrylic. After
168 h of aging, the MOE of the Alkl films (Fig. 10a)
increased distinctly, being up to 28 times higher than
before aging. In comparison, the MOE of Acr3 films
increased less, although their values roughly doubled. Alkl
films after 240 h of weathering became too brittle to pre-
pare intact specimens for testing and therefore reliable
results could not be achieved. For this reason, these data
were not included in Figs. 9 and 10.

In contrast to the big differences between the two
polymer types, the influence of NFC content during the
aging was less distinct (Fig. 10). The general stress—strain
behavior of neat and NFC containing films of the same
polymer was the same, only the extent of change differed
to comparably low extent.

Discussion

Protective coatings on wooden surfaces face challenging
demands: on the one hand, they should protect the wood
from exterior impacts such as water, light, and microor-
ganisms and on the other hand, coatings have to endure
high mechanical stresses during their service life.
Mechanical stresses are not only caused by external
impacts including scratching or hailstone impact, but also
by dimensional changes of the wood substrate. Wood
swells and shrinks due to changes in moisture, with a
considerable variability depending mainly on the density
and the anatomical direction. The largest dimensional
changes occur in tangential direction, whereas the smallest
changes are observed longitudinally. The maximum
shrinkage and swelling of wood, which describes the dif-
ference in length between dry wood and swollen wood at
fiber saturation, can be as high as 13.4 % in tangential,
6.2 % in radial and 0.6 % in longitudinal direction for
beech wood [30]. However, around local deformations or
crack openings, considerably larger dimensional changes
are possible. These dimensional movements have to be met
by protective coatings with appropriate mechanical prop-
erties also at low temperatures and after exposure to the
environment. For this reason, the mechanical effects of
NFC addition to coating materials were investigated.

Eight commercial polymeric binder emulsions, classi-
fied into acrylic and alkyd type binders, were used for this
study. According to the suppliers’ information, they are
suitable raw materials for exterior wood surface coatings.
They were chosen to test the impact of NFC addition on the
mechanical properties and the compatibility of NFC with a
broad range of commercially used products.

Compatibility between NFC and polymer emulsions

Composites consisting of polymeric binders in combination
with NFC were found to be macroscopically and micro-
scopically different for acrylic or alkyd systems. For
acrylic binders, a good compatibility between NFC and the
polymer particles was indicated by the good dispersion of
the NFC into the acrylic polymer emulsions and the
homogeneous distribution of the polymer particles inside
the fibrils network. We assume that the NFC network
structure was retained within the composite films, which is
supported by the SEM images of the fracture surface of the
Acr3-NFC film (Fig. 3c). This is very important as evenly
distributed NFC, which forms a percolating network in the
polymer matrix, is known to be responsible for reinforcing
effects in NFC composite materials [31].

In contrast, NFC seemed to be less compatible to the
alkyd emulsions, as it was insufficiently dispersed in these
emulsions. We assume repulsion between the NFC surface
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and the surface of the alkyd emulsion particles, which was
supported by the SEM images of the representative Alkl—
NFC suspension (Fig. 2b).

The different behavior of acrylate and alkyd polymers
with NFC in liquid and solid state could not be thoroughly
explained. Within this study, commercial polymer emul-
sions were used, whose exact properties are not known in
detail. For this reason and for a better understanding of
polymer particle NFC interactions, further studies with
model polymer emulsions are planned.

Effects of NFC on mechanical properties of composites

With regard to Fig. 4, the initial mechanical properties of
the used polymeric binders showed considerable differ-
ences, although they are all sold commercially for the
application in exterior wood coatings. Such differences
between various polymers with regard to their mechanical
properties as seen in Fig. 4 are well known from literature
[32] and are attributed to the different chemical composi-
tions of the different products.

All eight tested polymers were reinforced by the addi-
tion of NFC, while the polymer properties remained pre-
dominant for the behavior of the NFC-reinforced
composites, as the general shape of the stress—strain curves
did not change. The stiffness increased with increasing
NFC concentration as well as the tensile strength, whereas
the elongation at break decreased at the same time. Thus,
the polymers were less extensible, but at the same time
they could resist higher stresses after NFC addition. This
reinforcing effect is well known and widely reported for
fiber reinforced polymers in general and NFC composites
in particular [21, 33].

With regard to the investigated polymers, it seems to be
possible to estimate the MOE of NFC-reinforced polymer
films and therefore the reinforcing effect of NFC addition,
when the initial MOE of the neat polymer is known. We
draw this conclusion from the close relation between the
MOE:s of the composites at all NFC concentrations and the
initial MOEs of the neat polymers (compare data for
2.5 wt% NFC in Fig. 5). Looking at different NFC con-
centrations, we concluded from the steady increase or
decrease of the three mechanical parameters as depicted in
Fig. 7 that it is possible to control the mechanical proper-
ties of NFC composites with the tested polymers.

The results of test series 2 and the impact of NFC and
polymer type were also compared with literature data for a
better understanding and assessment of the reinforcing
effect of the NFC in this work. Data from Malainine et al.
[21] and Trovatti et al. [34] were chosen, because both
research groups described composite preparation using
acrylic emulsions and NFC or bacterial cellulose (BC),
respectively. The data of composites with 1 wt% NFC
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content of Malainine et al. were in accordance with the
results of our work. The MOE increased from 0.55 to
0.99 MPa and the MOE-ratio of 1.8 confirmed that the
films with initially low MOE exhibit higher reinforcement
after NFC addition [21].

Comparing the data of Trovatti et al. [34], the rein-
forcing effect of our NFC on the chosen acrylic composites
was different from the effect of BC on the two different
acrylic emulsions (named SF and AC) of Trovattis work.
Although the initial MOE of the neat acrylic polymer (SF)
was very low, the corresponding MOE and MOE ratio of
the composite films with 1 and 2.5 wt% NFC were com-
parably lower than those described in our paper. The MOE
ratio of the 2.5 wt% film was only about 1.5 at an initial
polymer MOE of approximately 9 MPa (taken from Fig. 4
in Ref. [34]) compared to the MOE ratio of 1.9 of our Acr2,
which had a higher initial MOE of the neat polymer
(61 MPa). Here, the origin of the nanocellulosic material,
NFC versus BC, and the way of preparation, bar coating
versus solvent casting and hot pressing, could be an
explanation for these findings. Dufresne [35] already
summarized that the reinforcing effect of NFC and the
other nanocellulose materials depends on various parame-
ters, which are the morphology and the sources of nano-
celluloses, the processing method and the mechanical
testing conditions.

Effect of aging on mechanical properties of composites

From practical experiences with acrylate and alkyd paints
on wood surfaces it is known that cracks usually occur
much earlier in alkyd coatings during weathering exposure
[1]. This means that alkyds are expected to be stiffer and
less extensible than the acrylates. This was not the case in
our study before aging: the acrylates were stiffer, had
mainly higher tensile strength than the alkyds and had
comparable elongations at break. As considerable changes
of mechanical properties of polymers after aging are
widely reported in literature [36], films of Acr3 and Alkl
were subjected to aging by artificial weathering. Both
chosen polymers were representatives of their polymer
class and exhibited comparable fracture behavior before
aging (compare Fig. 4). After aging at high temperature
under UV radiation, the mechanical properties of Acr3 and
Alk1 changed differently (Figs. 9, 10). Independently from
the fact, if films contained NFC or not, the MOE and
tensile strength of the Alkl films after aging were far
higher than those of the Acr3 films. The alkyd also became
much less extensible that the acrylate.

It is emphasised that the addition of NFC to the Alkl
changed the mechanical properties less than aging, espe-
cially for the alkyd films. The initial MOE of the neat Alk1l
film was increased less than twice after 2.5 wt% NFC
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addition, but nearly seven times after only 24 h of aging
and even 28 times after 168 h.

From literature it is known that polymers embrittle
mainly due to UV radiation which frequently causes
increased MOE and tensile strength accompanied by
decreased elongation at break [37, 38]. The intensive
changes exhibited by the Alkl films were mainly explained
by the film formation process. Polymer coatings deriving
from alkyd emulsions dry due to water evaporation and
particle coalescence followed by chemical crosslinking and
curing with the help of drying agents and -catalysts,
respectively [39]. In our case, the films dried at moderate
temperatures and were also stored at constant climate
before testing. During aging, the films were exposed to
higher temperatures and also to UV radiation. Both impacts
may have accelerated and re-initiated the curing and
crosslinking process, leading to much higher crosslinking
densities. Alkyd polymer films with increased amount of
crosslinks lead to higher stiffness and also to higher tensile
strength due to lower polymer network mobility.

Aging had less pronounced effects on the mechanical
properties of the Acr3 films. Physical aging accompanied
by continued film formation is a possible explanation for
the observed results. Physical aging, also called annealing,
describes the process of gaining thermodynamic equilib-
rium in the polymer network and was already described to
increase the polymer stiffness [38, 40].

Additionally, polymer degradation by oxidative chemi-
cal reactions should be considered for both polymers [36].
It can be induced upon long term UV radiation, when
network defects are introduced to the polymer. In how far
such degradation and curing processes are superimposed in
our comparably short aging experiment was not investi-
gated. It should also be considered that our coating for-
mulation did not contain light stabilizers, which would
prevent or retard chemical degradation and which are
usually included in commercial transparent coating for-
mulations. We intentionally left them out of our very basic
test formulation to minimize the amount of included sub-
stances, but they will be included in future experiments.

The tensile tests before and after aging showed that the
results of tensile tests of polymer films have to be inter-
preted carefully with regard to the intended application as
wood surface coating. The decrease of the elongation at
break after NFC addition seems to be unfavorable. But with
regard to the dimensional changes of wood, which are
macroscopically in the range of 1-15 % [30] and therefore
far lower than the elongation of the NFC polymer com-
posites, this decrease of elongation is negligible. Never-
theless, highest stresses on coatings will occur at cracks in
the wood surface. In how far a coating will endure these
stresses cannot be estimated from tensile tests alone, since

the performance also depends on the coating adhesion at
the wooden surface [41].

Conclusion

Composite films from different acrylic and alkyd polymer
emulsions and NFC, derived from beech wood pulp, were
produced. The NFC was compatible to acrylate polymers,
but formed undesired aggregates during processing with
the alkyd polymers. We link this differing behavior to
varying surface properties of the used polymer emulsions
and therefore varying NFC polymer particle interaction,
which was not further investigated. The dry polymer films
exhibited very different stress—strain behavior, but all
polymers were reinforced after the addition of NFC: they
became stiffer (increased MOE), stronger (increased tensile
strength) but therefore less extensible (decreased elonga-
tion at break). The reinforcing effect was increased with
increasing NFC concentration and strongly depended on
the initial properties of the polymers in so far that polymers
with initially low MOEs were reinforced to a higher extent
than polymers which already had a high initial MOE.

Acrylate and alkyd polymers before aging differed from
each other, independent from the NFC content: alkyds were
less stiff, had mainly lower tensile strengths and were
comparably or less extensible than the acrylics. After
aging, the alkyd films became much stiffer and much more
brittle than the acrylate films, which is in accordance to
practical experiences of these polymers in wood coating
applications. Especially for the alkyds, the impact of aging
on the mechanical properties was much higher than the
effect of NFC addition. The presence of NFC in the films
did not adversely influence the aging behavior.

Overall, NFC appears to be applicable in wood coatings,
whereas the reinforcing effect seems to be of secondary
importance for the coating performance. The prospective
use of NFC functionalized with wood protecting compo-
nents is currently in progress.
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