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Adbhesives on the basis of urea-formaldehyde (UF) and melamine-urea-formaldehyde (MUF) are extensively used in the produc-
tion of wood-based panels. In the present study, the attempt was made to improve the mechanical board properties by reinforcing
these adhesives with cellulose nanofibers (CNFs). The latter were produced from dissolving grade beech pulp by a mechanical
homogenization process. Adhesive mixtures with a CNF content of 0, 1, and 3 wt% based on solid resin were prepared by mixing an
aqueous CNF suspension with UF and MUF adhesives. Laboratory-scale particle boards and oriented strand boards (OSBs) were
produced, and the mechanical and fracture mechanical properties were investigated. Particle boards prepared with UF containing
1 wt% CNF showed a reduced thickness swelling and better internal bond and bending strength than boards produced with pure
UF. The reinforcing effect of CNF was even more obvious for OSB where a significant improvement of strength properties of 16%
was found. For both, particle board and OSB, mode I fracture energy and fracture toughness were the parameters with the greatest

improvement indicating that the adhesive bonds were markedly toughened by the CNF addition.

1. Introduction

Almost 80 years after its invention, particle board still repre-
sents the by far most important group of wood-based panels
in Europe. In 2010, the share of particle board in the overall
wood-based panel production was around 63% [1]. Apart
from particle board, oriented strand board (OSB) is becom-
ing increasingly important in both decorative and structural
applications. For use as a construction material, mechanical
board properties are of vital importance. In this regard,
the quality of connections between wood particles is a key
factor, which in turn is determined by the amount and type
of adhesive used. In wood-based panel production, amino-
plastic adhesives on the basis of urea-formaldehyde (UF) and
melamine-urea-formaldehyde (MUF) are prevalent. These
adhesives offer a number of advantages for industrial
application; however, the mechanical performance of UF
and MUF wood adhesive bonds is limited. Since the elastic
modulus of cured aminoplastic bond lines is high, the

deformation of the adhesive layer under mechanical loading
is usually small. As a result, stress concentrations along the
bond line of a wood adhesive joint are generated [2—4] that
reduce the overall strength of the joint.

In the past, various attempts have been made to reduce
the brittleness of UF and thus enhance its strength properties.
The approaches range from chemical modification of the UF
polymer or blending with other polymers (e.g., [5-11]) to
the reinforcement with different kinds of fibers. Since UF
resins are known to have a strong adhesion to most cellulose-
containing materials, cellulose-based fibers seem well suited
for reinforcing UE. This was confirmed experimentally by a
number of studies (e.g., [12-17]). Since, in particle board
production, the adhesive is atomized into fine droplets about
40-60 ym in diameter prior to the binding of wood particles,
reinforcing elements need to be micro- or nano sized [18].
Consequently, the application of cellulose nanofibers (CNFs)
for adhesive reinforcement seems promising.
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TasLE 1: Composition and properties of adhesive mixtures.

. . Quantity (g/100 g adhesive mixture) Hardener Solid resin Cellulose Gel time  Viscosity
Adhesive mixture
Resin Cellulose Water (g solid) (%) (% of solid resin) (s) (Pa-s)

UF 66.00 — 34.00 1.65 66.0 — 49 0.48
MUEF 45.00 — 55.00 — 45.0 — 75 1.62
UF-1% CNF 45.55 0.46 53.99 1.14 45.6 1.01 67 0.93
MUF-1% CNF 45.00 0.45 54.55 — 45.2 1.00 67 8.51
UF-3% CNF 26.14 0.79 73.07 0.65 26.3 3.02 119 1.41

While a considerable number of publications regarding
the reinforcement of polymers with nanofibers from cellu-
lose can be found, literature on cellulose-reinforced adhe-
sives suitable for wood bonding is quite scarce. Richter et al.
[19] discussed the application of CNF for reinforcing one-
component polyurethane and water-based polyvinyl acetate
(PVAc) latex wood adhesives. Although both cellulose-con-
taining adhesives performed well in mechanical tests, no
significant and consistent improvement of bond line perfor-
mance compared to reference products could be achieved.
The authors identified a similar polarity of fibers and
polymer, a quality controlled fiber morphology, and a
carefully balanced fiber loading in the range from 1 to 5 wt%
as the critical parameters determining the mechanical prop-
erties of CNF reinforced adhesives. In another study [20] per-
formed by the same research group, the suitability of using
CNF to formulate PVAc-adhesive mixtures yielding bond
lines with improved heat resistance was studied. A signif-
icantly increased storage modulus was found for CNF
reinforced PVAc-latex films by dynamic mechanical anal-
ysis. Furthermore, lap joint test specimens prepared with
cellulose-reinforced adhesive showed significantly enhanced
heat resistance. In a very recent study, Atta-Obeng [18]
reinforced phenol-formaldehyde (PF) adhesive with micro-
crystalline cellulose at different loading rates from 0 to
10 wt%. Lap shear tests revealed an increase in strength with
the addition of cellulose. On the other hand, particle boards
produced with cellulose-filled PF showed inferior mechan-
ical properties in static bending tests and higher thickness
swelling than boards bonded with pure PE. This was attrib-
uted to a less pronounced spring back effect during hot-
pressing. The cellulose reinforcement seems to restrict the
spring back of the board after the compression stress
imposed by the hot-press is released. The author concluded
that this leads to a debonding of wood particles and adhesive
resulting in a decreased board performance.

Own investigations [21] revealed that the addition of
5wt% of CNF to a commercially used UF adhesive enables
the preparation of solid wood adhesive joints with signifi-
cantly increased lap shear strength according to EN 302-1
[22]. Since the deformation to failure was significantly higher
for the CNF reinforced specimens, it was concluded that
the UF adhesive was possibly toughened by the addition
of fibrillated cellulose. In a follow-up study [23], the effect
of CNF addition on the specific fracture energy of solid wood
adhesive bonds was examined. Fracture energy was deter-
mined from flat double cantilever beam (DCB) specimens as

FIGURE 1: Test setup for the determination of fracture mechanical
properties. Two T-shaped steel sections were bonded to the notched
test specimen to ensure a uniform introduction of forces. A tensile
load was applied after the bolts of the test grips had been inserted
into the holes at the front end of the steel section.

described by Gagliano and Frazier [24]. Since fracture energy
of UF bonds filled with 2 wt% of CNF was up to 45% higher
compared to pure UF bonds, this study proved the feasibility
of toughening UF by the addition of CNE

The aim of the present study was to investigate whether
the addition of CNF to formaldehyde-based wood adhesives
results in improved mechanical properties of wood-based
panels produced with these. Lab-scale particle boards and
OSB were prepared with commercially available UF and
MUF adhesives which were reinforced by adding small
amounts of CNE. The rheological behavior of adhesive
mixtures and the mechanical properties of the final boards
were investigated.

2. Material and Methods

2.1. Preparation of Cellulose Nanofibers. The starting material
used to prepare CNF was never-dried dissolving grade beech
pulp (Lenzing AG, Lenzing, Austria) with a dry content of
about 50 wt%. The pulp was initially soaked in distilled water
for 2 hours. Thereafter, larger fiber aggregates were disinte-
grated using an Ultra-Turrax mixer operated at 21500 min~!
for 3 min. The dry content of the fiber suspension was set to
0.5 wt%. To obtain nanofibers, the suspension was fibrillated
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FiGUure 2: AFM micrograph of cellulose nanofibers obtained by high-pressure homogenization of never-dried beech pulp. Mean fiber

diameter is 35 nm.

by 30 passes through a high-pressure laboratory homoge-
nizer (APV 1000, APV Manufacturing Sp. z 0.0., Bydgoszcz,
Poland) operated at a pressure of 700-800 bar. The homog-
enized suspension was air-dried at 70-80°C until a cellulose
content of 1.5 = 0.1 wt% was reached. The suspension was
subsequently used for the preparation of cellulose-filled
adhesive mixtures.

Nanofibers were characterized using Atomic Force
Microscopy (AFM). A single drop of a 0.002% CNF suspen-
sion was spread on a mica disk and left to dry at room tem-
perature until the water was evaporated. AFM imaging was
performed on a Dimension Icon AFM (Bruker Corp., Santa
Barbara, USA). Images were taken in tapping mode with a
scan rate of 0.5-0.6 lines per second using a standard silicon
cantilever (TESPA, Bruker Corp., Santa Barbara, USA).

2.2. Preparation and Characterization of Adhesive Mixtures.
For the preparation of lab-scale particle boards, a UF
adhesive used in particle board industry (Prefere 10F102,
Dynea Austria GmbH, Krems, Austria) was applied. Adhesive
mixtures with a cellulose content of 1 and 3% by weight of
solid resin were prepared by adding the respective amount
of the 1.5% CNF suspension to the adhesive. The cellulose-
filled adhesive was mixed with a hand blender for 3 min to
achieve a proper distribution of CNF in the UF matrix. A
solution of 10 wt% ammonium nitrate in water was used as a
hardener for the UF resin. OSB panels were prepared with a
powdery MUF adhesive (Prefere 4681, Dynea AS, Lillestrom,
Norway) without any additional hardener. The cellulose
content was 1% by weight of solid resin. The composition
of the individual adhesive mixtures is given in Table 1.

For further characterization, the gel time and viscosity of
the adhesive mixtures were determined. For measuring the
gel time, about 2.6 g adhesive were poured in a test tube and
properly mixed with solid ammonium nitrate (2.3% by
weight of solid resin) as a hardener. The test tube was
immersed in a boiling water bath, and the time from immer-
sion to adhesive gelation was determined. Three measure-
ments were taken for each adhesive mixture. Viscosity meas-
urements were performed on a Bohlin CVO Rheometer

(Bohlin Instruments, Pforzheim, Germany). A cone/plate
measuring system with a gap size of 0.15 mm was used for all
measurements. A quantity of 1.2-1.3 mL of liquid adhesive
was spread on the plate, and the viscosity was averaged over
a 30s time span. This procedure was repeated 5 times for
each mixture. All adhesives were measured without hardener

addition at 20°C and a constant shear rate of 10s~.

2.3. Board Preparation. For particle board preparation,
industrial wood particles (Fritz Egger GmbH, Unterradlberg,
Austria) with a particle size between 0.63 and 14 mm were air
dried to a moisture content of 4.2%. The dried particles were
coated with adhesive in a rotating drum by spray application
of the UF adhesive mixture. To remove excessive water, the
glued particles were dried by blowing cold air into the
rotating gluing drum. After a drying time of 2 h and 12 h for
UF containing 1 and 3 wt% CNE, respectively, the moisture
content of the particles was reduced to about 8%. Only after
that, the hardener solution was sprayed onto the glued parti-
cles which again caused an increase in moisture content to a
target value of 10 + 1%. After spraying the hardener solution,
the particles were rotated for another 2 min to ensure a
uniform distribution of hardener across the particles. The
glued particles were formed to a mat and hot-pressed at a
temperature of 200°C and a pressure of 4.5 MPa. Pressing
time was 150 s for all boards. In total, 9 particle boards (500 x
430 x 14 mm?) were prepared, that is, three boards each with
pure UF, UF-1%CNF, and UF-3%CNF. The adhesive content
of all particle boards was 10% of solid resin based on oven-
dry wood.

OSB panels were prepared from two different fractions
of lab-manufactured Pine strands (Pinus sylvestris L.). The
strands for the core and surface layer were initially dried to
a moisture content of 4.9 and 3.3%, respectively. The two
fractions were coated with adhesive separately using the same
application procedure as for particle boards. The coated
strands were dried to a moisture content of 10 + 1% and
formed to a mat with a three-layered structure (0°/90°/0°).
Parameters used for hot-pressing were the same than for par-
ticle boards with the exception that the pressing time was
increased to 220 s. Three OSB panels (500 X 430 x 19 mm?)
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FiGure 3: Incident-light micrographs showing the cross-section of particle board (a + ¢) and OSB (b + d). While wood particles have no
preferred orientation in particle board (a), particles are oriented in a crosswise way in case of OSB, yielding a 3-layered structure (b).

with an adhesive content of 8% were produced with pure
MUF and MUF-1%CNE. All boards were stored in a climate
chamber at 20°C and 65% relative humidity until equilib-
rium moisture content was reached.

2.4. Determination of Board Properties. The density and 24 h
thickness swelling of the boards were determined according
to the European standards EN 323 [25] and EN 317 [26], res-
pectively. For this purpose, 18 particle boards and 15 OSB
specimens were cut for each adhesive mixture. Density and
thickness swelling were subsequently determined from the
same specimens.

Mechanical testing included the determination of inter-
nal bond, bending strength, fracture energy, and fracture
toughness. Internal bond and bending strength were deter-
mined in accordance with EN 319 [27] and EN 310 [28].
Internal bond strength was tested on a Zwick/Roell Z100
universal testing machine equipped with a 5kN load cell,
whereas bending tests were performed on a Zwick/Roell
7020. For the fracture mechanical tests, specimens with a
length of 250 mm and a width of 25 mm were cut from the
boards and a 20 mm long notch was cut at one end of each
specimen. The notched specimens were bonded to T-shaped
steel sections with a cyanoacrylate adhesive (Loctite 431,
Henkel Central Eastern Europe GmbH, Vienna, Austria) in
order to attach the specimens to the test grips (Figure 1).
Fracture mechanical tests were performed on a Zwick/Roell
7100 testing machine equipped with a 2.5kN load cell. The

particle board specimens were initially loaded with a speed
of 1 mm-min~!, and, after a 30% drop in load, the speed was
gradually increased to 100 mm-min~!. The criterion used to
define the end of the test was the achievement of a lower
force limit of 5N or a maximum displacement of 50 mm, res-
pectively. For testing of OSB, parameters have been slightly
modified, that is, a 5 kN load cell was used, the testing speed
was increased from 1 to 10 mm-min~! after a 50% drop in
load, and a maximum displacement of 20 mm was used as a
cancellation criterion. Fracture energy of each sample was
calculated by integration of the load-displacement curve
recorded during testing. The results reflect the fracture work
W (J) needed to separate the specimen into two parts under
mode I loading. The fracture toughness, that is, the critical
stress intensity factor Kic (MPa-m'/2), was calculated accord-
ing to (1) which was derived from finite element (FEM)
simulations performed by Rathke et al. [29]:

Kic = Faax [6.568 1075 +2.082 - 10*7]‘11‘;it
ki 2
— 1.498 - 10—10(%“) (1)

N3
+5.253 - 10*%%) ]

where Fp,y reflects the maximum applied load, kini is
the initial slope of the load-displacement curve, and b is
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FIGURE 4: Mechanical properties of lab-scale particle boards: density and 24 h thickness swelling (a), internal bond and bending strength
(b), as well as fracture mechanical properties (c). The number of specimens tested for each group is given by N.

the specimen width. For all of the tested parameters, mean
values were calculated for each group of specimens and com-
pared by one-way analysis of variance (ANOVA, P < 0.05)
followed by a Scheffé test.

3. Results and Discussion

3.1. Properties of Adhesive Mixtures. As shown in Figure 2,
the CNF used to prepare cellulose-reinforced adhesive mix-
tures had diameters ranging from 20 to 65nm with an

average of 35nm. The addition of the CNF suspension had
a significant effect on the rheological behavior and curing
properties of the adhesives. Regarding UF, the viscosity
increased steadily with increasing cellulose content although
the solid resin content of the mixtures decreased substantially
due to the amount of extra water from the suspension. The
much lower solid resin content may also be responsible for
the slower curing of cellulose-filled UF reflected by the longer
gel times (Table 1). In the case of MUF, the increase in vis-
cosity is even more obvious since the solid resin content was
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FIGURE 5: Mechanical properties of lab-scale OSB: density and 24 h thickness swelling (a), internal bond and bending strength, (b) as well as
fracture mechanical properties (c). The number of specimens tested for each group is given by N.

the same for the pure and the CNF filled adhesive. Thus, it
can be deduced that, at a given solid resin content, the addi-
tion of only a few percent of CNF causes a substantial vis-
cosity increase. This was to be expected and agrees well with
previous findings [18, 21, 23]. Since the viscosity must be low
enough to keep the adhesive applicable to the wood surface,
the rapidly increasing viscosity limits the amount of CNF
that can be added to a small percentage.

3.2. Mechanical Board Properties. Due to the structural
differences between particle board and OSB (Figure 3), the

results are discussed separately. The mean density of all par-
ticle boards produced in this study was 0.67 + 0.03 g-cm™>.
While boards with CNF filled and pure UF resin showed
a similar density, clear differences between the individual
groups were found in thickness swelling (Figure 4). Boards
prepared with UF-1% CNF demonstrated a reduced swelling
compared to the nonreinforced reference. Regarding the
internal bond, this group delivered about 10% higher
values (0.68 = 0.10 MPa) than the reference boards (0.62 +
0.10 MPa). Also, the bending strength was enhanced from
184 = 2.0MPa to 19.5 + 2.7MPa. The most obvious
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improvements were achieved in the fracture mechanical
properties. The fracture energy increased by 20% and the
fracture toughness even by 28% due to the addition of 1 wt%
cellulose. In the latter case, the improvement is also signifi-
cant in a statistical sense (ANOVA, P < 0.05). Contrary to
a previous study [23] where a higher variability of fracture
energy values was found for CNF reinforced wood adhesive
bonds, this is not the case in the present work. Overall, the
cellulose addition did not really affect the variation of mecha-
nical board properties. Whereas particle boards with UF-
1% CNF generally outperformed the reference boards, the
inverse effect was observed for boards with UF-3% CNEF. This
group showed significantly worse mechanical and fracture
mechanical properties. It is assumed that this deterioration
is not directly induced by the higher CNF content but can be
explained by the long drying time of the glued wood particles
prior to hot-pressing. Since most of the water originally con-
tained in the adhesive mixture was removed during drying,
the particle surface dried off almost completely leading to a
perceptible reduction of cold tacking and probably a reduced
cohesion of wood particles in the final board. In addition,
a nonnegligible precuring of the adhesive may have occurred
during the 12h of drying. Hence, it is concluded that
although a CNF content of 1% worked best in this study, this
is not necessarily a general optimum. Mechanical board pro-
perties might be further improved by using a higher CNF
percentage. As outlined above, the continuously increasing
viscosity is the limiting factor in this regard. In the present
work, the adhesive mixtures contained considerable amounts
of water to keep them sprayable, which in turn generated
problems associated with particle drying.

Just like for particle boards, the cellulose reinforcement
did not affect the density of OSB specimens but had a sta-
tistically significant impact on their swelling behavior and
mechanical properties as displayed in Figure 5. The overall
thickness swelling of both, the reinforced and nonreinforced
OSB specimens, exceeds 40% and is therefore on a very high
level especially when the threshold values according to EN
300 [30], that is, 25% for OSB 1 and 12% for OSB 4, are
taken into account. To some extent, this can be explained by
the comparatively high board density of 0.77 + 0.03 g-cm™3
since thickness swelling of wood-based panels is generally
considered to be positively correlated to the board density
[31-33]. However, the addition of 1 wt% cellulose results in
a decreased swelling. The ANOVA (P =< 0.05) revealed signif-
icant performance improvements for all of the mechanical
and fracture mechanical parameters tested. Internal bond
strength increased from 0.51 + 0.09 MPa to 0.60 + 0.10 MPa
and bending strength from 50.8 = 5.7 MPa to 59.0 = 6.1 MPa
which is equal to a 16% improvement in both cases. Fracture
energy and fracture toughness increased by 25 and 28%,
respectively.

4. Conclusions

At a given solid resin content, CNF filled adhesives generally
demonstrate a substantially higher viscosity than the cor-
responding adhesives without cellulose thus limiting the
addition level of CNFE. The mechanical performance of

lab-manufactured particle boards and OSB panels could be
significantly enhanced, whereas a CNF content of 1wt%
delivered the best results. The addition of cellulose primarily
improved the fracture energy and fracture toughness of the
boards, indicating that wood-based panels can be substan-
tially toughened by using a CNF filled adhesive. Regarding
the panel type, CNF reinforcement worked better for OSB
than for particle boards. Obviously, the combination of
powdery MUF adhesive and larger-sized wood particles is
best suited for achieving the optimum reinforcement effect.
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