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Abstract

Nanomodification of the adhesive composition is one of the promising methods for improving the quality of wood laminated
materials. Morphological changes in nanostructures make it possible to control the functional characteristics of the resulting
nanocomposites. The shape and distribution of nanomodifiers of nanocellulose and multi-walled carbon nanotubes of
urea-formaldehyde resin used to produce plywood have been studied by atomic force microscopy. The phase composition
and crystal structure of biological and carbon nanofillers of the binder are investigated. Data on the qualitative and
quantitative composition, structural state of nanocrystalline cellulose and multi-walled carbon nanotubes, as well as cured
resin in pure and modified form, were obtained by X-ray diffractometry. The microrelief of the surface of the cured binder
in the presence of multi—walled carbon nanotubes is characterized by uniformly distributed nanoclusions of 50 nm — 1 pm;
and nanoclusions of 70 nm - 2 pm in the case of resin modification with nanocrystalline cellulose. Unmodified urea-
formaldehyde resin is characterized by a low degree of crystallinity: the crystallite size is 10 nm. When modifying the resin
with multi-walled carbon nanotubes, the crystal size increases to 18 nm, and when modified with nanocrystalline cellulose
-up to 15 nm. The most probable type of lattice of the resin under study is a primitive cubic one with a parameter a = 0.840
nm. An increase in the volume of the unit cell of resin modified with multi-walled carbon nanotubes (a = 0.844 nm) and
nanocrystalline cellulose (a = 0.842 nm) is observed. An increase in the size of the crystalline regions in the resin, as well
as an increase in the volume of the resin unit cell as a result of the use of nanomodifiers, can help improve the performance
of plywood.
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1. Introduction

Russia is one of the leaders among plywood
producing and exporting countries [1]. The need
for plywood production is due to its wide range
of applications in various fields of production
[2]. A relevant direction in plywood production
is the use of nanotechnology to improve the
quality of laminated materials [3, 4]. Unlike other
thermosetting resins, urea-formaldehyde resin
has a crystalline structure, which makes it possible
to strengthen the structure of the polymer matrix
and improve its mechanical characteristics
[5]. The crystalline regions are favorable for
the hydrolytic stability of plywood [6]. Urea-
formaldehyde (UF) resin nanomodification is able
to influence the size and dispersion of crystalline
regions in the resin and comprehensively improve
the performance characteristics of the material
[5]. It is known that the composition of CF resin
affects the degree of crystallinity and crystal
morphology in the binder structure [6]. The
crystallinity of the resin is preserved during the
curing of the CFS in contact with the wood veneer,
but the order of the crystal lattice is disrupted
[7]. Bio- and carbon nanomodifiers of carbamide-
formaldehyde binder for plywood production
were selected for the study: nanocellulose and
multi-walled carbon nanotubes. Morphological
changes of nanostructures allow controlling their
functional characteristics.

Thus, the purpose of this work is to analyze
by atomic-force microscopy (AFM) and X-ray
diffractometry (XRD) the morphology of the
nanostructure of urea-formaldehyde (UF) resin
when nanocellulose (NCC) and multi-walled
carbon nanotubes (MWCN) are introduced into it.

2. Objects and methods

The object of the study is a binder based on
KF-Zh-F grade UF resin, modified with multi-
walled carbon nanotubes and nanocrystalline
cellulose.

For the experiment, carbamide-formaldehyde
resin of the KF-Zh-F brand (Uralximplast PJSC, N.
Tagil, Russia) was used as a polymer matrix. The
nanofillers were MWCN with an average diameter
of 9.5 nm and a length of 1.5 pym (Nanocyl
Technology, Sambreville, Belgium) and NCC with
an average particle size (width x length): 10-
20 x 300-900 nm (Nanografi Nano Technology,
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Ankara, Turkey). The active substrate was peeled
birch veneer (Betula pendula L.), produced by
GalichLes LLC (Galich, Russia), and the passive
substrate was glass. Ammonium chloride was
used as a resin hardener (Komponent-Reagent
LLC, Moscow, Russia).

A suspension of MWCN in an aqueous
solution of lauryl sulfate, a surfactant, was
obtained by ultrasonic dispersion under constant
cooling for 30 minutes on an ultrasonic dispersant
UZD-0.1/22 with a power of 100 W and a frequency
of 22 kHz. The concentration of the dispersed
phase in the suspension was 4.5%.

To obtain the UF resin/MWCN adhesive
composition, the components were mechanically
mixed for 10 minutes with the addition of MWCN
at a concentration of 1.25 wt. %. Ultrasonic
dispersion of the adhesive composition in the
resin—filler system was carried out under constant
cooling for 3 minutes on an ultrasonic dispersant
UZK-1.3 with a power of 80 W and a frequency
of 24 kHz. Cooling was carried out in a water
bath to a temperature of 20 °C in order to avoid
polymerization of the adhesive composition.
The hardener was added in an amount of 1 wt.
%. The adhesive composition of UF resin /NCC
was obtained similarly by adding NCC with a
concentration of 2 wt. %.

Then the samples of the modified and
unmodified resin were cured in a drying cabinet
chamber on an inert glass substrate and an active
veneer substrate at a temperature of 115 °C,
after which they were kept for 24 hours at room
temperature and humidity of 65 + 5% to complete
the polymerization process.

The shape and distribution of nanofillers in
the resin were studied using an NT-MDT scanning
probe microscope in topology and phase contrast
modes. Images of the surface of an unmodified
binder cured on an active substrate (veneer), as
well as a binder modified with MWCN or NCC,
were obtained.

The phase composition and crystal structure
of the initial MWCN and NCC powders were
studied by electron diffraction in the “lumen”
mode on an E’G-100M electronograph. Sample
preparation was carried out by ultrasonic
dispersion of the test material in surfactants,
followed by application to a mesh and drying at
a temperature of 20 °C until complete drying.
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The phase (qualitative and quantitative)
composition and structural state of the nanofillers
and the cured resin in its pure and modified
form were determined by X-ray diffractometry
using a Burken D2-Phaser X-ray diffractometer
(Germany). X-ray images of the samples were
obtained using CuKa radiation (A =1.5406 A)
in the angle range 26 from 7 to 70°. During the
survey, the samples were placed on a silicon wafer
with a “zero” background. To determine the lattice
parameters of the crystalline phases and estimate
the average size of the crystallites, the profiles
of X-ray diffractograms were analyzed using the
Rietveld method in the HighScore Plus program.

3. Results and discussions

Atomic-force microscopy in the topology and
phase contrast modes has been used to obtain
images of the surface of a binder cured on an
active substrate (veneer), modified with MWCN
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(Fig. 1) or NCC (Fig. 2).

The microrelief of the surface of the
resin modified with MWCN is represented by
inhomogeneities about 1 uymin size (Fig. 1a). The
AFM scan obtained in the topology mode (Fig. 1b)
shows nanoscale inhomogeneities in the form of
protrusions with a lateral size of about 50 nm. The
image obtained in phase contrast mode (Fig. 1c)
shows rounded irregularities up to 70 nm in
size, darker than the background (indicated by
arrows in Fig. 1c¢). The absence of corresponding
inhomogeneities in the image obtained in
the surface topology mode indicates that the
dark inhomogeneities are nanoinclusions with
different mechanical properties compared to the
polymer matrix. The nanoscale inhomogeneities
very likely correspond to the location of the
MWCN.

The microrelief of the resin surface modified
by NCC (Fig. 2a) is represented by large,
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Fig. 1. Images of the surface of a binder modified by MWCN cured on an active substrate (veneer)
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Fig. 2. Images of the surface of a binder modified by NCC cured on an active substrate (veneer)
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evenly distributed inhomogeneities with a
lateral size of 0.5-2 ym and a height of up to
0.5 ym. The microrelief is poorly developed
between the inhomogeneities. The relief of
the second level in the areas between large
inhomogeneities is represented by irregularly
shaped inhomogeneities measuring 70-300 nm
(indicated by arrows in Fig. 2c), obviously
corresponding to inclusions in the form of fibers
(Fig. 2b, ¢). There is no pronounced phase contrast
from the inclusions, which can be explained by
the similar elastic-plastic characteristics of NCC
and resin.

Figure 3 shows the electronograms of the
initial components: powders of MWCN (a) and
NCC (b).

The electronogram (Fig. 3a) shows a complete
set of reflections corresponding to the MWCN [8].
In the electron diagram (Fig. 3b), all the observed
reflections correspond to the crystal lattice of
cellulose [9].

Figure 4 shows X-ray diffractograms (XRD)
of NCC powder (Fig. 4, curve 1); MWCN powder
after dispersion in surfactants (sodium lauryl
sulfate (SLS)) and subsequent drying (Fig. 4, curve
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2); mixtures of NCC and MWCN after dispersion
in surfactants and subsequent drying (Fig. 4,
curve 3).

On the XRD of the NCC powder (Fig. 4,
Curve 1), very blurred maxima are observed, the
position of which coincides with the reflection
spectrum from the cellulose crystal lattice. The
width of the maxima indicates the nanocrystalline
structure of the cellulose.
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Fig. 3. Electronograms of MWCN (a) and NCC (b)
powders
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Fig. 4. X-ray diffractograms of NCC powder (1); MWCN powder dispersed in surfactants with subsequent dry-
ing (2); mixtures of NCC and MWCN dispersed in surfactants with subsequent drying (3)
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All reflections corresponding to the crystalline
SLS are observed on the MWCN + SLS XRD
(Fig. 4, Curve 2). The absence of reflections
corresponding to MWCN is due to both the low-
dimensional nature of the nanotubes and their
relatively small number.

All the reflections present in the first two
diffractograms are observed on the XRD from
MWCN +NCC+ SLS (Fig. 4, Curve 3). Reflections
associated with phases other than NCC and LSN
are not observed, which indicates the absence of
crystalline products of the reaction of MNT with
NCC in the sample.

Figure 5 shows X-ray diffractograms (XRD)
of an unmodified binder (Fig. 5, curve 1) and
a binder modified by NCC (Fig. 5, curve 2) and
MWCN (Fig. 5, curve 3).

The XRD of unmodified resin (Fig. 5, Curve 1)
is represented by wide maxima in the form of
halos, the most intense of which is in the angle
range 20 = 18-28 °. A low-intensity peak with
a peak of 20 = 21.11° is observed against the
background of this halo. The character of the
maxima observed on the diffractogram indicates
a low degree of crystallinity of the resin.

In the composite binder containing MWCN
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(Fig. 5, curve 3), in addition to the halo, there
are 2 pronounced maxima with a peak of
26 = 21.03° and 23.6°. The higher intensity of
the first maximum compared to the XRD of the
resin without filler and the appearance of the
second maximum indicate an increase in the
degree of crystallinity of the resin with filler from
MWCN (an increase in the size and proportion
of crystallites). The reflections characteristic of
MWTCN are not observed on XRD, probably due to
their small volume fraction in the binder.

Diffraction patterns similar to those of
unmodified and modified CNTs of urea-
formaldehyde resin are described in the work for
formaldehyde resin with different molar ratios.
[10]. The authors explain the appearance of
pronounced peaks on the resin diffractograms
by increasing the degree of polymer crystallinity
due to the formation of hydrogen bonds between
linear molecules [10].

A halo similar to the unmodified resin is
observed on the RD of the resin modified by the
NCC (Fig. 5, Curve 2). There are also peaks with
peaks of 20 = 21.08° and 34.8°. According to [11],
these maxima correspond to reflections from the
cellulose crystal lattice.

¥ Urea-formaldehyde resin

B Cellulose

L e S e e e e [Ty 1
40 50 60 70

20, ° (Cu Ka=1.5406A)
Fig. 5. X-ray diffractograms of unmodified binder (1) and binder modified by NCC (2) and MWCN (3)
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The size of the crystallites (coherent
scattering regions), calculated as a result of
profile analysis of X-ray diffractograms in the
region of the maximum with a peak of 21.1°,
was about 10 nm for resin without filler, 15 nm
for resin with nanocellulose, 18 nm for resin
with MWCN. The effect of increasing the size of
crystallites on the strength characteristics of the
resulting nanocomposite plywood is confirmed
by experimental data. Thus, the tensile strength
when chipping through the adhesive layer of
plywood modified with MWCN increases by 76%
(from 0.68 MPa to 1.2 MPa), modified with NCC -
by 194% (from 0.68 MPa to 2 MPa) compared with
unmodified plywood [12].

Thus, based on comparative diffraction
analysis of unmodified and modified resin
samples, the following can be noted: a resin
containing ultrasound-activated MWCN [12],
after curing, has a higher degree of crystallinity
compared with unmodified resin. Modification of
the NCC resin activated by ultrasound [13] leads
to a less pronounced increase in the degree of its
crystallinity.

The most likely type of resin lattice is a
primitive cubic one. The cubic lattice constant a
was 0.840, 0.844, and 0.842 nm for pure resin, UF
resin/ MWCN, and UF resin /NCC, respectively.
There is a weak tendency to increase the volume of
the unit cell when using MWCN as a nanomodifier
of KF-Zh-F resin. For NCC resin, the indices of
the observed reflections are 200 and 210. Such a
set of reflections may indicate a virtually one-
dimensional arrangement of polymer fibers
parallel to each other with a relatively arbitrary
radial rotation. The reflection indices 002 and
231 are characteristic of NCC powder, which is
confirmed by the electronogram data (Fig. 3b).

4. Conclusion

The microrelief of the surface of the modified
UF resin/MWCN binder cured on an active
substrate is characterized by the presence of
uniformly distributed MWCN nanoclusions
measuring 50 nm — 1 pm. The microrelief of
the resin surface modified by NCC shows the
presence of evenly distributed nanocellulose
inclusions measuring 70 nm — 2 ym. The sets of
reflections observed on the electronograms of the
nanomodifiers correspond to the MWCN and NCC.

144

The data of X-ray diffractometry of unmodified
resinindicate a low degree of its crystallinity. The
modification of the binder of both MWCN and
NCC is accompanied by an increase in the degree
of crystallinity of the polymer. The crystallite
size of the resin without filler is 10 nm; the resin
modified with nanocellulose is 15 nm; the resin
nanomodified with MWCN is 18 nm. An increase
in the size of the crystallites in the resin can lead
to an increase in its density, strength, hardness
of the material and chemical resistance.

The most probable type of UF resin lattice is a
primitive cubic one with parameter a = 0.840 nm.
The cubic lattice constant of the resin with MWCN
and NCC is 0.844 and 0.842 nm, respectively, i.e.
there is a weakly pronounced increase in the
volume of the unit cell of the UF resin modified
with MWCN.

Thus, the atomic force microscopy data allow
us to conclude that the reinforcing components
(MWCN, NCC) are evenly distributed in the
polymer matrix. The AFM data on the morphology
of the surface of composites with NCC obviously
correlate with the XRD data: according to
the first method, morphological signs of the
presence of fibers are observed, according to
the second, signs of the NCC crystal lattice. For
MWCN, AFM morphology data correlate with
electronography data. Electronography confirms
that the reinforcing material has a crystalline
structure of MWCN. And AFM reveals the
presence of inclusions with other elastic-plastic
properties in the polymer. Taken together, both
methods indicate that the inclusions in the matrix
are precisely the MWCN. X-ray diffractometry
proved to be insensitive in the case of MWCN.
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