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Abstract: This paper presents the results of a study of the properties of a new composite material
made from poly(vinyl chloride) plastisol (PVC) and conifer-derived wood flour. The material can
be used for thermal insulation, floor coverings with high resistance to mechanical trauma, and
protective coatings. The plastisol was made from emulsion poly(vinyl chloride), the plasticiser was
bis(2-ethylhexyl) adipate, and the stabiliser was octyltin mercapeptide. Two types of flour were used:
fine-grained and coarse-grained. Its properties, such as bulk density, oil number, and plasticiser
number, were determined. The polymer-wood composite contained 20 or 30 wt.% wood flour in PVC.
Plastisol was obtained by repeated mixing, mashing, and venting under vacuum. The produced
composite material was gelated at temperatures of 130, 150, and 170 °C. The gelation process of the
composites was studied in a Brabender apparatus. Samples in the form of polymer films were used
to study density, hardness, thermal stability, and mechanical and thermomechanical properties. The
structure of the composites was observed by scanning electron microscopy (SEM). A summary of all
test results showed that composite films made from PVC plastisol with 20 wt.% of fine wood flour
gelled at 150 °C had the most favourable physical, mechanical, and thermal properties.

Keywords: poly(vinyl chloride) plastisol; wood flour; polymer-wood composite film

1. Introduction

The manufacture of polymer products using raw materials of natural origin is of
great economic and environmental importance. One of these is polymer-wood composites,
widely used as carpets, flooring, and building materials. They include fillers in the form
of flour or wood fibres and other modifiers of processing and performance properties [1].
Polymer-wood composites can be produced from a variety of polymers and by a number
of processing techniques. Their unquestionable advantage is the unique combination of
characteristics of the different components [2].

Various traditional thermoplastics such as polythene, polypropylene, acrylonitrile-
butadiene-styrene copolymers, polyamide, polystyrene, poly(methyl methacrylate),
poly(vinyl acetate), and polycarbonate were used as matrixes of polymer-wood com-
posites [3-10]. These materials were also manufactured using thermosetting plastics like
epoxy, polyurethane, and phenolic resin [11-16]. Fibre, wood chips, sawdust, and wood
flour were used as fillers [3,4,8,9,11]. The wood material came from both deciduous and
coniferous trees [6,15-17]. Fillers were used in their original form and after preliminary
modification, which may include the removal of lignin, coating with magnetic particles,
attachment of epoxy and methacrylate groups, and even modifications using ionising radi-
ation [4,5,7,11,13,14]. The main characteristics of the composites, regardless of the matrix
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used and the form of plant filler, include an increase in biodegradability relative to the ma-
trix and a decrease in absorbability relative to the wood material [4-6,10]. Improvements
in mechanical and thermomechanical properties (increases in flexural strength, tensile
strength, and Young’s modulus) were also often observed relative to unmodified plastics,
as well as a higher ductility index relative to plywood or particleboard materials [3,9,12-15].

Increasingly, biodegradable and biocompostable plastics are being used as the matrix
for polymer-wood composites. Polylactide matrix materials showed excellent biodegrad-
ability under composting conditions [17]. A very interesting material in the form of a
film was also made from nanoparticles of softwood lignin and poly (butylene succinate).
These nanocomposites were characterised by a better tensile modulus, higher water vapour
permeability, and the ability to protect against UV radiation [18]. The core-shell material
made of graphene-coated wood fibre also had interesting properties. The biocomposite
created had high thermal conductivity, comparable with that of some metals [19].

In the literature, the broad group of wood-filled composites also includes PVC-based
materials. These materials are characterised by high stiffness, good weather resistance,
and high chemical resistance. The high chemical and environmental stability of poly(vinyl
chloride)-based composites makes them more resistant than polyolefin-based compos-
ites [20,21]. In addition, chemical treatment of wood prior to the incorporation of the
polymer into the matrix has been shown to have a beneficial effect on improving the
mechanical properties of the matrix [22]. Treatment with an oligomeric amino-alkyl silox-
ane and melamine, as well as acetylation of wood flour composites, led to a reduction in
equilibrium water absorption and a decrease in the rate of water absorption. However,
tensile strength, elongation at break, and impact strength were significantly improved after
aminosilane treatment [23]. In addition, PVC-based composites, unlike other thermoplas-
tics, are fire-resistant materials [24]. Due to their high level of fire resistance and relatively
low cost, polyvinyl chloride-based wood composites are used as window /door profiles,
decking, balustrades, siding, and interior building materials [20,24]. Despite many studies
on polymer-wood composites, also using poly(vinyl chloride) as a matrix, there are not
many studies on PVC plastisol-based materials with natural origin filler [25-28]. None of
the available studies dealt with conifer-derived flour.

Plastisols, also known as pastes, are obtained by mixing emulsion poly(vinyl chloride)
with plasticisers, UV and thermal stabilisers, pigments, and other additives. They are
among the modern coating materials used in the chemical, engineering, food, and phar-
maceutical industries, etc. They protect the surfaces of reactors, mixers, pipelines, valves,
pumps, and many other apparatuses and devices. The coatings produced are characterised
by high resistance to aggressive chemical environments and mechanical damage. Depend-
ing on the composition, they are applied using dip, roller, or hydrodynamic spraying
techniques. The finishing operation of the technological process of creating protective
coatings is the gelation of the plastisol composition at high temperatures [29,30].

The research undertaken in this work was aimed at manufacturing and testing a new
composite material with potential use as an independent structural component, cladding,
and protective coating. The research was also aimed at demonstrating the versatile prop-
erties of the developed material, consisting of PVC plastisol and wood flour. A plastisol
consisting of PVC emulsion type Vinnolit E-2059, with bis(2-ethylhexyl) adipate as plasti-
ciser and MARK-17 MOK as stabiliser, was used for the study. The wood flours (Lignocel
C120, Lignocel 9) were derived from coniferous trees. The research consisted of determin-
ing the gelation process of the PVC plastisol-wood flour composite and determining the
parameters for forming the film from it using the pressing method, as well as examining
the properties of the material produced. The physical, physico-mechanical, and thermo-
mechanical properties as well as the structure of the films produced from the polymer-wood
composite were determined.
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2. Materials and Methods
2.1. Materials

The polymer used to produce plastisol was an emulsion poly(vinyl chloride) with
paste-forming properties called Vinnolit E-2059, for which the K number was 59, the
reduced viscosity was 86.0 cm3 g1, and the density was 0.520 g cm 3. The manufacturer
of the PVC was Vinnolit GmbH Co. KG, Carl-Zeiss-Ring 25, Ismaning, Germany. The
plasticiser of the plastisol was bis(2-ethylhexyl) adipate named Ergoplast ADO, with a
molecular weight of 370 g mol~?, a density of 0.924 g cm~3, and a viscosity of 13 mPas.
The producer of the plasticiser was Boryszew S.A., Boryszew ERG Sochaczew Branch,
Sochaczew, Poland. The thermal stabiliser was octyl mercapeptide with the symbol MARK-
17 MOK, produced by Galata Chemicals GmbH, Lampertheim, Germany. Two types of
coniferous wood flour, called Lignocel C120 and Lignocel 9, were used in the tests. The
fine-grained wood flour was Lignocel C120. The average size of 90 wt.% of the particles
in this meal ranged from 0.07 to 0.15 mm, and its bulk density, determined according to
the EN ISO 60 standard, was 0.18 g cm 3 [31]. The oil number and plasticiser number
determined according to the PN-EN ISO 787-5:1999 standard were 3.8 cm? per 100 g and
3.45 cm?® per 100 g, respectively [32]. The average particle size of Lignocel 9 coarse flour
ranged from 0.80 to 1.10 mm and was irregular in shape. The bulk density was 0.11 g
cm 3, the oil number was 6.0 cm® per 100 g, and the plasticiser number was 5.76 cm® per
100 g. The manufacturers of the wood flour were J. Rettenmaier and Sshne GmbH Co. KG,
Rosenberg, Germany:.

2.2. Methods
2.2.1. Preparation of PVC Plastisol

The plastisol consisted of 900 g of powdered PVC polymer, 1080 g of ADO plasticiser,
and 18 g of MARK-17 MOK stabiliser. All the weighed plastisol ingredients were placed in a
mortar. The plastisol was mixed for approximately 8 h a day, with approximately 15 min of
breaks after each hour of grinding. The plastisol was kept under vacuum for the remainder
of the day. Degassing of the plastisol was carried out at rest in a HZV vacuum dryer at
6.5 hPa and 22 °C. The plastisol was used for testing 30 days after the grinding and de-
aeration cycles. Plastisol samples were homogeneous, did not delaminate, and contained
no precipitates. The exact method of plastisol production is given in monographs [33,34].

2.2.2. Gelation Tests of Plastisol PVC and Its Composites with Wood Flour

A Brabender plastigraphometer (Plasti-Corder PI 2200-3, Brabender GmbH & Co. KG,
Duisburg, Germany) was used to evaluate the processing properties of PVC plastisol and
plastisol-wood flour composites. The instrument was equipped with a thermostated mixing
chamber and two sigma-type rotors. The free volume of the chamber was approximately
52 cm3. The rotors rotated in opposite directions with a rotor speed ratio of 3:2. At the
top, the chamber was connected to a loading hopper enclosed by a flat mandrel. The test
consisted of measuring the torque of the rotors as a function of the temperature in the mixer
chamber. A constant rotor speed of 30 rpm was used and the same temperature increase
of 5 °C min~!. The mixing resistance was measured dynamometrically on the shaft of the
motor turning the rotors and recorded using a computer. The test results were presented as
the relationship between torque change and temperature. Origin 8.6 Pro software was used
to present the test results.

2.2.3. Preparation of PVC Plastisol Films and Their Composites with Wood Flour

The dried wood flour (24 h, 80 °C) was introduced into the plastisol at 20 or 30 wt.%.
Preparation of the composite consisted of weighing out samples consisting of 40 g plastisol
in porcelain mortar and adding 10 g dried wood flour to it, or weighing out 35 g plastisol
and adding 15 g dried wood flour. The contents were mixed thoroughly and milled for
15 min until a homogeneous material was obtained. The resulting compositions were
placed in a pressing mould with external dimensions of 150 x 150 mm, internal dimensions
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of 120 x 120 mm, and a thickness of 2 mm. The sample was placed in a hydraulic press
for gelling. The gelling process consisted of compressing the sample at a pressure of 5 bar
and maintaining it for 3 min, and then increasing the pressure to 50 bar and maintaining
it for 3 min. Once gelation was complete, the pressure was released, and the sample was
removed from the hydraulic press and cooled. Gelation of plastisols and wood-polymer
composites was carried out at temperatures of 130, 150, and 170 °C. In this way, films were
obtained, from which samples were made for further testing.

2.2.4. Methods of Testing the Properties of Plastisol and Composites

The density of films obtained by gelation of PVC plastisol at different temperatures and
of films that are polymer-wood composites was determined using the pycnometric method
with the Pycnomatic ATC device from Thermo Fisher Scientific, Waltham, MA, USA.
Helium was used because helium atoms have very small dimensions and can penetrate
even the very small pores of the material under test. This made it possible to determine the
actual volume occupied by the test sample. The ratio of the dry mass of the sample to its
actual volume represented the density of the material. The measurement method was in
accordance with EN ISO 1183-3 [35].

The hardness of plastisol films or their composites with wood flour was measured
using a Shore A instrument (Zwick Roell, Ulm, Germany) and in accordance with PN EN
868-2003 [36]. The test samples were 4 mm thick. The device was calibrated after each
measurement. The hardness of the material was measured after 15 s.

The surface of the samples was studied using a Zeiss Crossbeam 350 scanning electron
microscope (SEM) (Zeiss GmbH, Oberkochen, Germany). Cryogenic fracture of the com-
posite specimens was achieved by cooling them in liquid nitrogen and then fracturing them.
Breakages with a sputtered gold layer were observed. The detailed method of sample
preparation for microscopy and photography is described in [37].

Thermomechanical tests were carried out using a Hoppler consistometer manufac-
tured by VEB MLW Prtifgerate-Werk Medingen/Sitz, Freital, Germany [38,39]. The total
load on the film sample was 494 g. The measurement was carried out in the temperature
range of 20 to 115 °C. The temperature rise rate was approximately 2.0 °C min~!. The
results are presented as the temperature dependence of the deformation of the membrane
sample under load. Excel was used to describe the relationships obtained.

Testing of the mechanical properties in static tension was carried out on an Instron
5966 testing machine at a tensile speed of 30 mm min~!. The specimens were strip-shaped.
For the strength tests, strips measuring 110 x 10 mm and 100 mm in length were cut from
the composite membranes. Tensile strength and elongation at break were determined [30].

Measurements to determine the elastic modulus (E’), the modulus of loss (E”), and
the mechanical loss factor (tan 5) were carried out using a Netzsch DMA 242D analyser
(NETZSCH, Selb, Germany) equipped with a three-point bending apparatus with 20 mm
support spacing. A 40 x 5 x 2.5 mm specimen was deformed with a deflection arrow
of 20 pm at 1 Hz over a temperature range of —175 °C to 115 °C. The heating rate was
3 °C min~! [40,41].

Thermogravimetric analyses of plastisol film samples and their composites with wood
flour were carried out using Netzsch’s TG 209 F3 Tarsus apparatus. Measurements were
made in nitrogen in the temperature range 30-900 °C with a change rate of 10 °C min 1.
Samples of approximately 10 mg were used. The TGA test for each type of material was
repeated twice. The initial decomposition temperatures, the temperature corresponding
to the first or second decomposition maximum, the inflection temperature corresponding
to the maximum decomposition rate, and the final decomposition temperatures were
determined. The temperature values were determined as the extrapolated temperature of
the beginning of the transformation, i.e., as the point of intersection of the extrapolated
baseline and the tangent of inflection on the TGA and DTG lines. Netzsch Proteus-Thermal
Analysis (Version 4.8.5), dedicated to the TGA instrument, was used to determine these
values. The weight losses of the tested samples during the first and second stages of



Coatings 2023, 13, 1892

50f19

decomposition were determined. The monographs [41-43] were used to interpret the
results obtained.

3. Results

Gelation tests of plastisol and its compositions with wood flour were carried out
using a Brabender plastographometer. Plastisol or its compositions were placed in a
kneading chamber. Figure 1 shows the temperature dependence of the torque measured
in the chamber for PVC plastisol and its composition with wood flour. The course of
plasticization and gelation phenomena was undoubtedly influenced by the properties of
the polymers, plasticisers, and additives introduced. The change in viscosity of plastisol
or its composite with wood flour during gelation led to an increase in the drag force of
the material studied in the kneading chamber. The tests carried out made it possible to
derive an equation describing the course of gelation as well as to determine the temperature
at which the torque reached its maximum value. The equation describing the course of
gelation was as follows:

M=-aT?*+bT—q, 1)

where M is the torque expressed in Nm and T is the temperature measured in the chamber
in °C.

N
A . \
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Figure 1. Gelation curves of PVC plastisol and wood flour composites shown as torque-temperature
relationships: 1—PVC plastisol, 2—PVC plastisol composite with 20 wt.% Lignocel C120, 3—PVC
plastisol composite with 30.0 wt.% Lignocel C120, 4—PVC plastisol composite with 20 wt.% Lignocel 9,
and 5—PVC plastisol composite with 30 wt.% Lignocel 9.

Table 1 presents the values of the constants appearing in Equation (1) and the gelation
temperature at the maximum torque value. Based on the obtained values, it is seen that
PVC plastisol had the lowest resistance during gelation. The introduction of wood flour
into PVC resulted in an increase in torque. It can be concluded that torque increases when
the plastisol contains a higher wood flour content with larger filler particle sizes. The
gelation curves of plastisol and its composites with wood flour, seen in Figure 1, have
the shape of an inverted parabola, indicating that during the gelation process there is a
temperature at which the torque reaches a maximum value and then its value decreases. An
analysis of the values in Table 1 shows that the introduction of wood flour into the plastisol
resulted in a decrease in the gelation temperature of the composite and, at the same time,
a significant increase in torque. The shape of the gelation curves is also described by the
parameters given in Table 1. In the case of plastisol and plastisol composites with very fine
Lignocel C120 flour, an inverted, slightly convex parabola was obtained during the gelation
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process. However, the use of Lignocel 9 flour with a much larger particle size to prepare the
composites resulted in a significant increase in the convexity of the gelation curves. These
observations confirmed the higher values of the constants describing the gelation processes
of the composites. This is related to the increase in viscosity of the material in the kneading
chamber. This was undoubtedly due to the large wood flour particles in the composite and
their irregular shape, which made it difficult to mix and knead the material.

Table 1. Values of the constants in Equation (1) describing the gelation process of PVC plastisol and
its composites with wood flour.

Parameters of

Plastisol, a Type Filler . Maximum Temperature at
of Wood Flour Content, Equation (1) Torque, Maximum
wt.% a b c Nm Torque, °C
Plastisol 0.0 0.002 0.67 46.25 1.27 143.0
. 20.0 0.003 0.86 57.92 2.62 141.0
Lignocel €120 30.0 0004 122 79.00 431 132.0
Lignocel 9 20.0 0.003 0.74 44.68 5.03 138.0
& 30.0 0008 219 14235 8.67 138.0

Compression moulding at different temperatures of PVC plastisol and its composites
with wood flour yielded films in the form of sheets, from which samples were cut for
further testing. The primary measurement was the determination of their density. Table 2
shows the results of the tests carried out. Obtained data show that the density of films made
from plastisol alone is not affected by their gelation temperature. Plastisol composites with
wood flour behave similarly. The slight differences in the density values of the composites
depending on the gelation temperature may be due to the uneven distribution of the meal
particles in the plastisol due to their irregular shape and size. The plastisol may also
have been absorbed by the porous surface of the flour particles. The composites have a
higher density compared with unfilled plastisol, which is due to the higher density of the
wood pulp than the matrix. This also demonstrates that the porous structure of the wood
is partially infiltrated with plastisol. Composites made with Lignocel C120 flour had a
slightly higher density than composites made with Lignocel 9. This is due to the fact that
the smaller particles have a more developed surface area, which makes it easier for the
plastisol to access the interior of the porous structure.

Table 2. Results of tests on the density of PVC plastisol films and wood flour composites as a function
of the gelation temperature.

Plastisol, a Type  Filler Content, Density of PVC and Wood Flour Composites, gcm—3

of Wood Flour wt.% 130 °C 150 °C 170 °C
Plastisol 0.0 1.100 1.100 1.100
. 20.0 1.168 1.151 1.158
Lignocel €120 30.0 1.189 1.174 1.185
Lionocel 9 20.0 1.154 1.131 1.166
& 30.0 1.162 1.161 1.184

Table 3 shows the results of the hardness test. The film hardness tests show that a
higher gelation temperature increases the hardness. The use of a wood flour filler resulted
in a significant increase in the hardness of the material produced. The hardness of the
composites also increases with increasing gelation temperatures. Composites containing
Lignocel 9 meal with much larger filler particle sizes showed higher hardness. In this case,
it was most likely also related to the structure of the composite film, which was significantly
influenced by the size and hardness of the flour particles. The hardness test is a spot test,
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and the large filler particles have a greater influence on the transmission and dissipation of
stresses arising during this determination.

Table 3. Shore hardness (°Sh) test results as a function of gelation temperature.

Plastisol, a Type of Filler Content, Hardness of PVC-Wood Composites, °Sh

Wood Flour wt.% 130 °C 150 °C 170 °C
Plastisol 0.0 10.5 36.0 39.0
e nonu
Lignocel 9 20.0 64.0 78.0 84.0
30.0 78.0 80.0 85.0

Figure 2 shows the results of SEM images of cryogenic cracking of PVC plastisol film
samples and their composites with wood flour. The plastisol film sample was marked
A, the composite film samples with wood flour (Lignocel 9) were marked B and C, and
the wood flour composite film samples (Lignocel C120) were marked D, E, and F. The
composites and PVC plastisol were gel-coated at 150 °C. Figure 2A shows that the PVC
plastisol film was very homogeneous. This confirms the well-prepared methodology for
obtaining the plastisol. Images B and C show the composite film containing 30 and 20 wt.%
Lignocel 9. Large fragments of wood flour particles are clearly visible in these photos. These
are probably agglomerates composed of individual filler particles. However, in images D
and E showing plastisol composite films with 30 and 20 wt.% Lignocel C120 meal, Lignocel
C120 has a distinct, fine-grained structure consisting of individual particles. The particles
of this wood flour were very fine and small. In Figure 2F, the individual flour particles
embedded in the plasitisol are clearly visible. It can also be said that they are more or less
similar in shape and dimensions. In the case of composites containing 20 wt.% filler, small
pores are also visible in the interfacial space. These were formed as a result of processing
with a filler with a porous structure. The gases in the filler may have penetrated from the
wood pores into the plastisol as a result of heating. Due to their high viscosity, they could
not be completely removed from the composite. On the basis of density studies, partial
filtration of the filler with plastisol was assumed, so despite the observed pores, areas of
good adhesion of the polymer matrix to the filler are visible. These observations provide
valuable technological guidance. In future composite formulations, it is worth evaluating
the effect of additional vacuum degassing of the plastisol with the already mixed filler on
the properties and structure of the materials obtained.

Figure 2. SEM images of cross-sections of the samples: (A)—PVC plastisol, (B)—PVC composite with
30% wt. Lignocel 9, (C)—PVC composite with 20% wt. Lignocel 9, (D)—PVC composite with 30% wt.
Lignocel C120, (E)—PVC composite with 20% wt. Lignocel C120, and (F)—PVC composite with 20%
wt. Lignocel C120 at higher magnification.
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The curves in Figure 3 can be described by a general equation of the form:

D=dT? +eT +f

@)

where D is the strain in um and T is the temperature in °C. Table 4 below shows the values
of the calculated constants appearing in Equation (2).
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Figure 3. Temperature dependence of strain for PVC plastisol films and wood flour composites:
1, 2, 3—plastisol films gelled at 130, 150, and 170 °C; 4, 5, 6—films containing 20 wt.%. Lignocel C120
gelled at 130, 150, and 170 °C; 7, 8, 9—films containing 30% wt. Lignocel C120 gelled at 130, 150,
and 170 °C; 10, 11, 12—films containing 20 wt.%. Lignocel 9 gelled at 130, 150, 170 °C; and 13, 14,
15—films containing 30 wt.% Lignocel 9 gelled at 130, 150, and 170 °C.

Table 4. Constant Equation (2) describing the temperature dependence of strain measurement and
gelation of polymer-wood composites.

d, e, f Parameter Values of Polymer-Wood Composites (from Equation (2))

Plastisol, a Type Filler Content, 130 °C 150 °C 170 °C
of Wood Flour wt.%
d e f d e f d e f

Plastisol 0.0 -1.22 31.7 —67.3 —0.47 20.0 —51.5 —0.14 14.6 —46.6
Lienocel C120 20.0 0.54 —7.61 26.8 1.67 —11.6 17.05 1.93 —10.8 5.60
& 30.0 1.12 —6.57 9.73 1.65 —14.0 23.25 1.68 —14.0 214

Lienocel 9 20.0 0.49 8.87 —22.4 0.91 —4.43 2.03 0.31 494 -12.0
& 30.0 0.47 0.26 —2.25 0.03 20.3 —60.5 0.85 6.63 9.56

From the data presented in Table 4, it can be seen that, in the case of PVC plastisol films,
a relationship in the form of a parabola fragment description was obtained. The moment of
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initiation of deformation in the sample was very significant and depended on the gelation
temperature of the plastisol. For films gelled at 130 °C, the onset of deformation occurred
above 30 °C. However, when the plastisol was gelled at 150 °C, deformation started at 39 °C.
Films obtained from plastisol gelled at 170 °C deform at temperatures above 45 °C. This is
evidenced by the increasing values of the constants d and f shown in Table 4. In contrast,
the decreasing value of the constant e indicated a slight decrease in deformation of the
gelled films at higher temperatures. Most likely, the value of this constant was influenced
by the higher hardness of their films found earlier (Table 3). Analysing the values of
the constants given in Table 4, it can be seen that a significant reduction in deformation
was observed for membranes containing 20 wt.% Lignocel C120 flour and membranes
containing 30 wt.% Lignocel 9 flour. The reduction in deformation was greater the higher the
gelation temperature and the higher the flour content of the composite. When investigating
the dependence of deformation on gelation temperature, composites containing Lignocel 9
showed very little change. Analysis of all thermomechanical test results showed that
the optimum gelation temperature for plastisol and wood flour composites could be
determined. Undoubtedly, this was 150 °C; further increases in gelation temperature did
not result in significant changes in thermomechanical properties.

Under operating conditions, products made of wood-polymer composites can be
subjected to significant mechanical impacts. Therefore, the rupture of the material can be
characterised by determining the values of the tensile strength at break and its relative elon-
gation. Figure 4 shows the values of the tensile breaking strength and relative elongation
for plastisol and its wood flour composites.
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Figure 4. Tensile strength at break and relative elongation for PVC plastisol and composites (depend-
ing on filler content) gelled at different temperatures. (A,C)—composites with Lignocel C120 flour;
(B,D)—composites with Lignocel 9 flour.
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The data presented in Figure 4 demonstrate that PVC plastisol films had the highest
values for tensile strength and relative elongation. Their strength and relative elongation
increased with increasing gelation temperatures. The polymer-wood composites showed
lower tensile strength and relative elongation. The study showed that composites contain-
ing 20 wt.% Lignocel C120 flour had the best strength properties. Lower property values
were recorded for composites containing Lignocel 9 flour, with failure at very low values of
stress and relative elongation. The lower values of mechanical properties (elongation at
break and tensile strength) of plastisol with wood flour compared with plastisol without
filler are due to insufficient adhesion at the interface and thus limited load transfer capacity
between the polymer matrix and filler. In addition, as confirmed by SEM studies, the for-
mation of discontinuities in the polymer matrix is possible. Their formation is related to the
escape of gases contained in the porous structure of the wood filler. The use of larger filler
particles results in a significant reduction in strength and elongation at break compared
with composites with a finer meal. On the basis of the tests carried out, the most favourable
mechanical properties of films gelled at 150 °C and 170 °C were confirmed, which resulted
from the formation of a suitable gelled structure of the polymer matrix. The use of a lower
gelation temperature resulted in the lack of the formation of an interpenetrating gelled PVC
structure, which affected the mechanical properties. The significant reduction in tensile
strength may create some application limitations for the composites tested. Nevertheless,
this does not disqualify the use of wood flour as an inactive filler in thick film materials as
a base layer.

The service conditions of products made from polymer-wood composites depend
largely on the type of polymer used. Plasticized polymer materials in a highly elastic state
exhibit viscoelastic deformations, determined by the storage modulus and loss modulus,
as well as the mechanical loss factor. Dynamic mechanical analysis has made it possible
to determine the change in material properties as a function of temperature and strain
frequency. Figure 5A-C shows the temperature dependence of the discussed storage
modulus and mechanical loss factor at constant strain frequency for plastisol films and
their composites with wood flour. Table 5 shows the results of calculating the values of
the conservative and loss moduli and the tangent of mechanical loss for plastisol and its
composites with wood flour.
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Figure 5. Temperature dependence of storage modulus (A), loss modulus (B), and mechanical
loss tangent (C): 1—plastisol film; 2—plastisol film with the addition of 20 wt.% of Lignocel C120;
3—plastisol film with an addition of 20 wt.%; the films were gelled at 150 °C.
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Table 5. Values of storage modulus, loss modulus loss, and tangent of mechanical loss of plastisol
films and wood flour composites. Gel. T—gelation temperature.

Mechanical
Pl;stisolé a Fillex GelT, Storage Module Loss Module Loss Tangent
ype o wt 0/ OC ! — / — ! — 1!
/o E x 103 E x 103 E x 103 E’ x
Wood Flour ° o o o o
¢ "mpa TC Mpa L°c MPa € qo3mpa TC tan?d
130 —100.3 4.0 —87.7 2.0 —73.9 0 —88.5 0.54 —60.4 0.67
Plastisol 0 150 —102.4 3.6 —88.8 1.8 —74.6 0 —88.4 0.47 —63.9 0.65
170 —103.9 4.1 —89.9 2.0 —75.4 0 —-90.1 0.56 —64.9 0.64
130 —98.9 5.0 —83.7 2.6 —66.5 0.1 —84.7 0.70 —55.0 0.58
20.0 150 —99.6 5.2 —85.2 2.8 —68.4 0.1 —84.3 0.61 —57.1 0.52
Lignocel 170 —102.6 5.8 —87.1 3.2 —69.3 0.1 —87.6 0.75 —58.2 0.51
C120 130 1020 64 847 34 —65.2 0.2 —58.1 0.75 551 042
30.0 150 —101.3 6.2 —85.2 3.4 —66.3 0.2 —86.5 0.82 —56.2 0.43
170 —102.1 5.8 —86.7 3.2 —67.3 0.2 —88.0 0.73 —57.7 0.42
130 —100.1 3.8 —84.8 2.0 —65.9 0.1 —86.1 0.47 —53.0 0.49
20.0 150 —102.4 3.4 —84.2 19 —63.4 0.1 —83.3 0.37 —51.2 0.38
Lignocel 9 170 —101.5 4.0 —84.8 2.2 —63.2 0.2 —86.5 0.49 —51.1 0.38
130 —98.3 2.8 —81.0 15 —61.6 0.1 —83.4 0.34 —51.4 0.38
30.0 150 —97.8 3.7 —80.5 2.0 —60.9 0.1 —82.8 0.47 —51.8 0.38
170 —98.9 3.3 —82.0 2.0 —57.4 0.1 —82.3 0.37 —44.7 0.34

Previously presented studies have shown that during the gelation of plastisol in the
film, a network consisting of physically interconnected polymer chains was formed, the
density of which depended on the gelation temperature [27,28]. The solvation ability of the
plasticiser to penetrate deep into the polymer grain and cause swelling and plasticization
also played an important role in its formation. In the case of plastisol composites with
Lignocel C120 flour, it can be seen that the initial temperature and the corresponding value
of the retaining modulus decreased slightly with increasing gelation temperature. The
same relationship can be observed when considering the maximum inflection temperature
and the final temperature of the elastic modulus. A higher amount of wood flour in the
composite resulted in a greater reduction in the initial temperature and an increase in
the corresponding value of the elastic modulus. However, the increased amount in the
composite had virtually no effect on the values of the inflection temperature and only
slightly increased the final temperatures, suggesting that there was no change in the glass
transition temperature of the matrix caused by the presence of the filler (the filler did not
affect the segmentation movements of the macromolecules during glass transition and did
not increase the glass transition temperature). Consequently, the corresponding values of
the storage moduli were slightly increased. In the case of the loss moduli, the maximum
temperature hardly depended on the amount of wood flour in the composite, and their
value was higher for systems containing a higher amount of wood flour. The mechanical
loss tangent also had a lower value for composites containing a higher amount of wood
flour. Tests on composites containing Lignocel 9 meal showed that in many cases, the
results obtained were the same or very similar to those for composites with Lignocel C120
meal. In general, it can be concluded that higher values of elastic modulus are found for
composites with Lignocel C120 flour. Tests showed that the elastic properties associated
with the energy released during each deformation cycle of the composite film sample
outperformed their viscous properties, which were a measure of dissipated and irreversibly
lost energy. In this aspect, composites containing Lignocel C120 flour had significantly
more favourable properties.

Thermogravimetric analysis (TGA) was used to determine the thermal stability of
the materials used to make plastisol and composites, as well as the finished films ob-
tained from plastisol and its composites with wood flour. Figure 6A,B show examples
of the transformation curves that plastisol film samples and their composites underwent
during heating.
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Figure 6. (A) Thermogravimetric curves of mass changes of plastisol films and their composites with

wood flour gelled at 150 °C. (B) Differential thermogravimetric curves of mass changes of plastisol films

and their composites with wood flour gelled at 150 °C: 1—plastisol PVC, 2—plastisol composite with

20 wt.%. Lignocel C120, 3—plastisol composite with 20 wt.% Lignocel 9. Tp—initial decomposition

temperature, Tr,—inflection temperature, the highest decomposition rate, and Ty—final temperature.

Tables 6-10 show the thermogravimetric results of the changes undergone by the
starting materials and composites during the first and second stages of their thermal
decomposition, as well as the temperatures corresponding to the changes in their mass. The
data presented in Table 6 reveal that only PVC powder undergoes thermal decomposition
in two stages. The first stage is in the range of approx. 260-332 °C, with a maximum
temperature of approx. 300 °C. The first stage is associated with the dechlorination of
the PVC macromolecules and the release of HCl gas. The second stage in the range
422-477 °C, with a maximum at 438 °C, is the stage of further decomposition of the resulting
polythene cross-linked structure and the formation of residual carbon (residual charcoal).
The temperature stability range of the plasticiser is similar to that of PVC, but decomposition
occurs in a single step in the temperature range of 240-280 °C. Decomposition of the wood
fillers also occurred in a single step in the temperature range of 318-380 °C.

Table 6. Transformation temperature values for the first and second stages of decomposition of the
starting materials, where Tp—initial decomposition temperature, Tm—inflection temperature, the
highest decomposition rate, and Ty—final temperature.

. First Stage of Thermal Decomposition Second Stage of Thermal Decomposition
Material 1.°C Tm,°C Tm1,°C T, °C  Tpp,°C  Tpy,°C Ty, °C T, °C Ty, °C
PVC powder 267.6 300.9 - 298.6 332.7 422.0 4423 438.1 477.5
Dioctyl adipate (ADO) 240.6 - 261-276 278.9 278.9 - - - -
Lig‘f;gel 317.8 363.5 - 363.5 377.8 - - - -
Lignocel 9 318.6 363.0 - 360.8 379.9 - - - -

Table 7 presents the change in weight of the materials as a function of temperature.
The temperature at which 5% sample weight loss occurs was used to assess thermal stability.
From the analysis of the results, it can be concluded that PVC powder decomposed the
fastest, as evidenced by the lowest temperature value of Tse,. The maximum decomposition
temperatures of the starting materials at half the sample weight loss were about 320 °C for
PVC and about 360 °C for wood flour. These results indicate that the temperature conditions
used for plastisol production should not cause thermal degradation of the materials. The
results of the plastisol films and their composites with wood flour, depending on the type,
amount, and gelation temperature, are shown in Tables 8-10.
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Table 7. Values of temperature and percentage change in the mass of the starting materials.
T1o,—mass loss temperature by 1%, Ts¢,—mass loss temperature by 5%, Tspy,—mass loss tem-
perature by 50%, Stage I—mass change in the first stage of decomposition, and Stage II—mass change
in the second stage of decomposition.

Material Ty, °C Tse,, °C Tsg2, °C Stage I, wt.% Stage II, wt.%
PVC powder 52.9 251.2 324.3 61.2 26.5
Lignocel C120 234.0 271.5 356.5 74.5 -

Lignocel 9 231.9 276.6 359.7 74.3 -

Analysis of the test results presented in Table 8 shows that in the first stage of thermal
decomposition of the composites, their initial decomposition temperature was significantly
lower than the initial decomposition temperature of the plastisol itself. The higher gelation
temperature and the higher wood flour content in the composite increased the initial
decomposition temperature. When Lignocel C120 meal was used to prepare the composite,
slightly higher values of this temperature were found. The values of the first maximum
temperature corresponded to the decomposition of polyvinyl chloride. In contrast, all
composites showed lower values of this temperature. On this basis, it was concluded that
the wood flour accelerates the thermal decomposition of the polymer, but that the results
obtained for the thermal stability temperature of the composites are much higher than the
temperatures used during material formation. The temperature of the second maximum of
the thermal decomposition of the plastisol or composite was almost constant. However,
the inflection temperature, which corresponded to the highest decomposition rate of the
composite, was important. Analysis of its values showed that both plastisol and composite
decomposed in a similar temperature range. The slight differences may be due to the
inhomogeneity of the composite samples due to their imperfect homogeneity. However, in
general, their final decomposition temperature was higher than that of the plastisol, which
may also be due to the higher decomposition temperature of the wood. Table 9 shows the
results of the thermal transformations occuring in the second decomposition step of the
plastisol and wood flour composites.

Table 8. Values of transformation temperatures in the first stage of decomposition of plastisol films
and their composites with wood flour. Gel. T—gelation temperature, Tp—initial decomposition
temperature, Ty,—inflection temperature, the highest decomposition rate, and Ty—final temperature.

Material Filler, wt.% Gel. T, °C Tp1, °C Tm1, °C Tm1.1, °C T, °C Ty, °C
130 241.7 279.4 284.5 300.1
Plastisol 0 150 241.9 267.8 278.0 267.8 293.9
170 233.1 261.4 263.4 295.8
130 222.5 251.1 290.0 274.3 322.2
20 150 227.2 255.6 291.8 254.8 310.2
Lignocel 170 2245 252.1 292.6 273.2 310.3
C120 130 199.6 271.7 282.7 309.2
30 150 2244 262.5 292.1 254.8 304.4
170 245.6 264.0 293.9 268.4 285.8
130 240.2 248.5 292.5 242.8 246.6
20 150 217.1 256.6 249.5 339.5
170 2224 262.6 256.0 307.9
Lignocel 9
130 217.3 255.0 255.5 308.0
30 150 224.8 262.7 278.0 262.3 299.0
170 223.8 257.7 256.7 305.5

The data presented in Table 9 reveal that the initial decomposition temperature of
the plastisol was higher than that of the composites. The thermal decomposition of the



Coatings 2023, 13, 1892

14 of 19

composites with Lignocel C120 flour started at a slightly higher temperature than that of
the samples with Lignocel 9 flour. In contrast, the maximum decomposition temperature
of the plastisol was also higher than that of the composites. The values for the maximum
decomposition temperatures of the composites ranged from 442 to 450 °C and can be
considered practically similar. However, the inflection temperatures ranged from 432
to 460 °C. The plastisol sample had the highest values. This generally corresponds to
the maximum decomposition temperatures of the materials used in their manufacture.
However, very different values of this temperature were obtained for the composite samples.
This was indicative of the different composition of the products formed in the first stage of
thermal decomposition and undoubtedly influenced the values of the final decomposition
temperature. The tests carried out did not confirm the influence of the gelation temperature
on the thermal decomposition of plastisol and its composition with wood flour. Following

Table 9. Values of transformation temperatures in the second stage of decomposition of plastisol
films and their composites with wood flour. Gel. T—gelation temperature, Tp,—initial decomposition
temperature, Tm—inflection temperature, the highest decomposition rate, and Ty—final temperature.

Material Filler, wt.% Gel. T, °C Tp2, °C T2, °C Tm, °C Ty, °C
130 436.3 458.5 456.5 464.0
Plastisol 0 150 441.6 454.4 4549 470.7
170 417.6 459.0 460.4 486.0
130 393.2 444.0 402.5 415.1
20 150 422.1 443.2 441.8 471.6
170 432.2 442.5 442 .5 457.9
Lignocel C120
130 424.5 442.6 435.6 464.0
30 150 421.4 443.1 4479 468.6
170 430.0 4435 4434 460.1
130 410.6 4442 432.3 478.9
20 150 426.9 447.8 448.7 470.2
170 426.0 446.7 441.1 457.9
Lignocel 9
130 430.3 450.0 448.7 467.8
30 150 443.6 446.6 447.0 451.3
170 417.7 445.6 447.9 474.3

Table 10 shows the temperature values at which there was a constant change in the
mass of the plastisol and composite samples. Considering the obtained results, it can be
concluded that the temperatures corresponding to the one percent weight loss of the sample
have the highest values for plastisol alone. Plastisol composites with wood flour showed
significantly lower values for this temperature. It can be concluded that the temperature is
slightly lower in the presence of coarse-grained Lignocel 9 flour in the composite than in the
presence of fine-grained Lignocel C120 flour. This finding is undoubtedly confirmed by the
temperature values corresponding to a loss of five percent of the sample weight. In this case,
the highest temperatures also occurred during the decomposition of the plastisol itself. The
decomposition temperatures of the plastisol and wood flour composites were significantly
lower. Also, slightly lower temperature values occurred for composites with Lignocel 9
meal than for composites with Lignocel C120 meal. The results of the plastisol samples and
composites with half of their weight loss were interesting. Based on the analysis of the test
results, the temperature corresponding to the decomposition of the plastisol film samples
was lower than for the composites. Therefore, during the thermal decomposition of the
composite samples, reactions may have taken place between their components, resulting in
the formation of products that increase the decomposition temperature. In such cases, the
type of wood flour in the composite did not matter. The gelation temperature of the plastisol
or composite also had no effect on the thermal decomposition process. The decomposition
process resulted in the formation of solid and volatile products that changed the mass of
the plastisol or composite sample. It turned out that the greatest weight loss in the sample
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occurs in the first stage of thermal decomposition. This is when the mass of the plastisol
decreases the most and that of the composites decreases the least. In contrast, in the second
stage of thermal decomposition, the weight loss of the sample was practically the same.
The solid products formed during thermal decomposition made up the residue and took
the form of ash. The least solid products remained after the thermal decomposition of
plastisol. However, there were almost twice as many after the thermal decomposition of
the composite. The gelation temperatures of the plastisol or the composite had no effect on
their amount.

Table 10. Temperature values from a constant change in the mass of plastisol and its composites with
flour. Gel. T—gelation temperature, T19,—mass loss temperature by 1%, Tse,—mass loss temperature
by 5%, T5p9,—mass loss temperature by 50%, Stage I—mass change in the first stage of decomposition,
Stage II—mass change in the second stage of decomposition, and RM—residual mass.

. . Stage I, Stage II, RM at 900
0, [e] o, o o [e] o o
Material Filler, wt.% Gel. T, °C Ty, °C Tse,, °C T, °C wt.% wt.% °C, wt.%
130 190.5 2234 279.5 82.0 11.5 5.7
Plastizol 150 190.5 222.1 278.6 82.0 11.7 5.6
170 187.2 217.6 273.6 81.9 11.7 5.6
130 170.7 209.8 278.8 75.7 12.6 9.8
20.0 150 170.8 214.5 283.6 74.1 11.6 12.2
Lignocel 170 168.4 214.5 283.6 75.5 11.6 11.5
C-120 130 161.6 209.8 280.6 73.1 12.0 13.7
30.0 150 147.4 208.8 279.7 73.2 11.6 13.5
170 171.0 216.5 285.3 72.6 11.4 14.6
130 160.5 205.7 287.5 71.1 12.4 14.8
20.0 150 176.4 212.3 280.6 74.1 12.2 12.5
170 138.9 214.5 283.7 71.7 12.7 13.7
Lignocel 9
130 173.4 209.3 278.7 73.9 12.5 12.2
30.0 150 174.5 211.6 280.1 73.2 12.4 13.1
170 168.7 216.5 283.8 72.0 12.9 13.5

4. Discussion

Today, only a few papers on PVC plastisol composites with fillers of natural origin can
be found in the scientific literature. The paper [25] presents a study of a new composite
material consisting of PVC plastisol plasticized with epoxidized linseed oil and containing
flour obtained from reeds. The composite produced was exposed to UV light. The surface
adhesion of the flour particles to the plastisol was assessed by stereomicroscopy and
scanning microscopy. In turn, cracks appearing in the composite and the dispersion of
the flour particles were measured by SEM microscopy. The tested material was designed
for the construction industry. Another type of composite used lignocellulosic materials
from eucalyptus trees, ground maize cobs, and brewer’s grain. The polymer matrix was
polythene and PVC plastisol. Mechanical properties, hardness, and surface observations of
the produced composites were investigated. In general, a deterioration in the properties of
the composites compared with the pure polymer was found [26]. In a similar study [27],
almond shell flour was used to fill the polymer material. The polymer was thermoplastic
PVC. The tests consisted of revealing cracks on the surface of the composite and analysing
its mechanical properties. A different approach was used to test foams obtained from
PVC plastisol containing epoxidized linseed oil [28]. The foams were studied by infrared
spectroscopy and X-ray diffraction. They were found to have increased crystallinity due
to the natural filler. The materials showed reduced water absorption. In our study, we
showed that the introduction of wood flour into the plastisol resulted in an increase in
the gelation temperature, and this was higher the more flour was in the plastisol. In
addition, larger meal particle diameters in the composite corresponded to a lower gelation
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temperature. The results obtained for changes in torque and mass temperature do not
preclude the processing of the developed compositions. Gelation temperatures in the range
of 130-170 °C did not affect the density of the materials obtained, which depends on the
composition and particle size of the wood filler. The films made from plastisol composites
with Lignocel C120 flour had the highest density. In this case, the small size and developed
surface area of the individual flour particles capable of absorbing plastisol and their close
arrangement in the film were the decisive factors.

The change in hardness of the plastisol films and composites with wood flour added
depended on the gelation temperature, filler content, and particle size. When the largest
particle-size meal was used, the greatest increase in hardness was obtained. This was
undoubtedly related to the physical structure of the meal particles themselves, which were
large and hard.

The SEM results confirmed the heterogeneous structure of composite membranes
containing fillers, especially when using Lignocel 9 flour with much larger dimensions.
The occurrence of clusters of agglomerates of meal particles, irregularly distributed across
the membrane cross-section, can result in a reduction in the mechanical properties of the
material. Therefore, the next step in the planned research work will be to develop a method
to improve the dispersibility of the filler in the polymer matrix, and steps will be taken to
enhance the interactions at the filler-polymer matrix interface.

The results of thermomechanical tests on film samples made from gelled plastisols
or composites showed that the shape of the strain-temperature curve is influenced by a
number of factors. These include the gelation temperature, the amount and type of wood
flour in the composite, the size and surface development of the flour particles, as well as
their distribution in the film and their tendency to form agglomerates. Composites with
Lignocel C120 meal had by far the best visco-elastic and elastic properties.

Strength tests showed significantly lower strength and elongation for the composites
compared with unfilled plastisol. The addition of wood flour significantly reduced the
elastic properties of the composites, which may be due to partial absorption of the plasticiser
by the porous wood structure and insufficient interfacial interactions. The presence of
filler agglomerates, confirmed by SEM imaging, also reduces mechanical properties. It
was also observed that tensile strength and elongation increased with increasing gelation
temperatures. The composites with the highest tensile strength contained 20 wt.% Lignocel
C120 flour and the lowest 30 wt.% Lignocel 9 flour. The lower strength of the composite
membranes was most likely due to insufficient cohesion of the material and poor wetting
of the surface of the wood flour particles by the plastisol.

Studies of the viscoelastic properties of plastisol films and their composites with wood
flour using dynamic mechanical analysis allowed the determination of the conservative
and loss moduli and the tangent of mechanical loss. It turned out that for plastisol films, as
the gelation temperature increases, the initial temperature decreases and the conservative
modulus increases. Thus, the hypothesis of the formation of a physical network in a
material made of polymer chains increasing the amount of accumulated reproducible
elastic energy was confirmed. At the same time, the value of the tangent of mechanical
loss decreased. In the case of plastisol-wood flour composites, the materials containing
Lignocel C120 showed the most favourable elastic properties.

TGA tests showed that the introduction of wood flour into the plastisol and the higher
gelation temperature of the composites formed in the first stage of their decomposition
increased the initial temperature. The composites had lower maximum decomposition
temperatures than the plastisol films. Wood flour accelerated the thermal decomposition of
PVC, but this was much higher than the processing temperatures used for these materials.
The final decomposition temperatures of the composite were always higher than those of the
plastisol. In the second stage of decomposition, the maximum decomposition temperatures
of plastisol were higher than those of composites. This indicated the different composition
of the products formed during their thermal decomposition in the first stage. At this stage,
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the gelation temperature of the plastisol or composites and the amount of wood flour they
contained had no significant effect on the thermal decomposition process.

5. Conclusions

The analysis of the results obtained led to the conclusion that the developed wood-
filled plastisols, after certain modifications, have considerable application potential as
thermal insulation and floor coverings. In addition, they can be used as protective coatings,
especially in multilayer systems, as a primer layer. The use of a wood filler promotes
environmentally friendly trends in technology development, with the external appearance
of the coating imitating wood being an additional advantage. In further research work,
however, we will consider modifications to improve the interactions at the filler-matrix
interface and develop a methodology for more efficient dispersion of the filler in the
polymer matrix.
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