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Halloysite is a filler which may be used to produce composites with thermoplastic polymer matrix.
This work summarized the results of investigations of processing, structural, mechanical, and thermal
properties of the composites with poly(vinyl chloride) (PVC) matrix and raw halloysite (HA) as well
as its calcined product (KHA). The effectiveness of calcination was confirmed with X-ray diffrac-
tion, Fourier-transform infrared spectroscopy, scanning electron microscopy, and nitrogen adsorption
method. The PVC composites with HA as well as KHA were processed in the molten state in the
Brabender mixer chamber. The reduction of gelation time and simultaneous increase in maximum
torque with filler content were found based on the results of plastographometric analysis. SEM images
of PVC/halloysite composites showed a homogeneous distribution of the filler in the polymer ma-
trix. The introduction of halloysite leads to a slight increase in Young’s modulus and tensile strength
compared to neat PVC, where the increase of both parameters is greater when KHA is used. The
incorporation of 1% KHA led to an increase in impact strength, an effect which may be attributed
to toughening of the polymer. A slight improvement of the Vicat softening temperature of 2.7 °C
for PVC/HA and heat deflection temperature of 2.4 °C for PVC/KHA was also ascertained for PVC
modified with 10 wt% of filler.

Keywords: polymer composites, mechanical properties, thermal properties, halloysite, poly(vinyl
chloride)

1. INTRODUCTION

Halloysite is one of the naturally occurring clay minerals belonging to the kaolinite group. It can form
spheroidal, tubular, lamellar, and irregular structures and the diversity of its particle morphology depends on
crystallisation conditions. Among the kaolinite group minerals, halloysite is distinguished by the presence
of a water monolayer in the inter-pack space (Joussein et al., 2005). Halloysite in its dehydrated formisa 1:1
layered dioctahedral mineral from the kaolin group with a basic chemical composition of Al,Si;Os5(OH)4.
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The layers are composed of silicon tetrahedral and aluminium octahedral sheets that are combined so that
the oxygen at the apex of the silicon tetrahedrons extends into and is part of the octahedral sheet. In turn, the
layers are held by hydrogen bonds formed between tetrahedral basal oxygens and inner surface hydroxyls
of the octahedral sheet.

The layers included in the composition of the packs are negatively charged, thanks to which it is possible
to bond cations with their surface and with the edges of the packs (Zahidah et al., 2017). Due to the
large variety of charges on the surface of the halloysite, it can be selectively modified, depending on the
potential use of the material. Functionalisation of halloysite nanotubes allows to use them, among others,
in the production of membranes applied for separation of impurities (Bai et al., 2021), in catalytic reactions
(Daraie et al., 2021), and as a material for biomedical engineering (Akrami-Hasan-Kohal et al., 2020).
Because of its unique structure, halloysite is used as a filler for plastics, to improve their thermal and
mechanical properties (Buruga et al., 2018; De Silva et al., 2016; Deng et al., 2008; Gaaz et al., 2017,
Legocka et al., 2013; Liu et al., 2011; 2012; 2013a; 2014a; Liu et al., 2014b; Mondragén et al., 2009;
Nakamura et al., 2012; Pasbakhsh et al., 2010b; Yin and Hakkarainen, 2011).

Nakamura et al. (2012) reported that the addition of a 5% mass fraction of halloysite nanotubes (HNT)
to bio-based composites comprising jute fabric and soy protein concentrate has a positive effect on flame
resistance. Moreover, it was found that Young’s modulus of green composites increased with HNT loading
up to 10% whereas bending properties were not affected by HNT. A favourable impact of halloysite on
thermal stability and tensile strength was confirmed by Buruga et al. (2018) for polystyrene in the form
of solution-cast membranes for water purification. The reinforcement effect of halloysite in the form of
nanotubes due to their large aspect ratio was found in the case of epoxy nanocomposites, where noticeable
enhancements in strength and modulus, as well as fracture toughness, were noted (Deng et al., 2008).
Increases in modulus of elasticity and tensile strength were also found in the case of extruded polyamide
composites containing halloysite modified with gelatine (Legocka et al., 2013). Halloysite nanotubes
modified by y-methacryloxypropyl trimethoxysilane contributed to an increase in the tensile strength and
tensile modulus at 100% elongation values of the ethylene propylene diene monomer (EPDM) (Pasbakhsh et
al., 2010a). In the case of poly(lactic acid) nanocomposites, apart from the improvement of the mechanical
properties, a favourable effect of halloysite on their thermal stability was found (De Silva et al., 2016).

Halloysite was also applied for the preparation of poly(vinyl chloride)-based composites (Liu et al.,
2011; 2012; 2013a; 2014a; Mondragén et al., 2009; Yin and Hakkarainen, 2011). According to Yin
and Hakkarainen (2011), PVC films containing HNT nanoparticles surface-grafted with poly(butylene
adipate) (PBA) exhibited considerably higher values of modulus and strain at break compared to PVC
with unmodified halloysite nanoparticles. Modified HNT could be applied to simultaneously improve the
toughness and stiffness of the materials. However, it requires optimisation of the number of PBA chains
and their molecular mass. Based on TGA, Liu et al. (2013a) found an improvement in thermal stability
of composites containing up to 40 wt% of unmodified halloysite PVC matrix, especially in the first stage
of degradation. Introduction of HNTs having hollow tubular structures effectively delayed the degradation
process of PVC by interfering with the formation of the conjugated polyene sequences. Moreover, the
addition of HNTs led to a remarkable improvement in flame retardancy compared to that of unfilled PVC.
In the case of PVC/halloysite nanotubes, nanocomposites synthesised by in situ dispersion polymerisation
of vinyl chloride in the presence of HNTs, an increase in the notched Izod impact strength with the loading
of HNTs up to 4 wt% was found. Increasing the concentration to 6 wt% led to a decrease of the Izod
impact energy. A similar tendency was found in the case of tensile strength and flexural strength, while
the flexural modulus of the PVC/HNTSs nanocomposites increased with the HNTs content. The results
indicate that introduction of HNTs leads to an enhancement of stiffness and toughness of PVC when the
addition of HNTs is 4.0 wt% or less (Liu et al., 2014a). The increase of the notched Izod impact strength
of PVC/HNTs nanocomposites, prepared by melt blending, with the loading of HNTs in the amount of
10% was noted. Increasing the filler concentration to 20, 30 and 40% causes a systematic reduction of the
impact toughness, the value of which, however, is higher than that of pure PVC. The values of the tensile
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and flexural strength and flexural modulus increased together with the filler’s concentration increasing
to 40% and were remarkably larger compared with those of the unfilled PVC. These results showed that
HNTs were effective in toughening and reinforcing PVC nanocomposites, similarly as described in (Liu
et al., 2012). Mondragén et al. (2009) reported also the influence of HNTs in the loading of up to 8%
on the mechanical properties of PVC composites and stated that both Izod impact and tensile strength
were similar to those of pure PVC while stiffness was reduced with an increase in the HNTs content. In
another publication, Liu et al. (2011) found that the polymethyl methacrylate-grafted halloysite nanotubes
uniformly dispersed in PVC effectively improved the toughness, tensile and flexural strength and flexural
modulus of PVC when added in an amount of up to 5 phr. Additionally, HNT particles cause restraining
the thermal motion of PVC molecular chains, leading to a slight improvement of thermal stability.

Obtaining favourable properties of polymer composites containing clay minerals is in many cases related
to a modification of the mineral to increase their specific surface area, improve the interaction at the filler-
matrix interface and change the nature of the mineral’s surface from hydrophilic to hydrophobic (Ghadiri
etal., 2015; Goda et al., 2018; Lazorenko et al., 2018; Liu et al., 2014b). Many methods for modification of
halloysite are described in the literature, including the application of surface active agents (Abhinayaa et al.,
2019; Cavallaro et al., 2016; Lee and Kim, 2002), coupling agents in a grafting reaction (Carli et al., 2014;
Luoetal.,2011; Sunetal., 2015; Yuan et al., 2008), by reaction with an ionic monomer (Jiang et al., 2017),
as well as by intercalation (Frost and Kristof, 1997; Zhang et al., 2019; Zhang et al., 2020b) and calcination
(Tan et al., 2016; Yuan et al., 2012; Zhang et al., 2020a). The calcination of halloysite generates changes in
the crystal structure of the mineral, increasing its specific surface area as well as the volume and size of the
pores, and thus the adsorption capacity (Deng et al., 2019). During heating of the material in the tempera-
ture range of 40-200 °C, dehydration takes place, followed by dehydroxylation which occurs at calcination
temperatures from ~500 °C to ~900 °C leading to a loss of long-range order and increasing disconnection
of the silica and alumina originally in the tetrahedral and octahedral sheets, respectively. Above the tem-
perature of 600 °C, the formation of amorphous metahalloysite occurs, while between the temperature of
900 °C and 1000 °C, the transformation of halloysite into mullite begins, which leads to the deformation
of the nanotubes and reduction of the porosity of the material. First changes in the morphology may be
observed at a temperature above 600 °C (Yuan et al., 2012). Deng et al. (2019) reported that precalcination
at 800 °C before acid treatment had little effect on the halloysite’s tubular morphology, but it improved the
halloysite’s affinity for benzene molecules due to the dehydroxylation. According to Pajdak et al. (2020),
the calcination process carried out at 600 °C caused the development of the pore space of the halloysite
and the opening of the smallest mesopores thus the adsorption properties of CO, and CH4 were improved.

There are many reports regarding the calcination of natural halloysite (Deng et al., 2019; Pajdak et al.,
2020; Yuan et al., 2012; Zhang et al., 2020a). However, the available literature lacks reports on the impact
of the natural halloysite calcination process on the mechanical and thermal properties of composites based
on large-tonnage polymers, including poly(vinyl chloride), which belongs to the commonly used polymers
due to favourable properties, such as relatively low price, widely developed processing, environmental
resistance and possibilities of modification of properties.

The goal of our research was to obtain composites with a homogeneous dispersion of halloysite in
a matrix of unplasticised poly(vinyl chloride) by melt blending, which should allow to obtain a new
composite material with favourable mechanical and thermal properties. Halloysite has been modified by
the calcination method to rise its hydrophobic properties favouring an increase in the interactions with
the polymer matrix. Subsequently, structure (by scanning electron microscopy) as well as processing,
mechanical (tensile strength, elongation at break, Young modulus and impact strength), and thermal
properties (softening and heat deflection temperature, Congo red test) of composites containing calcined
halloysite were performed and compared with those for composite with non-modified halloysite.

This research provides new knowledge concerning the development of innovative PVC-based composite
engineering materials with mineral filler.
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2. EXPERIMENTAL

2.1. Materials

For the preparation of composites, a dry blend composed of dispersion of PVC S-61 Neralit (Spolana
Anwil Group, Neratovice, Czech Republic) 100 phr, organotin stabilizer Patstab 2310 (Patcham, Goor, the
Netherlands) 4 phr, and 1 phr Naftolube FTP paraffin wax (Chemson, Arnoldstein, Austria) was used. The
stabilizer and the paraffin wax were the only added components to minimise the influence of additives on
processing properties. As a filler, halloysite in the form of a powder (HA) collected from Polish deposit
Dunino, located in the SW part of Poland near Legnica, and halloysite modified by calcination (KHA)
were used. The Dunino deposit, covering an area of 1.99 ha, was documented in 1996. Halloysite from
this deposit is a product of the weathering of tertiary basalt rocks. It has the form of a horizontal seam, is
homogeneous in composition, and was included in the second group of deposit variability in accordance
with the Baryszew classification (average variability) (Lutyriski et al., 2019). The thickness of the deposit
ranges from 3.5 to 18.8 m (average 12.2 m). The measured resources of this deposit are 470.63 thousand
t, whereas proven reserves account for 374.66 thousand t (Lutyriski et al., 2019). The Dunino deposit is
characterised by a homogeneous composition. The predominant part of the profile comprises a zone of
halloysite composition, in which the proportion of kaolinite is 1-10%, and subordinate occurrences of
goethite, illite, and montmorillonite (Stoch et al., 1977).

2.2. Methods of halloysite characterisation

XRD analysis was conducted on a SmartLab RIGAKU diffractometer using a copper X-ray tube, in the
angular range of 2—70°26 with a 0.05°26 measuring step. The phases were identified based on the results
using the X-RAYAN computer software (Version 4.2.2, “KOMA”, Warsaw, Poland).

The structure of raw and calcined halloysite was also determined using Fourier-transform infrared spec-
troscopy (FTIR). The study was carried out using an Alpha apparatus from Bruker, by the ATR (reflective)
technique, in the range of 4000—-360 cm™!, two scans at a resolution of 2 cm™~! were applied.

The morphology of the halloysite was observed using a scanning electron microscope (JEOL 6480LV, JEOL
Ltd., Tokyo, Japan) equipped with an energy-dispersive X-ray spectrometer for elemental microanalysis
(EDS). The samples were observed in the low-vacuum mode (LV-SEM) using a backscattered electron
detector (BSE) at 1Pa of chamber pressure, under an acceleration voltage of 20 kV and 11 mm working
distance. The EDS analyses were conducted for 5 samples of raw halloysite.

Characteristics of the porous texture of unmodified halloysite and calcinated halloysite were determined
based on isotherms of low-temperature nitrogen adsorption and desorption at a temperature of —196 °C.
The analysis was carried out using an apparatus for precise measurements ASAP 2020 (Micromeritics) in
a broad range of relative pressures of approximately 107> to 0.99. Before the measurement, the sample was
annealed in vacuo at a temperature of 110 °C for 12 h. The following parameters of porous texture were
evaluated:

1. Specific surface area according to Brunauer—Emmet—Teller (BET) method.

V0,99

2. Total volume of the pores V.,

for a relative pressure of % =0.99.
p

3. Volume of micropores anﬁ (pores having a width smaller than 2 nm) according to the Dubinin—

Radushkevich method.

4. Volume of mesopores V2! (pores having a width larger than 2 nm and smaller than 50 nm) according

to Barrett—Joyner—Halenda (BJH) method.
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The analysis of porous texture was performed according to the recommendations of the following standards:
ISO 9277:2010(E), ISO 15901-2:2006(E), ISO 15901-3:2007(E), and NIST 2006.

2.3. Preparation of PVC composites with HA and KHA

Powder mixtures of poly(vinyl chloride) with the raw halloysite and separately with the calcined halloysite
were prepared by mixing with a high shear mixer. Before processing, the halloysite was dried at 105 °C
for 3 h. The PVC dry blend and PVC compounds containing 1 wt%, 5 wt%, and 10 wt% of unmodified
halloysite and halloysite after calcination were processed by kneading in a Brabender type FDO 234H
plastographometer with the temperature of chamber walls of 185 °C, using a rotation speed of the main
rotor of 30 rpm, with the friction of 1:1.5. The charge weight was 60 g in each case. The kneading of
the PVC dry blend and each PVC-halloysite mixture was performed for 10 minutes and repeated 5 times,
obtaining a total of 300 g of the processed material. The compositions of the PVC mixtures and their
abbreviations as used in the text are presented in Table 1.

Table 1. Compositions of the PVC-based composites

Sample Filler type Filler content, wt%

PVC _ B
PVC/1HA :
PVC/5HA raw halloysite s

PVC/10HA 10
PVC/1KHA )
PVC/5KHA calcinated halloysite s

PVC/10KHA 10

The processed materials were comminuted and then pressed at a temperature of 190 °C under the pressure
of 15 MPa, obtaining mouldings with dimensions of 100 X 100 mm and thicknesses of 2 and 4 mm. The
ground material was used to determine the thermal stability by the Congo red method. Samples for the
static tensile test, impact strength and hardness as well as softening temperature measurements were cut
from the mouldings using the Seron 6090 numerical milling plotter (Seron, Poland).

To evaluate the processing properties of the PVC blend and composites with pristine and calcinated
halloysite, the torque of the rotors was recorded as a function of time during kneading. From the obtained
plastograms, the values characterising the processing properties were read, i.e. the maximum value of the
torque (Myx) and the time of its achievement (¢x ), as well as the torque at equilibrium (MEg) according to
the methodology described in our previous papers (Tomaszewska et al., 2007; Mirowski et al., 2021) as
well as in (Liu et al., 2014a; Liu et al., 2012).

2.4. Testing methods of PVC composites with HA and KHA

To determine the structure of composites, the observations of PVC composites with 1 wt% of filler were
carried out using scanning electron microscopy (JEOL 6480LV, JEOL Ltd., Tokyo, Japan). The samples for
the SEM observations were fractured in liquid nitrogen and sputtered with a thin layer of gold-palladium.
The observations were made using a voltage of 20 kV.
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Thermal stability was determined by the Congo red method; the test was carried out at a temperature of
200 °C according to the ISO 182-1:1990 standard.

The Vicat softening point tests were carried out on samples with dimensions of 10 mm X 10 mm X 4 mm
according to the ISO 306:2006 standard using a Ceast HDT Vicat Tester HV3. For every sample type, the
measurements were done in triplicate.

The heat deflection temperature (HDT) was determined according to the ISO 75-1:2020 standard using
a Ceast HDT Vicat Tester HV3. The heating rate was 2 °C/min and the applied load was 1.8 MPa. The
samples were measured flatwise with a 64 mm span distance.

The Charpy impact strength without notch was tested using a HIT5P device from Zwick Roell (Zwick
GmbH & Co. KG, Ulm, Germany) according to the ISO 179-2:2010 standard.

D-type Shore hardness tests were carried out using an apparatus from Zwick Roell (Zwick GmbH & Co.
KG, Ulm, Germany) according to the ISO 868:2003 standard.

The static tensile test was carried out using a Zwick Roell Z010 universal testing machine (Zwick GmbH &
Co. KG, Ulm, Germany) according to the ISO 527-1:2012, using type 1BA samples (overall length 78 mm,
the distance between broad parallel-sided portions 59 mm, length of narrow parallel-sided portion 30 mm,
gauge length 25 mm, width at narrow portion 5.0 mm, width at ends 10 mm, thickness 2 mm). The test was
carried out at room temperature using the tensile rate of 1 mm/min in the range of modulus of elasticity
determination and then 30 mm/min. Modulus of elasticity (E;), stress at yield (oy), tensile strength (o)
and strain at break (¢p) were determined. The measurements were carried out for ten samples of each
material.

Observations of the failure surfaces of PVC composites after tensile tests were carried out using a Hitachi
FlexSEM1000 scanning electron microscope (Hitachi Ltd., Tokyo, Japan) operating with a voltage of
20 kV. The samples were observed in the variable-pressure mode (VP-SEM) using a BSE-COMP detector,
at 40 Pa of chamber pressure, and a 9.6 mm working distance.

3. RESULTS AND DISCUSSION

3.1. Preparation of halloysite

In the first step, two grain fractions were separated from halloysite by sieve analysis: below 50 pm (fraction
1) and above 50 um (fraction 2). For further studies, only halloysite fraction 1 was used. Analysis of particle
size was carried out to determine actual grain sizes. Grain size distribution of halloysite in the range of
0.18 to 100 pm was determined by sedimentation in an aqueous environment using a Sedigraph III X-ray
analyser (Micromeritics Instrument Corporation, Norcross, GA, USA). The dispersion for measurements
was prepared using 20 g of the sample and 80 ml of 0.20% sodium metaphosphate solution in distilled
water as a dispersion medium. The whole system was mixed with a magnetic stirrer for 24 hours.

Based on the grain size distribution, it was found that fraction 1 contained 96% of particles having an
average size of 2 um (Fig. 1).

In the next step, particles of halloysite fraction 1 were calcinated in a dryer from Binder company, at
a temperature of 800 °C for 2 h. Conditions of calcination were defined based on (Zhang et al., 2020a),
where the optimal temperature of the process is approx. 750 °C to ensure a high degree of dihydroxylation.
The time required for noticeable structural changes to occur is approx. 2 hours.
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10

Mass Frequency (%)

0 2 4 6 8 10 12 14 16 18 20
Average diameter (um)

Fig. 1. Particle-size distribution of halloysite fraction 1

3.2. Effectiveness of halloysite modification

3.2.1. XRD analysis

Figure 2 shows a diffractogram of raw halloysite (HA) and calcined halloysite (KHA). The XRD patterns
of HA showed a basal characteristic reflection at 7.34 A, which is attributed to dehydrated halloysite (7 A).
Other reflections (4.43 A, 2.56 A, 2.35 A, 2.23 A, 1.67 A) confirm the structure of the halloysite. In the
HA sample, apart from halloysite, there is also kaolinite (4.44 A, 4.17 A, 3.61 A, 1.49 A), as well as a trace

4.44 A
4.43 A
7.34 A 4178 .
. 2.52 A
3.61A
2.56 A
2354 .
1.49 A
< 1.67 A
. Q . N
324A 5 2234 1.70A
HA
3.70A
1.69A
I T I T 1 T 1
10 20 30 40 50 60 70
20Cuy, (deg)

Fig. 2. XRD patterns of HA and KHA
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amount of iron oxides (maghemite — 2.52 A; hematite — 1.70 A) and feldspars (3.24 A). In the calcination
process, the structure of halloysite and kaolinite is dehydroxylated. Hence the KHA sample diffractogram
shows no reflections from these minerals. The patterns of KHA show broad diffraction maxima (10-30°26)
owing to dehydroxylation and formation of an X-ray amorphous product, metahalloysite (Lutynski et al.,
2019). The remaining reflections in the KHA sample diffraction pattern originate from hematite (3.70 A,
270A,220A,1.84 A, 1.69 A, 1.48 A, 1.45 A).

3.2.2. FTIR analysis

FTIR spectra for halloysite and calcinated halloysite are shown in Fig. 3. The 1106 cm™" band, characteristic
for halloysite, may be attributed to the in-plane Si—O stretching vibration. The oscillations at 1031 cm™!
correspond to valence vibrations in the Si—O-Si plane.

1031 ggg 534 458

—HA

Absorbance (a.u)

I T T T
1500 1000 500
Wavenumber (cm™)
Fig. 3. FTIR absorbance spectra of halloysite (HA) and calcined halloysite (KHA)

The band at 908 cm™! corresponds to internal vibrations of AIOH hydroxyl groups. The band at 792 cm™!
may be attributed to Si-O symmetric stretching. The band at 754 cm™! corresponds to Si—O perpendicular
stretching. The Al-O oscillations at 674 cm™' are connected with five coordinated aluminium atoms.
The oscillations at 534 cm™! are caused by Al-O-Si deformation. On the other hand, the oscillations at
458 cm™! originate from Si—-O—Si deformation.

The bands at 1106 cm™! and 1031 cm™! in the halloysite sample are split. When the temperature increases,
halloysite forms a disordered structure, which causes a shift of the 1031 cm™' band towards higher
wavenumbers, 1058 cm™!. A lack of band at 908 cm™! in the KHA spectrum confirms the dehydroxylation
process resulting from the heating of the halloysite. The band at 792 cm~! and 754 cm™!, despite its lower
intensity, has the same location as that in the halloysite not subjected to calcination. It may be caused
by the decay of the ordered lattice of Si;Os and the separation of silica and alumina. This phenomenon
is supported also by the lack of the band at 534 cm™!, which has been connected with the Al-O-Si
deformation. Broadening and shift of the band corresponding with Si—O-Si vibrations at 458 cm™! towards
lower numbers result from the calcination process. In this case, the average Si—O—-Si bond angle connected
with the disturbance of the mineral system increases (Yuan et al., 2012; Zhang et al., 2020a).

3.2.3. SEM observations

The morphology of raw halloysite and calcinated halloysite was characterized by SEM, as shown in
Figure 4. In the case of non-calcinated HA, lamellar structure prevails, and agglomerates of nanoparticles
of various forms, including nanotubes, are visible. These structure elements with sizes from 5 to 10 um
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are present on the whole SEM image (Figures 4a and 4b). Lutynski et al. (2019) proved a simultaneous
presence of halloysite nanoplates and nanotubes in samples of halloysite from the Dunino mine. It can
therefore be assumed that these structures are also present in the halloysite samples used in our study, but
in Figures 4a and 4b the individual nanoparticles are invisible due to formation of agglomerates.

(a) (b)

(d)
E OKa
FeLl Ajga
SiKa
CKa
FeLa FeKa FeKb

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 keV
(e)

Fig. 4. SEM images of raw halloysite (a, b), calcined halloysite (c, d) and EDS spectrum (e)

On the other hand, calcinated halloysite is characterised by a lamellar-angular structure. A significant part
of the aggregates cannot be considered as plates because of their thickness (Figs. 4c and 4d). As in the
case of HA, the presence of individual agglomerates of nanoparticles with dimensions of 5—-10 pm may be
found. However, there are clearly fewer of them compared to the sample of raw halloysite and the diameter
of the agglomerates present on the SEM image is slightly smaller; structure elements with a size of 1-2 um
are also visible.
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Based on Deng et al. (2019) and Tironi et al. (2017), a breach of the tubular structure occurs when
the temperature exceeds 900 °C; thus, it can be assumed that the structure of the agglomerate-forming
nanotubes has not changed due to calcination in our experiment.

The EDS spectrum of the raw halloysite seen in Fig. 4e confirms that aluminium, silicon and oxygen are
the basic elements constituting the mineral. Also, a reflection indicating the presence of iron is evident in
the EDS spectrum, in agreement with (Lutyriski et al., 2019); an iron oxide impurity was also found based
on electron energy loss spectroscopy spectrum (Filice et al., 2021).

3.2.4. Texture analysis

The results of texture analysis of HA and KHA samples are presented in Table 2. The specific surface area
of unmodified halloysite amounts to 73.2 m?/g.

Table 2. Parameters of porous texture of raw and calcinated halloysite

Sample SBET Ver? Vol vE
[m*/g] [em®/g] [em®/g] [em®/g]

HA 73.2 0.184 0.028 0.136
KHA 40.7 0.197 0.017 0.155

The literature data indicate that the BET surface area of halloysite depends on (similarly to its mineralogy,
chemical composition, and physicochemical properties) the localisation of halloysite ore deposit and
amounts to, according to various sources, from 24.2 m?/g to 65 m?/g (Lvov the et al., 2008; Sun et al.,
2015; Zhang et al., 2012), while according to (Joussein, 2016), from 22.10 m?/g to 74.6 or even 81.6 m?/g
(Liu et al., 2014b).

The data presented in Table 2 show that the specific surface area of the calcined halloysite is much smaller
than that of the raw halloysite and amounts to 40 m?/g. It may be caused by a smaller share of the tubular
structure, as well as a change from lamellar to lamellar-angular with larger dimensions of this structure,
which is confirmed by the results of SEM observations. The change in the structure and size of its elements
is also proved by a significant increase in the total volume of pores and a decrease in the volume of
micropores accompanied by a simultaneous increase in the volume of mesopores.

A similar effect of reduction of the specific surface area resulting from the halloysite calcination was
described in the publication (Deng et al., 2019). The specific surface area of raw halloysite was 58.4 m?/g,
and calcination at a temperature of 800 °C resulted in its decrease to 54.4 m?/g. Zhang et al. (2020a)
suggest that this effect is connected with the destruction or degradation of tubular structures caused by
calcination, although such structural changes usually take place at a temperature of 1000 °C or even higher.
A different effect of calcination of halloysite originating from the same deposit is described in (Yuan et
al., 2012), where the samples were annealed at a temperature from 120 to 1400 °C and then ground into
powders. It was found that the specific surface area of halloysite annealed at a temperature of 120°C
amounted to 72.5 m?/g and increased to 78.1 m?/g in the case of halloysite calcinated at a temperature of
900 °C. Temperature increase above 1000 °C caused a decrease in specific surface area and porosity due to
substantial collapse of the tubular structure occurred or formation of large mullite particles under sintering.

According to Pajdak et al. (2020) an increase in the specific surface area, resulting from calcination was
ascertained for halloysite originating from the Dunino mine, when the specific surface area of raw halloysite
amounted to 62.7 m?/g, while that of halloysite calcinated at a temperature of 600 °C was 69.8 m?/g.
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The total volume of pores of raw halloysite is 0.184 cm?/g, that of micropores 0.028 cm?/g, and that
of mesopores 0.136 cm?/g. In the case of calcinated halloysite, the total volume of pores increased to
0.197 cm’/g. The effect of an increase in the total volume of pores in halloysite originating from the
Dunino mine was described also by Pajdak et al. (2020); the value of Vi for the mineral without thermal
treatment amounted to 0.096 cm?/g, while after calcination it was 0.185 cm?/g. In turn, Deng et al. (2019)
proved that the total volume of pores of raw halloysite was 0.27 cm?/g, and after calcination at a temperature
of 800 °C, it decreased to 0.202 cm?’/g.

According to Sun et al. (2015), the total volume of pores of unmodified halloysite was only 0.08 cm3/g
and it increased to 0.11 cm3/g due to activating treatment using piranha solution.

Based on our results and literature data (Pasbakhsh et al., 2013; Zhang et al., 2012), it may be ascertained
that the features of the halloysite structure, i.e. pore volume and specific surface area, depend not only
on the type and conditions of treatment but most of all, on the origin of halloysite and the related
morphological features. In the case of the HA sample, lamellar structure prevails, and nanotubes rarely,
whereas in the case of KHA, a lamellar-angular structure. The lamellar morphology results in a looser
texture and consequently, a larger specific surface area (Table 2) than in the case of the more compact,
closed lamellar-angular structure.

3.3. Processing properties of PVC/halloysite composites

During the processing of PVC, most often carried out by the extrusion method, a transformation of
grains form into a compact form of the final product occurs. This transformation is called PVC gelation
which follows by the action of heat, pressure and shear and consists of the gradual disintegration of
PVC grains, their plasticization and fusion. The conditions of gelation determine not only the obtaining of
a product with a homogeneous structure and therefore favourable properties, but also the effective operation
of thermal stabilizers. To characterize the progress in PVC gelation in processing conditions, the torque
measurements during kneading in a Brabender or Haake rheometer chamber are used. These measurements
make it possible to record the time-dependent changes of the torque in the form of plastograms.

60 - ——PVC . ——PVC
—— PVC/1HA —— PVC/1KHA
55 - —— PVC/5HA 55 —— PVC/5KHA
50 ——PVC/0H 0] —— PVCHOKHA
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Fig. 5. Torque vs. time of kneading for PVC and PVC composites with HA (a) and KHA (b)

The course of the plastograms illustrated in Fig. 5 is similar and typical for non-plasticised PVC blends.
The first smaller torque maximum observed in the plastograms is related to the feeding of the chamber.
The further course of the plastograms, which show a clear maximum of torque, proves that the kneading
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conditions (i.e. temperature, the rotational speed of the rotors and the mass of the batch) are correctly
selected. These conditions determine the proper transformation of the morphological structure of the
initial PVC grains and the formation of a molten mixture in the final kneading stage (Shubbar, 2011;
Tomaszewska et al., 2007).

Compared to unfilled PVC, the maximum values of torque (Mx) related to gelation of PVC matrix are
higher for mixtures containing both unmodified and calcined halloysite (Table 3). The Mx values increase
with the concentration of the filler in mixtures; in the case of 10 wt% of filler content, they are higher by
approx. 27% for PVC/KHA and by approx. 20% for PVC/HA compared to unfilled PVC. Differences in the
My values of PVC/HA and PVC/KHA mixtures were observed, particularly when the filler content equalled
5 wt%. The torque values in the equilibrium state of mixtures of PVC with unmodified and calcinated
halloysite are also higher compared to unfilled PVC, although the changes in the Mg value as a function
of the filler concentration are not as significant as in the case of the maximum torque. Simultaneously, the
time of reaching the maximum value of the torque decreased with the increase in the concentration of the
filler, regardless of its type. The shortest gelation time was found for the mixture containing 10 wt% of
calcined halloysite where ty is almost twice as short compared to pristine PVC. The observed effects are
related to the increased friction of filler particles against one another or against PVC grains, of PVC grains
against one another, or of filler particles or PVC grains against the surface of the chamber wall, generating
additional heat (Tomaszewska et al., 2007). Due to these effects, the gelation of PVC with fillers is faster
than that of PVC, especially in the case of PVC/KHA. A similar effect of shortening the gelation time
with a simultaneous increase in the maximum torque was reported by Liu et al. (2012) for PVC/HNTs
nanocomposites prepared with direct melt mixing. The authors claimed that the introduction of HNTs to
the PVC matrix can result in higher frictional energy and shorten the time to absorb the required energy
for the PVC particles to fuse together.

Table 3. Plastographometric analysis of PVC and PVC composites with HA and KHA

Sample t).( Mx M

[min] [Nm] [Nm]
PVC 3.5(0.4) 40.0 (0.6) 36.0 (0.6)
PVC/1HA 3.3(0.5) 42.8 (0.9) 37.5(1.5)
PVC/SHA 2.7(0.5) 43.9 (0.8) 36.4 (1.3)
PVC/10HA 2.5(04) 479 (1.0) 34.3(1.1)
PVC/1KHA 3.0 (0.6) 43.1 (1.0) 38.1(1.2)
PVC/5KHA 2.0(0.2) 54.1(0.9) 36.1 (1.0)
PVC/10KHA 1.7 (0.1) 50.8 (1.1) 34.6 (0.4)

A different effect was reported in another work by Liu et al. (2014a) for PVC/HNTs nanocomposites
synthesised via in situ polymerisation and then processed in a molten state where the plasticisation time
was found to be longer than that of the neat PVC. Simultaneously, the equilibrium torque and the maximum
torque of PVC/HNTs nanocomposites were found to be increased with increasing HNTs content suggesting
that the processability of the nanocomposites is worse than that of pure PVC. These observations are
consistent with the results of plastographometric tests presented in this paper and described in our earlier
paper for PVC with hybrid silica/lignin filler (Klapiszewski et al., 2015) and PVC with various types of
natural fillers (Mengeloglu and Matuana, 2003; Mirowski et al., 2021; Tomaszewska et al., 2017).
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3.4. Structure of PVC/halloysite composites

To evaluate the effect of thermal treatment of halloysite on the distribution of particles in the polymeric
matrix, SEM observations of the fracture surfaces of the composite samples containing 1 wt% of HA and
KHA were carried out.

The fracture surface of both samples (Figs. 6a—6d) shows evenly dispersed particles smaller than 0.5 pm
and individual spherical filler particles of about 1 um embedded in the polymer matrix. The spherical
particle visible in Fig. 6d with a size of ca. 2 um is probably an iron oxide particle, the numerous presence
of which on the surface of the platy structures in halloysite samples from the Dunino mine was confirmed
in (Filice et al., 2021). Single particles of filler are stably “embedded” in the polymer matrix, but there
are also visible voids on the surface, from which the filler has most likely been torn out during breaking.
Comparing the micrographs of the composites PVC/HA and PVC/KHA it can be seen that there are fewer
voids on the surface of the composite containing KHA (Figs. 6¢, 6d), which may indicate an improvement
in the interaction at polymer—filler interface due to calcination of the filler.

Fig. 6. SEM micrographs of the fracture surfaces of PVC composites: PVC/1HA (a, b); PVC/1KHA (c, d)

3.5. Thermal properties

The results of thermal stability tests using the Congo red method, the Vicat softening temperature (VST)
and the heat deflection temperature (HDT) of PVC and composites on PVC matrix with HA and KHA
are presented in Table 4. A slight improvement (by 1min) in thermal stability compared to the unmodified
polymer was only found for the composite containing 1 wt% of calcined halloysite; the same content of
unmodified halloysite did not affect the thermal stability. Increasing the filler content to 5 wt% resulted in
a slight decrease in stability (by 3 min) for raw HA composites and only by 1 min for those containing
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KHA. Composites containing 10 wt% of fillers are characterised by the lowest thermal stability, whereby
the deterioration of stability is slightly less (by 1min) in the case of composites with unmodified halloysite.

Table 4. Thermal properties of PVC and PVC composites with HA and KHA

- Vicat softening Heat deflection
Thermal stability
Sample (min] temperature temperature
[°C] [°C]

pPVC 18 (1.0) 79.3 (0.2) 64.5 (0.2)
PVC/1HA 18 (0.5) 79.9 (0.3) 65.0 (0.3)
PVC/5SHA 15 (0.5) 80.8 (0.4) 65.5(0.3)
PVC/10HA 11 (0.5) 82.0 (0.4) 66.3 (0.2)
PVC/1KHA 19 (0.5) 80.7 (0.1) 65.1 (0.5)
PVC/5KHA 17 (1.0) 81.2 (0.3) 65.9 (0.1)
PVC/10KHA 12 (0.5) 81.2(0.4) 66.9 (0.4)

A slight improvement in thermal stability was found for PVC composites containing up to 5 wt%
poly(methyl methacrylate)-grafted halloysite nanotubes (HNTs) (Liu et al., 2011). Liu et al. stated that
well-dispersed HNTs restrict the long-range chains mobility of PVC and may act as a barrier, hindering the
permeability of volatile degradation products. In another paper by the same Authors, TGA measurements
indicated that the halloysite nanotubes in concentrations up to 40 wt% enhance the heat resistance of PVC
(Liu et al., 2013a). A different thermal effect than that found in our research (Liu et al., 2011; Liu et al.,
2013a) may be connected with another morphological structure of halloysite particle, as well as chemical
composition and amount of impurities, among others, iron oxides (iron(Il) and iron(IIl)), in comparison to
halloysite applied in our work. At processing temperature, iron oxides react with HCI evolving as a con-
sequence of dehydrochlorination of PVC to form FeCl, and FeCls, which promotes a further degradation
process (Girois, 1999).

The analysis of the results of the Vicat softening temperature (Table 4) shows that its value is higher by
approx. 1-2 °C for composites containing halloysite as compared to unmodified PVC. No significant effect
of halloysite modification on the VST value was found. A similar trend was found for the heat deflection
temperature (HDT), the value of which for the composite containing 10 wt% of calcined halloysite was
2.4°C higher compared to that of pure PVC. A similar increase in the HDT, compared to the unfilled PVC,
was observed for composites containing halloysite nanotubes, where the introduction of 2 and 4 wt% of
the filler caused an increase in heat deflection temperature by 2 °C compared to that of unfilled PVC (Liu
et al., 2014a).

A favourable effect of halloysite on thermal properties was also found in the case of composites based
on other thermoplastic polymers, including polylactide matrix (Liu et al., 2013b), which was connected
with homogeneous distribution and orientation of the filler in the polymer matrix. Meanwhile, Sikora et
al. (2019) found that the addition of halloysite nanotubes reduced the Vicat softening point of composites
on a low-density polyethylene matrix. It should be mentioned that microscopic observations of PE/HNT
composites showed the presence of numerous agglomerates of the filler proving a poor dispersion in the
polymer matrix. According to Sikora et al. (2019), HNT increases the thermal resistance of composites
only when it is evenly dispersed in the polymer matrix.
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3.6. Mechanical properties

The results of studies on the mechanical properties of PVC and composites with unmodified and calcined
fillers are presented in Table 5. The impact strength (a.yy) of composite with 1 wt% of raw halloysite is
similar to that of pure poly(vinyl chloride) and decreases along with increasing concentration of filler in
the PVC matrix up to 8.9 kJ/m? for 10 wt% of HA.

Table 5. Mechanical properties of PVC as well as PVC/HA and PVC/KHA composites

Sample H aCUZ E, Iy om B

[ShD] [kJ/m~] [MPa] [MPa] [MPa] [%o]
PVC 77.6 (0.2) 15.9 (0.7) 1600 (10) 54.1 54.1 (0.2) 23.2 (0.9)
PVC/IHA | 77.903) | 158(1.0) | 1610(15) - 52.8(04) | 8.0(1.7)
PVC/SHA 78.7 (0.1) 11.6 (0.6) 1660 (12) - 49.2 (0.8) 3.9(1.2)
PVC/10HA | 79.6 (0.2) 8.9 (1.0) 1750 (17) - 44.3 (1.0) 3.4(0.8)
PVC/1KHA | 78.5(0.5) 23.3(1.2) 1670 (10) 55.8 55.8 (0.4) 22.0 (1.2)
PVC/SKHA | 79.3(0.2) 13.8 (0.8) 1730 (12) 53.4 53.4 (1.0) 15.4 (0.8)
PVC/IOKHA | 80.1(0.1) | 7.8(0.8) | 1860 (14) 56.0 56.0 (0.5 | 6.6(1.5)

Thermal treatment of halloysite affected the impact strength of composites beneficially. The composite
containing 1 wt% KHA was characterised by the highest impact strength; its value was about 47% higher
compared to that of unmodified PVC and a composite with the same amount of unmodified halloysite.
On the contrary, with increasing content of KHA, the a.y value decreases, reaching the lowest value for
composites with 10% of the filler (7.8 kJ/m?), similarly as in the case of PVC/HA.

Liu et al. (2012) found an improvement in the Izod impact strength of PVC composites containing up
to 10 wt% of halloysite filler, which is related to good dispersion of nanoparticles with the low hydroxyl
density on the surface. The well-dispersed particles changed the stress state of the matrix material and
induced the deformation of PVC, which absorbs the impact energy and prevents the initiation of cracks.
According to Liu et al. (2012), the decrease in the impact strength of the composites with a high content of
filler (up to 30%) is related to a decrease in the distances between the particles which aggregate and act as
stress concentrators leading to a decrease in the toughness of the polymer matrix. The results of the notched
Izod impact strength measurements of PVC/HNTs nanocomposites prepared by two-stage method (by in
situ polymerisation and then, by processing in molten state) indicate that as the nanoparticles loading is
increased to 4.0 wt%, the Izod impact energy reaches a maximum and the improvement is 36% compared
to pure PVC (Liu et al., 2014a). The influence of the homogeneity of the halloysite distribution in the
matrix on the impact strength was confirmed by Mondragén et al. (2009), ascertaining its deterioration in
the case of composites based on PVC containing up to 8 wt% of the filler, due to ineffective stress transfer
to the halloysite.

The use of both raw and calcinated halloysite leads to an increase in the hardness (H) of composites
compared to unmodified PVC; H values of composites with 10 wt% of filler are higher by 2.6% for
PVC/HA and by 3.2% if KHA introduced into the matrix.

The mechanical stress-strain curves of PVC, PVC/HA and PVC/KHA composites with various contents
of fillers are presented in Figure 7. In the case of neat PVC, a ductile-type fracture accompanied by
a significant plastic deformation was noted. Similar stress-strain behaviours are observed for PVC with
calcinated halloysite. A clear yield point appears in the curve where its value represents the tensile strength
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(0y = 0pr). In the case of samples of PVC/HA, a transformation from ductile to brittle-like fracture was
observed, and consequently, the yield point disappeared.
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Fig. 7. Stress-strain curves of PVC composites with various loading of HA and KHA

The values of mechanical properties summarised in Table 5 indicate that the introduction of halloysite,
regardless of the type, leads to an increase in Young’s modulus compared to neat PVC, where the E; value
growths along with an increase in the filler’s concentration in the polymer matrix.

The data presented in Table 5 show that for the same filler concentration, Young’s modulus is higher in the
case of composites containing previously thermally treated halloysite. For composites containing 10% of
the filler, the modulus value is higher compared to unmodified PVC by 9.4% for PVC/HA composites and by
16.3% when calcined halloysite was introduced into the matrix. The values of tensile strength of PVC/KHA
composites are slightly higher compared to those of unfilled PVC and there is practically no dependence
on the filler concentration (Table 5). On the other hand, all PVC/HA samples are characterised by a lower
tensile strength than pristine PVC and its value decreases with increasing concentration of the filler in the
matrix; a 10% share of HA causes a decrease in 0, by approx. 20% compared to PVC. Elongation at break
revealed the highest value for pure PVC (23.2%) and decreased sharply with the increasing raw halloysite
content, reaching 3.4% for the composite containing 10% of the filler. The changes in the elongation of
PVC/KHA composites as a function of the filler content are different, i.e. the 1% share of KHA practically
does not affect £ and an increase in the share to 10% results in a reduction of the value to 6.6%.

The presented results of mechanical tests confirm the effectiveness of calcination, as a halloysite surface
modification leading to an increase in its hydrophobic properties. It may be assumed that this effect alters the
interactions between particles of fillers and the polymer matrix, resulting in an improvement in mechanical
properties, especially an increase in Young’s modulus, and a minor increase in the strength value along
with the increase in the KHA concentration. Moreover, the improvement in mechanical properties is related
to the presence of nanostructures in halloysite, which significantly affect the interfacial interactions. The
slight increase in Young’s modulus is already observed at 1% KHNT content (by approx. 5% compared
to pristine PVC), which, with a simultaneous significant increase in impact strength (by approx. 46%
compared to unmodified PVC) and an almost identical elongation value, may indicate a simultaneous
occurrence of two effects related to the introduction of KHA: toughening and reinforcement. With an
increase in KHA content in the matrix, the reinforcement begins to dominate over the toughening effect,
because the values of impact strength and elongation decrease, while the E; values increase, reaching the
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maximum value for a composite with 10% KHA content. The toughening effect was not observed for the
composites with raw halloysite, whereas an increase in the stiffness of these materials was found with an
increase in the HA concentration in the PVC matrix.

Similarly, the beneficial effect of a filler with a surface with hydrophobic properties on the mechanical
properties of PVC matrix composites was reported by Zhao et al. (2016). Introduction of up to 10 wt%
of calcium carbonate particles modified with surfactant into PVC resulted in a significant increase in
impact strength and tensile strength, whose values were much higher in comparison with composites
containing unmodified CaCOs particles with hydrophilic character. The elongation at break was also
improved indicating high toughness. Liu et al. (2012) reported the increase in strength as well as modulus
of PVC composites related to the satisfactory compatibility of HNTs with polar poly(vinyl chloride). Strong
interactions at the interface ensure that the loads are effectively transferred from the polymer to the filler
phase. A different effect was observed by Mondragén et al. (2009), finding a decrease in the rigidity of the
rigid PVC composites containing up to 8% of halloysite, probably due to the formation of the relatively
compliant layer at the interface. An increase in elongation accompanying the decrease in Young’s modulus
at the content of 3 wt% of the filler probably results from the HNT orientation and simultaneously, from
the interfacial viscoelastic deformation.

Although the two effects (reinforcement- toughening) observed in our research related to the introduction
of 1 wt% of calcined halloysite into the PVC matrix are reflected in the literature, it should be noted that
those described in the papers (Liu et al., 2012; Liu et al., 2014a; Mondragén et al., 2009) concern PVC
composites containing the halloysite filler in a significantly higher concentration. The reasons may include
the fact that the applied halloysite originated from various deposits, and therefore had a different structure
and content of impurities than that used in our research. Additionally, it should be emphasised that the
final mechanical properties of polymer composites, including those based on PVC, are determined mainly
by the properties of the matrix, which in turn depend on the type of PVC used, the composition of the
mixture, and the processing conditions. Apart from the applied filler, these factors significantly affect the
properties of composites based on PVC.

An increase in tensile strength, Young’s modulus and elongation at break associated with the introduction
of halloysite was confirmed among others, during testing of composites based on polyamide, polylactide,
poly(lactic-co-glycolic acid), the carboxylated butadiene-styrene rubber, epoxy resin, polycaprolactone,
ethylene-propylene-diene rubber, fluoroelastomers and poly(vinyl alcohol) nanocomposite films (Liu et
al., 2014b). However, in every case, the improvement of mechanical properties was related to the halloysite
nanotubes loading, dispersion, and interfacial interactions in the systems.

Fig. 8 shows SEM micrographs of tensile-fractured surfaces of samples of composites containing 1 wt%
of calcined halloysite (Figs. 8a, 8b) and raw halloysite (Figs. 8c, 8d) The images confirm the brittle
behaviour found based on the stress-strain curves (Fig. 7) exhibited by the composite samples containing
HA and the ductile behaviour characteristic for the samples with KHA. The surface appearance of PVC/HA
specimens presented in Figs. 8c and 8d shows brittle failure characteristics, without any appreciable plastic
deformation. The surface is relatively smooth, and the rupture has occurred where a cluster of filler particles
of about 50 pm and smaller is visible (Fig. 8d). The image also shows individual filler particles in the form
of plates.

The ductile nature of the deformation is evidenced by the fibril-like layer structure visible in Fig. 8b.
During stretching, as a result of progressive deformation of the matrix, detachment at the particle-polymer
interface occurred and, as a consequence, ellipsoidal voids were formed around the filler particles, clearly
deformed in the stretching direction (Figs. 8a and 8b). The layers of polymer, in which the filler particles are
stably embedded, moving in relation to each other, cause some destruction of the structure of approximal
layers of the polymer. The image also shows single filler particles of about 20 um in size (Fig. 8a), which
were not found in the SEM micrographs shown in Figure 6.
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(a) (b)

(d)

Fig. 8. SEM images of tensile failure surfaces of the PVC composites
containing 1 wt% of KHA (a, b) and HA (c, d)

Similar microscopic observations were described by Zhao et al. (2016) for PVC samples containing
hydrophobic calcium carbonate nanoparticles. The SEM micrographs of the tensile-fractured surfaces of
the composites with 5 wt% of modified filler showed some cavities on the fracture surface. Zhao et al.
(2016) also stated that the CaCOs3 particles and PVC were combined well and the cavitations could absorb
large amounts of energy, leading to the improvement of the composites’ tensile strength. Based on SEM
micrographs of the impact surfaces of PVC/HNTs composites, Liu et al. (2014a) stated that nanocomposites
with 2.0 and 4.0 wt% show ductile characteristics with a rough fracture surface and some cracks. In another
publication, the same team evaluated fracture surfaces of broken specimens after an impact test of PVC
composites containing 10 phr and 30 phr of HNTs and confirmed a large amount of squamous structure
exhibiting plastic shear deformation and ductile behaviours. Observations of SEM of the samples after
tensile tests indicate that the PVC matrix in composites containing 3.0 and 10.0 phr of HNTs was largely
deformed and drawn around the HNTs particles (Liu et al., 2012).

4. CONCLUSIONS

Halloysite from Dunino deposit may be used to produce composites with unplasticized PVC matrix
containing up to 10 wt% of filler using a two steps method of processing in a molten state. The kneading of
PVC and halloysite mixtures in properly determining conditions make it possible to obtain rightly gelated
composites used for further compression moulding. The reduction of plasticization time and simultaneous
increase of maximum torque with filler content were found based on the results of plastographometric
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analysis. These effects, more visible in composites containing KHA, are caused by the generation of
additional heat due to friction between filler particles and PVC grains.

Introduction of halloysite, both in the form of raw material, as well as modified one, using the calcination
method, contributed to a slight increase in the stiffness and hardness of the composites, whereas the
increase was slightly bigger in composites with calcined halloysite. Calcination of the filler increased its
hydrophobic properties, which resulted in an improvement of the interaction at polymer—filler interface and,
as a consequence, in an improvement of the mechanical properties of the composites. The incorporation
of 1% KHA led to a simultaneous increase of impact strength which could be attributed to the toughening
effect.

Some inconsiderable improvement of softening and heat deflection temperature of the composites in
comparison with pristine PVC was also found.

Halloysite from the Dunino mine can be used as a cheap filler of PVC mixtures for the production of new
materials with favourable functional properties, especially mechanical ones. The introduction of halloysite
to PVC will decrease the costs of the final product with, simultaneously, unchanged or higher mechanical
parameters.

The comparison of properties of PVC/HA and PVC/KHA composites shows that the improvement of
properties related to the introduction of halloysite subjected to thermal treatment is not as significant as
expected.

The authors would like to express the gratitude to Jan Seyda for conducting SEM observations.
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