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ABSTRACT

The rotational molding technology is becoming more popular and even outstanding some of the conventional
polymer processing technologies. The production of polymer composites via this technology is still not described
thoroughly. This work discusses the possibilities of obtaining polyethylene composites reinforced with short ba-
salt fibers. Two methods of incorporating the fibrous fillers, dry-blending and through preliminary extrusion, are
concerned. The application of the extrusion step to mixed polymer matrix with basalt fiber results in better distri-
bution of basalt fibers than the direct dry blending polymer powder with fiber in the mold. The basalt fibers from
rotomolded samples prepared from melt mixed plastic powder significantly reduced their length, leading to a
substantial limitation in their reinforcing effect on the polymer matrix. The possible reinforcing effect was evalu-
ated in a mechanical test such as a tensile test and hardness. Optical microscopy helped in the investigation of the
distribution of basalt fibers. Not only the physical structure of composites was examined, but also the chemical
composition using the Fourier transform infrared spectroscopy. The spectroscopic analysis confirms a properly
realized technological process without degradation caused by rotational molding or additional melt blending. The
production of good-quality rotomolded composites reinforced with basalt fibers depends on the method of incor-

porating the fibrous filler.
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INTRODUCTION

Rotational molding is one of the most dy-
namically developing technologies for processing
thermoplastics, especially in forming thin-walled
large-size products [1,2]. The possibility of pro-
ducing, in one operation, solid products of con-
siderable dimensions and recycling ability after
ending their lifetime causes rotomolding gradu-
ally displaces products made of laminates based
on thermoset resins in the case of products with
lower requirements for mechanical performance.
The forming process is based on introducing a
thermoplastic polymer powder into the mold, ro-
tating on two axes, reflecting the product’s outer
surface, and then covering it with thermoplastic
powder, mainly polyethylene (PE). Dominant ef-
fects during forming are sintering, melting, and
further densification until a solid layer constitutes
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the product [2—4]. Due to the nature of the pro-
cess, i.e., long-term processing of materials in
an oxidizing atmosphere, and the availability of
materials used for rotomolding, one of the solu-
tions currently being considered for extending the
scope of application by improving selected prop-
erties is the use of polymer composites [5]. How-
ever, the main problem during the production of
composites in the process of one-step forming
via rotational molding is the formation of filler
agglomerates, phase separation, and insufficient
interphase adhesion [6-8].

The experience to date shows that it is pos-
sible to manufacture composites in the rotational
molding technology by introducing powder and
fibrous fillers. The use of each of these groups is
associated with a separate group of technologi-
cal problems and limitations. In the case of intro-
ducing fibrous fillers, the increased aspect ratio
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causes issues with their dispersion and densifica-
tion of composite structure, while using polymer
powders with improper particle sizes causes dif-
ficulties in the sintering and significantly lowers
the quality of the internal product surface [8—10].
Moreover, by introducing the particle-shaped fill-
er, while it is possible to obtain favorable effects
of increasing stiffness or hardness, the tensile
strength or ductility of final products is usually
reduced [10].

Many current works describe the possibility
of introducing fillers of natural origin [11], in-
cluding those of waste origin [12,13] or being a
solution for the management and utilization of in-
vasive plant species [14,15]. At the same time, it
is a well-researched phenomenon that composite
materials are strengthened by introducing fibrous
fillers with high aspect ratios. Both inorganic and
natural fibers have been used in rotational mold-
ing technology [16—20]. While from the sustain-
ability point of view, the introduction of natural
fibers such as hemp, flax [21], bamboo [22],
maple [19], abaca, or banana [20] allowed for
the improvement of mechanical properties, there
was an additional limitation related to the thermal
stability of the fillers. Extending cycle times and
the necessity to use higher temperatures for com-
posite materials, resulting from higher viscosity
of the filled composition, as well as degradation
of lignocellulosic fillers often causing additional
porosity effects [23], which compensated for the
positive fiber reinforcing effect on polymeric ma-
trix. Moreover, the water absorption of natural
filler composites, when composites based on bio-
degradable polymers are used, may be treated as
an advantage which improve the potential biodeg-
radation processes, in case of polyolefin natural
composites this effect may lead to additional de-
terioration of structure and mechanical properties
[24-26]. Therefore, the use of inorganic fibers for
manufacturing high-performance products is jus-
tified and, despite many years of research, still re-
quires further investigation. To improve the adhe-
sion of natural fibers for reinforcing in rotational
molding technology, the hydroxylation [14,20,22]
or the addition of a coupling agent [27] can be
assessed. The additional treatment as silanization
of the inorganic fillers, can also be performed to
improve polymer-fiber interfacial interactions. In
work [28], the hollow glass microspheres were
subjected to two-step modification, including hy-
droxylation and silanization.

The research carried out for powder fillers has
shown that using a two-step production process,
including preliminary mixing in a molten state,
may bring beneficial effects resulting from better
filler dispersion in the matrix [10]. In the case of
fiber-reinforced composites, the question arises
whether the use of a process that takes into ac-
count the initial mixing in the extrusion process
and subsequent microgranulation or pulverization
will not result in an excessive limitation of the
length of the fibers, which could result in the loss
of their reinforcing efficiency.

In their studies, Gupta and Ramkumar [25]
presented the influence of short glass fiber addi-
tion on the thermal and rheological properties of
LLDPE rotomolded products made by one-step
forming. Their analysis showed that the presence
of inorganic fibrous filler led to deterioration of
processing properties, assessed by melt flow in-
dex (MFI) decrease, significant reduction of the
viscosity, and increased crystallization tempera-
ture of polyethylene matrix. Unfortunately, the
insights into the structure of the composites and
analysis of fiber distribution and its’ influence on
mechanical properties were not discussed. Cas-
tellanos and co-workers [29] focused on describ-
ing the sintering process in polyethylene-glass
fibers. They showed that increasing the process-
ing temperature from 200 to 250 °C significantly
reduces the number of pores in the structure of
composites. This suggests that the use of thermally
stable inorganic fibers and the possibility of a
more comprehensive selection of temperature
conditions may reduce the number of defects
observed for composites reinforced with natural
fibers. The authors also emphasized the important
role of the use of fibers with the appropriate sizing,
determining the proper supersaturation of the
filler by the molten polymer. Promising studies
of applying wollastonite short fibers to produce
polyethylene composites by rotomolding were
presented by Yuan et al. [30]. The mechanical
properties of injection and rotomolded compos-
ites showed comparable results in the preliminary
mixing of the molten state and pulverization. The
authors used fibers with a mean particle size of
16.6 um and proved that selected mineral fillers
with a relatively low aspect ratio and high surface
area might effectively reinforce rotomolded com-
posites. Despite the high shearing mixing method
(extrusion), the tensile strength was significantly
higher than in the dry-blended series, revealing
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deterioration of the mechanical properties with
increasing filler content.

The major group of rotomolded composites is
based on a polyethylene matrix, which can be re-
placed with bio-based polyethylene since it has the
same properties as fossil-based PE but a different
synthesis. The bio-polyethylene synthesis starts
with the bio-ethanol production from glucose and
then the polymerization of ethylene monomer by
dehydration [31]. Glucose can be obtained from
biological feedstock like sugar cane, sugar beet,
starch crops, wheat, and lignocellulosic materi-
als [32]. The bio-polyethylene form Braskem is
made out of a sugar cane plant, which can capture
CO, from the atmosphere. According to Braskem,
sugar cane plants capture 2.5 tons of CO, on each
ton of produced green polyethylene. These prop-
erties allow for maintaining the balance of CO,,
which is why this bio-based polyethylene can be
named green polymer [31,33].

Taking into account the research described so
far, in particular emphasizing the possibility of
obtaining a reinforcement effect even by a small
length of fibers, it seems reasonable to analyze
the influence of the addition of not evaluated ba-
salt fibers on changes in the mechanical proper-
ties of biobased polyethylene. The work involved
a comparison of two methods of compaction
formation (dry blending and melt extrusion) for
structurally oriented analyzes of changes in me-
chanical properties.

EXPERIMENTAL

Materials

The polymer material used for matrix in roto-
molded parts is the biobased high-density polyeth-
ylene HDPE SHC 7260 I’'m Green ® (Braskem,
Brazil). The melt flow index of the used matrix
is 7.2 g/10 min (190 °C/2.16 kg), and the den-
sity of 0.959 g/cm® according to the producers’
data. The minimum biobased content defined by
the producer of this grade is 94 %, according to
ASTM D6866. The fibrous filler used to prepare
composite materials is chopped basalt fibers BF
type BCS 13-1/4”-KV02M from Kamenny Vek
company (Dubna, Russia), with a diameter of 13
um, mean fiber length of 6.2 mm, silanization
(0.4 wt%) and density of 2.7 g/cm®.
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Rotational molding

The process of rotational molding was per-
formed in two different methods:

1) Dry blending

The neat polymer in the form of pellets was
ground using a high-speed mill Retsch ZM 200
with a sieve of 500 pum at a 10,000 rpm knife
rotational speed. The basalt fibers were intro-
duced in the amount of 2.5, 5, 10, and 20 wt%;
they were physically mixed with the previously
obtained polymer powder. Materials before rota-
tional molding were dried at 90 °C for 24 h, 100 g
of previously prepared physical premixes were
introduced into the forms with dimensions of
180x60x60 mm and made of a 2 mm thick steel
sheet. The rotational molding process was carried
out using the laboratory scale machine: a single-
arm shuttle rotational molding machine (REMO
GRAF, Poznan, Poland) [11]. The rotational
speeds of the horizontal and vertical axes were
15 rpm and 5 rpm. The temperature of the heating
chamber was 250 °C, and the time of rotational
molding was 30 min; after this time, the molds
still in the rotational movement were cooled in a
forced air flow station for 20 min.

2) Melt mixing

This method has been enriched with the pre-
liminary step, which was the extrusion process
to introduce fiber fillers into the polymer matrix.
The extrusion process was carried out on the
twin-screw co-rotating extruder Zamak 16/40
EHD (Zamak Mercator, Skawina, Poland) with
the highest temperature of 190 °C and a rotational
speed of the screws was 100 rpm. The extrudates
were cooled in a water bath and, after this, pel-
letized. The pellets were further pulverized us-
ing the high-speed mill Retsch ZM 200 equipped
with the 500 um sieve and a rotational speed was
10,000 rpm. The prepared composite powder was
then subjected to rotational molding in the same
conditions as the dry-blended method.

The dry-blended samples are named bioPE,
2.5% BEF, 5% BF, 10% BF, and 20% BF, the melt-
mixed samples have the additional suffix “ex”.

Characterization tests

Fourier transform infrared spectroscopy

The chemical structure of obtained com-
posites was investigated using the FTIR in ATR
mode. The measurement was carried out using
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the Jasco FT/IR-4600 (Tokyo, Japan) at scanning
resolution 4 c¢cm', in the range of wavenumber
4000400 cm™ and the number of scans was 64.

Optical microscopy

The optical microscope Levenhuk DTX 500
LCD Digital Microscope (Warsaw, Poland) was
used to investigate the structure of the cryo-frac-
tured cross-section of samples. The microscope
OPTA-TECH SK (Warsaw, Poland) connected
with camera Meiji Techno HD2600T was used to
obtain microscopic images of neat bioPE powders
and composite powders. This equipment allowed
to investigate the length of basalt fiber before and
after processing. The computer software adjusted
to the microscope made it possible to measure
these dimensions with an accuracy of 0.01 mm.
The minimum number of measurements for each
of the dimensions is 50. To obtain separated fibers
after processing, the rotomolded samples were
subjected to incineration.

Calcination

To obtain the residue after combustion ac-
cording to the standard PN-EN ISO 1172 approx-
imately 2 g of rotomolded parts were subjected to
incineration at 600 °C for 3 h. The used furnace
was SNOL 22/1100 LHMO1. After incineration,
the residues were used to determine the actual
content of the introduced filler in the rotomolded
parts. The percentage of inorganic residue fibers
is an average value of two measurements.

Mechanical properties

The mechanical properties of rotomolded
parts were evaluated using a static tensile test. The
Young modulus, tensile strength, and elongation
at break were determined based on the standard
PN-EN ISO 527-1 adapted to rotomolded sam-
ples using the universal testing machine Zwick
Roell Z010 (Ulm, Germany). At least 7 samples
100 mm long, 10 mm wide, and approximately
3 mm thick, cut from the side walls of the roto-
molded parts, were subjected to this test with the
speed of crosshead 1 mm/min during Young mod-
ulus determination (up to elongation of 0.2%) and
10 mm/min during the rest of the test.

Brinell hardness test was performed using the
hardness testing machine KB Priiftechnik 150R

according to the standard ISO 2039. The value of
hardness is the average value of 10 measurements.

Melt flow index (MFI)

The melt flow index measurement was car-
ried out to investigate the processing properties
using the plastometer Dynisco LMI 4004 accord-
ing to standard ISO 1133; the parameters were
190 °C and 2.16 kg.

Thermomechanical analysis (DMA)

The dynamic mechanical properties were
obtained using the rheometer Anton Paar MCR
301 (Graz, Austria) with SRF accessory in a tor-
sion mode operating at a 1 Hz frequency in the
temperature range 25-100 °C, and the heating
rate was 3 °C/min. The samples used for DMA
measurement have dimensions 10x50 mm. Apart
from the dynamic mechanical properties, the ef-
fectiveness of the filler C was determined using
the following formula [34]:

!
30

¢ )
7 composite
C — G 100 (1)

where: G, is the storage modulus at 30 °C, and
G',,, 1s the storage modulus at 100 °C [35].

The brittleness was measured using the Bros-
tow et al. formula [36]:

1 2
b= e G'3 @
where: ¢ is the elongation at break determined at
a speed of 10 mm/min during the tensile
test [%], and G, is the storage modulus
at 30 °C.

RESULTS AND DISCUSSION

Structural analysis

The results of the FTIR analysis are presented
in Figure 1. The absorption bands visible in FTIR
spectra are characteristic of low-density polyeth-
ylene. The most distinct absorption bands related
to the symmetrical and asymmetrical stretching
vibrations of the C-H bonds occurring in the main
polyethylene chain are visible at 2845 cm™! and
2915 cm™. The 1465 cmabsorption peak is con-
nected with the C-H bond in polymer structure
[37]. Besides the characteristic band peaks for
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polyethylene, the peak at approximately 1100
cm’ can be distinguished; it represents SiO, ab-
sorption band characteristic for basalt fibers [38].
The silicon dioxide (SiO,) constitutes approxi-
mately 50 wt% of basalt fibers mass [39]. The
intensities of these peak increase with the rising
number of basalt fibers in composites, and these
intensities are higher in spectra of melt-mixed
samples. In the spectroscopy measurements sam-
ples were placed the outer surface of rotomolded
parts towards the detector. The higher intensities
of SiO, peak suggest that the distribution of basalt
fibers is better and this behavior occurs in melt-
mixed samples. In order to neglect the negative
effect of the melt processing on polymer struc-
ture, the evaluation of FTIR spectra in the range
of carbonyl bands representation was evaluated
(16501850 cm™). The presence of this peak can
imply that some degradation occurs in the poly-
mer matrix [40]. There was no distinct absorption
band in mentioned range, which allows for omit-
ting the influence of thermal or thermooxidative
degradation on mechanical properties.

The distribution of basalt fibers in the poly-
meric matrix is insufficient in dry-blended sam-
ples. Most of the introduced basalt fibers are
located near the inner surface of the rotomolded
part. This effect is caused by the high difference
in densities and size of the polymer matrix and
introduced filler, which is almost three times
higher for basalt fibers. The rotating around the
horizontal and vertical axis of the mold at low
rotational speeds causes the migration of basalt
fibers far from the mold walls. Considering only
the bed flow of the particles in the mold’s uniaxial
rotating movements, there are 5 different flow re-
gimes: slipping, avalanching, rolling, cataracting,
and centrifuging [41]. When used particles have

a)
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different properties, such as density, size, shape,
or surface roughness, segregation may occur
caused by the clustering of similar particles [42].
In this case, not only does the segregation of par-
ticles in bed flow by their densities causes the
migration of basalt fibers to the outer surface,
but also the PE particles tends to go to the mold
surface because of their size and shape and then
quick melting of polyethylene powders on the
mold wall occurs. The melting of the polymeric
particles can change the movements of powder
from slipping to avalanching. In avalanching
flow, the particles uniformly flow near free sur-
faces, these particles are the basalt fiber, and this
movement limits the ability to mix the fibers with
the polymer matrix [2,41]. Mixing fiber filler is
also difficult because of the low-shear rates char-
acteristic of the rotational molding process [10].
In these conditions, the polymer not subjected to
non-newtonian melt flow region is characterized
by high viscosity, revealing hindrance with fully
infusing basalt fibers. When as a pre-processing
dry blending is applied for the preparation of the
natural fibers with polymeric powder premixes,
the final distribution of the filler was reported
to be uniform in the volume of the rotomolded
part [14,23,27]. On the other hand, the products
manufactured from the melt-mixed composition
showed the homogenous distribution of basalt fi-
bers; only the samples with 2.5 wt% BF showed
fillers located closer to the outer surface. The
advantage of using the preliminary melt mixing
process is improved dispersion of the fibers in
a polymer matrix, which is connected with the
occurrence of high shear rates. The remaining
bubbles in the composite can be distinguished in
the images of fractured samples (Fig. 2). The high
concentration of pores is observed in structures of
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:_‘&jw@
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Fig. 1. FTIR spectrum of rotomolded parts dry-blended (a) and melt mixed (b)
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Fig. 2. Optical microscope images of fractured rotomolded samples prepared by dry blending (a, b, ¢, d, e)
and melt mixing (f, g, h, i, j) arranged from top to bottom with the increase in basalt fibers content
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an unfilled dry-blended bioPE sample, as well as
in some composite dry-blended samples. In the
melt-mixed series, the pores are visible for the
5, 10 and 20 wt% of basalt fibers near the fibers.
This means that the presence of pores in melt-
mixed samples can be connected with the release
of the residual moisture entrapped in filler or ther-
mal degradation of the silane sizing during long-
time processing.

The preliminary grinding of melt-mixed com-
posites with fiber fillers resulted in pulling out ba-
salt fiber from the polymer matrix. Figure 3 pres-
ents microscopic images of polyethylene powders
after grinding. The amount of torn fibers from the
polymer matrix increased gradually with the in-
crease in basalt fibers in composite materials. The

inorganic fibers and nonpolar polyethylene create
a weak bond between them; despite the applica-
tion of silane sizing of the BF. The different modi-
fications of the fibers, such as dopamine hydro-
chloride [35], may decrease the intensity of the
mentioned effect to improve the interfacial adhe-
sion. Figures 3a and 3b present neat polyethylene
powder images to compare composite powder
materials’ morphology. All powder particles have
irregular shapes, but the particles of neat bioPE
and bioPEex have much smoother surfaces. The
visual effect of sharp edges can be caused by the
presence of basalt fibers.

The rotomolded parts were subjected to py-
rolysis to investigate the amount of residue ba-
salt fibers. Table 1 presents the weight percentage

Fig. 3. Optical microscope images of powder materials: bioPE (a), bioPEex
(b), 2.5% BFex (c), 5% BFex (d), 10% BFex (e), 20% BFex (f)
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Table 1. The thermally stable residue after pyrolysis,
which described the authentic content of inorganic filler

Table 2. Length of the remaining basalt fibers after
pyrolysis of rotomolded samples

Sample Content after pyrolysis [wt%)] Sample Fibers length [mm]
bioPE 0.08 Basalt fibers 3.251 £ 0.288
2.5% BF 1.27 2.5% BF 1.804 + 0.947
5% BF 249 5% BF 1.894 £ 0.959
0,
10% BF 9.08 10% BF 2.696 + 0.739
20% BF 11.90
- 20% BF 2.782 +0.756
bioPEex 0.07
0,
2 5% BFex 500 2.5% BFex 0.204 +0.093
5% BFex 4.68 5% BFex 0.213 £ 0.095
10% BFex 10.04 10% BFex 0.237 £ 0.099
20% BFex 19.52 20% BFex 0.306 +0.118

of residue matter after annealing at 600 °C. The
residue content after pyrolysis for dry-blended
samples does not reflect the number of introduced
basalt fibers. The not regular distribution of fi-
bers results in not even weight percentage con-
tent; this is seen in dry-blended samples. On the
other hand, the melt-mixed composites have the
amount of residue closely related to the number
of introduced fibers.

The residues after pyrolysis were also sub-
jected to further investigation to describe the pre-
processing step conditions on the geometry of the
fiber. The optical microscopy images allowed to
measure the fibers’ length and describe their vi-
sual appearance. In Figure 4, basalt fibers before
processing are presented; the length of these fi-
bers is 3.25 = 0.29 mm. The unprocessed fibers
and fibers used in dry-blended samples have many
fibers connected. The insufficient saturation of fi-
bers with polymer matrix via dry blending method
results in the still clustering effect of the fibers. As
previously mentioned, low shear rates occurring
in rotational molding technology are not enough
to homogenously distribute the basalt fibers and
achieve the effect of proper saturation of the inor-
ganic filler by molten polymer with high viscos-
ity. Application of the preliminary step in which
fibers were introduced into a polymer matrix via
extrusion resulted in better distribution of fibers
in final rotomolded parts and better saturation of
fibers. The melt mixing method has one big disad-
vantage: the fibers’ length decreased significantly.
The length of fibers after the dry blending method
are shorter by approximately 1 mm in comparison
to unprocessed ones. However, the fibers after
melt mixing are shorter by 3 mm, which is 93%
reduction in length. All fibers’ lengths before and
after processing are presented in Table 2.

Mechanical and thermomechanical analysis

The mechanical properties of rotomolded
parts are strongly correlated with the distribu-
tion of added basalt fibers. The Young modulus
does not change significantly with the increase of
the filler. The difference between the highest and
lowest modulus of elasticity is 13% of the average
modulus for dry-blended samples and 25% of the
average for melt-mixed composites. No signifi-
cant stiffening was observed in the dry-blended
and melt-mixed series. The uneven distribution of
fibers in dry-blended samples has no reinforcing
effect on the composite structure. Even though
the fibers are better distributed in melt-mixed
composites, there is no reinforcing effect either.
We can observe the slightest increase in modu-
lus of elasticity which also causes the decrease
in tensile strength. This kind of behavior is char-
acteristic of particle-reinforced composites. Poly-
ethylene composites reinforced with fibers have
an enhanced modulus and tensile strength [43].
The polyethylene composites reinforced with
glass fiber in a length of 4 mm exhibit an increase
in elasticity modulus and tensile strength with the
rising filler content [44]. The decrease in elonga-
tion value at the break is observed for dry-blend-
ed and melt-mixed samples. There is the slightest
increase in elongation after adding 2.5 wt% BF
for materials manufactured with the preliminary
extrusion step. Overall elongation at the break is
higher for these samples than for dry-blended.

In Figure 6 is presented hardness of roto-
molded parts, which improved with the increase
in basalt fiber content. There is a slight increase
in hardness in melt-mixed samples. This can be
correlated with the better distribution of rigid
inorganic fibers, including their presence in the
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Fig. 4. Basalt fibers before and after processing via rotational molding (left side)
and extrusion followed by rotational molding (right side)
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Fig. 6. Hardness of dry-blended and melt-mixed samples

surface area of the composite part. In the dry
blended samples the basalt fibers are located
near to the inner surface and the hardness test
was performed by pressing the indenter from the
outer surface of samples.

Figure 7 presents the results of thermome-
chanical tests performed by DMA. The diagrams
of storage modulus (G*) and damping factor (tand)
as a function of temperature for a series of materi-
als produced with the use of two different mixing

methods of polymer-filler composition for the
rotational molding process were compared. Con-
sidering the slight possibility of the influence of
inorganic fibers, remaining inactive towards the
polyethylene matrix, and the proven risk of deg-
radation effects, the temperature range was nar-
rowed down to 30-100 °C, without considering
changes of y- and p-relaxations of polyethylene
[45]. This range allowed to determine the influ-
ence of inorganic filler on the thermomechanical
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Fig. 7. Thermomechanical curves obtained by DMA; storage modulus
(G’) and damping factor (tand) vs. temperature (T)

stability of the composites. Storage modulus re-
sults are in agreement with static tensile measure-
ments of elastic modulus. The introduction of fill-
ers did not cause significant changes in increas-
ing the stiffness of the material. Interestingly,
the G’ values recorded for dry-blended samples
decreased gradually along with the increased
amount of filler. At the same time, the melt-mixed
series showed almost no influence of the filler on
storage modulus, except 10 wt% BF series. The
lack of significant changes to the damping factor
of composites, made using only physical mixing
before processing, is understandable, taking into
account only the surface distribution of the filler
in the matrix on the internal part wall. For the
melt-mixed series, a gradual increase in the val-
ue of tand is observed in the upper-temperature
range, above the a-relaxation temperature [45].
The observed microporosity may overcome this
noted in the interfacial area around the fibers.
The storage modulus values for each of the
samples at 30 °C and 100 °C to calculate the ef-
fectiveness of the filler C and brittleness (B) of
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dry-blended and melt-mixed composites. The re-
sults are summarized in Table 3. The filler inter-
action efficiency is based on the determination of
the C coefficient. According to the literature [34],
the lower the C coefficient, the greater the effec-
tiveness of the filler in the polymer matrix. The
values of the C presented in Table 3 indicate that
the highest efficiency of the filler on the thermo-
mechanical properties of dry-blended composites
was found for samples with 5 wt% of basalt fibers
(0.84). For composites mixed in the melt state, the
highest filler efficiency was achieved for a sample
with a 20 wt% of basalt fiber content (0.80), C fac-
tor decreases in both cases of preparing rotation-
ally molded composites. Still, for the melt-mixed
samples, this coefficient is slightly lower, so it can
be stated that, in this case, the effectiveness of the
influence of the filler is higher. The B-factor cal-
culations presented in the paper may differ from
data obtained with the method presented initially
by Brostow [36], while the G modulus was used
instead of E, and the value of the strain at break
was tested with a traverse speed of 10 mm/min.
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Table 3. The brittleness and effectiveness of the filler
measured using equations (1) and (2)

Table 4. Melt flow index of materials formed during
rotational molding

Sample Effecti_veness Brittleness B
of the filler C[-]| [% Pa/10']
bioPE - 1.64
2.5% BF 1.03 £0.07 2.29
Dry-blended 5% BF 0.84+0.24 3.82
10% BF 0.96 + 0.31 3.26
20% BF 0.86 £0.17 3.33
bioPEex - 1.18
2.5% BFex 0.98 +0.10 1.09
Melt-mixed | 5% BFex 0.89 +0.07 1.78
10% BFex 0.84 +0.04 1.85
20% BFex 0.80 £ 0.06 3.27

However, it should be noted that this multi-cri-
terion parameter is not an actual physical feature
in its interpretation but is an empirically tested
qualitative comparative criterion. Therefore, the
data cannot be correlated with other data in the lit-
erature and have been discussed for comparative
purposes. The results described using parameter
B show that the samples lose their ductility with
the increasing share of the filler. Composites made
with preliminary physical mixing show higher
brittleness. This phenomenon is related to the in-
creased negative effect of insufficient filler disper-
sion in the matrix on the storage modulus. The test
results are consistent with those obtained in previ-
ous studies, both in the case of composites with
fibrous as well as particle-shaped fillers [35, 46].
The melt flow index of neat polyethylene
provided by the supplier is 7.2 g/10 min; this
value was insignificantly increased after prelim-
inary melt processing. Therefore, it can be stated
that applied extrusion and milling conditions did
not provoke degradation effects on polyethylene.
It is different in the case of composite materials;
the increasing amount of basalt fibers decreased
the MFI, which is correlated with the increase in
the viscosity of obtained materials. Adding ba-
salt fibers into a polyethylene matrix can cause
limitations in the mobility of polymeric matrix
macromolecules, leading to a rise in viscosity
[47]. The value of MFI for the sample with the
highest content of basalt fibers decreases by 50%
of the initial value of MFI for neat bioPE. Even
if the noted difference in MFI values between
non-filled polyethylene and composite series
is significant, it is also in the acceptable range
according to the requirements for rotational

Sample Melt flow index [g/10 min]
bioPEex 8.94 +£0.22

2.5% BFex 6.87 +£0.18

5% BFex 5.95 + 0.31

10% BFex 4.66+0.15

20% BFex 4.06 +0.11

molding technology since the preferred MFI for
materials used in rotational molding should be
between 2 and 8 g/10 min [48].

CONCLUSIONS

The conducted research allowed to state that
despite the high potential of the filler, the tech-
nological aspect related to the specific process
conditions during rotational molding may make
it difficult to obtain effective reinforcement by
inorganic fibers. The good distribution of these
fillers is a crucial aspect, but it is difficult to ob-
tain; in the case of dry-blended composites, all
of the fillers are placed on the inner surface of
samples which can be seen on the microscopic
images. A better distribution may be obtained by
the application of the preliminary step in which
the fillers were melt-mixed with a polymer ma-
trix. However, investigations have shown that
for both composition pre-processing methods
applied prior to the rotomolding process, the
effectiveness of the reinforcement by the fibers
is reduced. These phenomena, however, in both
cases have a different origin. The dry-blending
systems showed phase separation and insuffi-
cient fiber supersaturation. In the second case,
i.e., composites made of micrometric powders
produced in the extrusion process were char-
acterized by a reduction in the length of basalt
fibers, which lose aspect ratio, it allows for effi-
cient stress transfer and strengthens the polymer.
The analysis of the thermomechanical parame-
ters also confirms this behavior.
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