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ARTICLE INFO ABSTRACT

Keywords: The research work carried out so far indicates the ever wider possibilities and demand for shaping composite

PLA products in the rotational molding technology. This trend was the main reason to use waste-based filler from the

Polylz?mide . metallurgical process as a filler for manufacturing polylactide (PLA)-based remolded composites. Copper slag

Rotational molding (CS) was introduced in the single-step processing method to PLA matrix at 5, 10, 20, and 35 wt%. The roto-

Copper slag . . . ) . . s .

Waste filler molded composites with different filler content were subjected to in-depth structural analysis discussed in
relationship with mechanical and thermomechanical properties changes. Evaluation of the composite structures
by scanning electron microscopy (SEM) and 3D computed tomography (3D CT) analyses showed that incorpo-
rating up to 10 wt% of the filler did not cause adverse changes in the filler dispersion in the product volume,
which was homogeneous. Lack of unfavorable structural changes in composites with concentrations of up to 20
wt% was related to the rheological properties of the composition. Except for series with the highest filler content
(35 wt%), the produced composites were characterized by increased stiffness and hardness than rotomolded
parts made from pure PLA. Despite the deterioration of the tensile strength of composite materials using higher
filler concentrations, the mechanical performance of 5 and 10 wt% showed an acceptable level while increasing
the stiffness by about 15% compared to neat PLA. Moreover, it was shown that the interfacial adhesion between
PLA and CS, despite the lack of surface modification of the filler waste, was advantageous.

1. Introduction

Rotational molding or rotomolding is currently one of the most
dynamically developing technologies used for thermoplastic polymer
processing to produce large-size products. The possibility of almost
waste-free shaping of thin-walled parts with favorable mechanical
properties means that this technology in many cases has allowed to
replace thermoset-based laminates reinforced with inorganic fibers,
characterized by limited recycling possibilities after the end of the
product life cycle with more sustainable options [1,2]. The undoubted
advantages of the rotational molding technology include the relatively
low costs associated with starting production, the ability to manufacture
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products with complex shapes, requiring no post-assembly procedures,
no residual stresses in final products, and the ability to obtain many
products of various shapes in one production cycle [3]. At the same time,
one should remember the disadvantages of the process, which include
high energy and time consumption, and in the case of using thermo-
plastic polymers, the necessity to use materials with appropriate thermal
and thermo-oxidative stability [2,4]. While polyethylene is still the most
persistent polymer in the rotational molding technology, more and more
attempts in the shaping of products made of biodegradable polymers
such as polylactide (PLA) or poly(e-caprolactone) (PCL) and their
composites have been undertaken in recent years [5-8]. The most
outstanding attention was paid to the processing of PLA as a biopolymer
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with relatively high availability and which allows a comprehensive
modification of its structure, as well as showing good thermal stability
[91.

The production of polymer composites, regardless of the type of
technology used, injection, extrusion, or rotational molding, allows both
to increase the range of applicability of the base materials convention-
ally used and reduce the price of final products [10-12]. Due to the
shaping of the material in the form of a powder, the addition of the
particle-shaped filler became a perspective and a justified solution.
Two-step preparation of the polymer composition, taking into account
preliminary melt processing and further pulverization, allows to obtain
products characterized with better mechanical performance; however,
one-step production with the simultaneous use of waste material allows
to reduce the energy consumption of the process and the overall envi-
ronmental impact of the production [13,14].

Considering so far published works, lignocellulosic fillers are often
introduced into thermoplastics processed by rotational molding. The
addition of such fillers as plant fibers (agave [15,16], cabuya, sisal [17],
and flax [18]) and other woody parts of plants (wood flour [19], ground
husks and hulls [20], and another wooden parts of the plants [21,22]),
allows to obtain more sustainable products. However, this procedure is
often associated with a significant deterioration of the properties of the
final products. The most significant benefit of using inorganic fillers
compared to lignocellulosic in the case of rotomolding is the possibility
of using the process temperature exceeding 200 °C. In the case of
lignocellulosic materials, there is a significant risk of degradation out-
breaks during long-term exposure to high temperatures in the range of
lignin degradation (above 160 °C) [23]. Therefore, from the point of
view of the thermally stable implementation of the technological pro-
cess, the use of inorganic fillers is more justified.

Several studies concerning modification of thermoplastic polymers
using inorganic thermally stable or waste-originated fillers showed high
potential in this solution [24-27]. Butora and coworkers [27] discuss the
possibility of manufacturing rotational molded linear low-density
polyethylene composites filled with 10 wt% of talc. Their in-
vestigations showed that it is possible to incorporate a higher amount of
the inorganic filler; however, its presence caused deterioration of the
mechanical properties. In a series of different studies [24,25], fumed
silica was discussed as a potential inorganic filler for rotomolding pur-
poses, reducing the pin-hole effect and increasing the elasticity modulus
of LLDPE.

In the case of the lower filler content (1-2 wt%), the processing
parameters such as temperature and rotational speed have a dominant
role in the mechanical properties of final products [28]. The higher
content of the filler, the more distinct impact of final properties is related
to geometry and the physicochemical properties of the non-polymeric
part of the composite [13,29]. In addition to the appropriate thermal
stability of the fillers introduced into the polymer matrix, the method of
mixing the components, the size of the filler particles, their aspect ratio,
and moisture content are crucial factors from the moldability point of
view [13,14,30]. An attempt to produce composites with a higher de-
gree of filling while using the most uncomplicated possible procedure of
preliminary filler preparation is essential because it allows for the
maximum limit of the amount of used polymer. Simultaneously, it
should be realized that direct application of the dry-blended polymer
and a filler characterized by large particle size distribution during the
rotational molding process may cause agglomeration of the filler [13].

Slag is the term used to describe the totality of non-metallic co-
products generated in the production of metals from their ore. The
chemical composition largely depends on the type of smelted metal and
the smelting technology [31]. Copper slag (CS) is a non-ferrous slag
made in the process of ores smelting. Considering that 2 tons of slag are
generated for each ton of metal, and the production and consumption of
non-ferrous metals and their alloys increases each year, the management
of post-production waste becomes a burning problem necessary to solve
[32]. Due to the commonness of copper processing, the resulting
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by-product generates waste in large amounts, which, despite various
management methods, still constitutes a developmental material from
the point of view of a waste valorization [31]. One of the most common
applications related to the management of CS waste is production of
abrasives [33], which is justified due to its high hardness, i.e., 6 in Mohs
scale [32]. The second main way of managing CS waste today is to use it
as a fine aggregate for bituminous mixes and as concrete additive [34,
35]. The last application results from the pozzolanic activity, which
decreases the heat of hydration more efficiently than fumed silica in
mortars. It also increases concrete strength after partially replacing the
cement in the concrete composition [32]. Due to the necessity to
maximize the use of by-products so that they do not end up as landfill
waste, there have been several attempts in the literature to produce
polymer composites using copper slag as a filler, for thermosetting
polymers such as epoxy [36] and polyester resins [37], and thermo-
plastics, including the biodegradable ones (PCL) [38].

The chemical composition of copper slag is largely similar to that of
fossil mineral materials such as basalt or obsidian [32]. It consists of
inorganic chemical compounds, including SiO,, Al;03, CaO, NazO, FeO
and Fe;03, MgO, and K5O [38]. None of the listed materials reveals a
biocidal activity that could limit enzymatic biodegradation in the later
stages of the biodegradation process [39]. However, due to its hydro-
philicity, its presence increases the possibility of PLA degradation in the
initial degradation period, dominated by hydrolytic degradation [40,
41]. While it is preferable to reuse copper slag waste, significant
amounts are disposed of by deposition on landfills [31]. Therefore,
despite the lack of the possibility of full biodegradation (filler decom-
position), it is assumed that after the end of the life cycle of PLA-CS
composites, it will be possible to realize the composting process, and
the inorganic residue will not constitute a burden for the natural envi-
ronment. At the same time, compared to PLA-based composites pro-
duced using lignocellulosic fillers, it is possible to shape products at a
temperature above 200 °C, without the risk of thermal decomposition of
the reinforcement.

While the use of waste fillers is one of the more dynamically devel-
oped concepts of the possibility of shaping sustainable materials, rela-
tively few studies describe the use of waste materials as fillers for
composites formed in the rotational molding process. As it was
mentioned earlier, most researchers focus on the development of
shaping rotomolded products reinforced with lignocellulosic fillers,
including waste from the agricultural and food industries [30,42] or
natural fibers with a limited scope of use, such as banana or agave fibers,
which were, among others, incorporated into the polyethylene matrix
[43,44].

Considering the results of earlier works involving the use of CS as a
waste filler for the production of composites with a matrix of various
polymers, including the thermoplastic and the thermosetting ones, the
attempt to use this waste powder filler in the rotomolding technology
seems to be justified. Moreover, the amount of work on the use of non-
lignocellulosic waste fillers for the production of rotomolded composites
is limited and refers mainly to ground tire rubber [45] or basalt powder
[46]. This study aims to assess the possibility of shaping biodegradable
polyester filled with copper slag as a raw waste filler from the metal-
lurgical industry by the single-stage method, using dry-blend pre-
processing. The conducted research allows to correlate the amount of
introduced waste material with the emerging product defects and
quality features, assessed through a multi-criteria structural and thermal
analysis related to the mechanical and thermomechanical properties of
the final composites.

2. Experimental
2.1. Materials

The commercial polylactide grade PLA RXP 7501 from Resinex,
Warszawa, Poland, (MFI = 75 g/10 min, 190 °C/2.16 kg) in powder
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form was used as a polymeric matrix for manufacturing of rotomolded
parts and composites. The use of the low melt viscosity polymer was
deliberate and aimed at minimizing the adverse effects of the presence of
the inorganic filler introduced by the direct method.

Copper slag (CS), as a by-product generated from a suspension
furnace, was derived in the form of fine powder with a grain density of
3.04 g/cm?® from Polish copper-rich deposits. The chemical composition
of CS, as declared by the supplier, consist of: 41.2 wt% SiOs, 19.1 wt%
Aly03, 13.1 wt% CaO, 12.0 wt% Fep03 + FeO, 4.9 wt% MgO, 1.1 wt%
Cu. The material shows a moisture content of 0.13 wt%. Particle size
distribution of CS and SEM images of the filler are presented in Fig. 1.
Broader information about the used filler was presented in a previous
work [38].

2.2. Sample preparation

Before processing, the PLA powder with particle-shaped waste
inorganic filler portions was preliminary mixed for 5 min using a high-
speed knife mill Retsch GM 200 with the rotational speed of 2000 rpm.
After that, portions of PLA with 5, 10, 20, and 35 wt% of CS were sub-
jected to drying under a Chemland vacuum cabinet drier at 70 °C for 24
h. The total amount of material used for the manufacturing of each part
was 150 g. The rotational molding process was carried out using the
single-spindle shuttle rotational molding machine REMO GRAF (Poland)
with two rotation axes, equipped with 185 x 60 x 60 mm cuboid-shaped
steel mold. A detailed description of the used machine was presented in
our previous work [19]. After introducing a measured amount of poly-
mer and filler, the sealed mold was introduced into the heating chamber
of the machine. The rotomolding process was done with the ratio of the
rotational speed of axes of 1:3, and the set of processing parameters that
allows obtaining the constant measured temperature in the oven during
the processing of 250 °C, rotation time at elevated temperature was 20
min, and 20 min cooling time using the forced airfield. All samples
assigned as PLA in this study are materials taken from products pro-
cessed in the rotational molding technology, manufactured in the same
conditions and preprocessing procedure as PLA-CS composite series.

2.3. Methods

The Fourier Transform Infrared spectroscopy (FT-IR) was conducted
using a spectrometer Jasco FT/IR-4600, operating at room temperature
(23 °C) in a mode of Attenuated Total Reflectance (ATR - FT-IR). A total
of 64 scans at a resolution of 4 cm ™! was used in all cases to record the
spectra.

Thermogravimetric analysis (TGA) was employed to study the ther-
mal degradation of the PLA and the composites. The samples of 10 + 0.2
mg placed in Al;,O3 crucibles were heated in the temperature range of
30-900 °C with a rate of 10 °C/min, using a Netzsch TG209 F1 appa-
ratus. An inert atmosphere of nitrogen was applied. Based on the ob-
tained mass vs. temperature curves, its first derivative (dTG) was
calculated. Values of 5, 10, and 50% mass loss (Tse, T10%, and Tsog) and
residual mass were determined.
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The thermal properties of the studied materials, such as melting,
crystallization, and cold crystallization temperature (Tp,, Ter, and Tec,
respectively) and the crystallinity degree, were analyzed using the dif-
ferential scanning calorimetry (DSC) method. Samples of 5 + 0.2 mg
were placed in aluminum crucibles with pierced lid and heated from
—30 °C to 200 °C with a rate of 10 °C/min, held at this temperature for
10 min and then cooled back to —30 °C with a rate of 10 °C/min. This
heating/cooling cycle was performed twice. As the samples prepared in
the same way had a similar thermal history, the first heating/cooling
and second heating cycles information were used in the analysis. A
Netzsch DSC 204F1 Phoenix apparatus and a nitrogen atmosphere were
used. The crystallinity degree (Xcr) was calculated according to equa-
tion (1):

AHy — AHcc

Xpp ————M— 277cC
K7 (1 = ¢)-AHpraroon

-100% (€)]

where: AHy — melting enthalpy of the sample, AHcc — cold crystalliza-
tion enthalpy of the sample, AHpya1009 - melting enthalpy of a 100%
crystalline PLA, AHpra1000% = 93.7 J/g [47], ¢ - filler content.

Rheological investigations were carried using an Anton Paar MCR
301 rotational rheometer, with 25 mm diameter parallel plates and a
1.5 mm gap under the oscillatory mode. The experiments were con-
ducted at 200 °C. Before performing the dynamic oscillatory measure-
ments in the frequency sweep mode, the strain sweep experiments were
conducted. The strain sweep experiments of all the samples were per-
formed at 200 °C with a constant angular frequency of 10 rad/s in the
varying strain window 0.01-100%. The preliminary investigations
allow to determine the value of 0.5% strain as applicable for frequency
sweep experiments and located for all samples in the linear viscoelastic
(LVE) region. The angular frequency used during the studies was in the
range of 0.05-500 rad/s.

The specific weight of applied fillers and resulting composites was
determined using Ultrapyc 5000 Foam gas pycnometer from Anton Paar
(Graz, Austria). The following measurement settings were applied: gas —
nitrogen; target pressure —18.0 psi; flow direction — sample first; tem-
perature control — on; target temperature — 20.0 °C; flow mode —
monolith; cell size — medium, 45 cmg; preparation mode — flow, 0.5 min;
the number of runs - 10.

The results obtained from pycnometry measurements were used to
determine the porosity of composites as the difference between theo-
retical and experimental values of density. Theoretical values were
calculated according to equation (2):

Pineo =P (1= @) +p0 2

where: pieo — theoretical density of the composite, g/cm?; pr — density
of the matrix — 1.2515 g/cm?; p; — density of the filler — 3.0400 g/cm?;
and ¢ — a volume fraction of the filler.

To quantitatively determine the composite’s porosity, equation (3)
was applied as follows:

:ptheﬂ 7:08)([7.100% (3)

Pieo

TTOT) 100

dQ3(x) [%]
[%] (X)€O

Particle size [um]

Fig. 1. Particle size distribution and SEM image of copper slag.
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where: p — porosity of the material, %; and pexp, — an experimental value
of density of composite, g/cm?®.

The structure of the composite samples was examined with the use of
a measuring X-ray tomography, model v|tome|x s240 (Waygate Tech-
nologies/GE Sensing & Inspection Technologies GmbH). The use of
micro-computed tomography (pCT) was focused on evaluating the dis-
tribution of the filler agglomerates and wall thickness. Following scan-
ning, parameters were used during the measurements - micro focus x-ray
tube (voltage 150 kV/current 200 pA); the exposure time for one picture
was 150 ms, and the voxel size was 123 pm.

The scanning electron microscope (SEM) Tescan MIRA3 (Brno, Czech
Republic) was used to assess the structure of the PLA and PLA-based
composites formed by rotational molding. The brittle fractured sam-
ples were assessed with an accelerating voltage of 12 kV and a working
distance of 16 mm. A thin carbon coating with a thickness of approxi-
mately 20 nm was deposited on samples using the Jeol JEE 4B vacuum
evaporator. The microscope was equipped with an EDS-UltimMax en-
ergy-dispersive spectrometer (Oxford Instruments, High Wycombe, UK)
and Aztec Energy Live Standard software, which allow the determina-
tion of the oxygen content at the evaluated surface.

The tensile properties of PLA and its composites were determined
using a Zwick/Roell 010 universal testing machine, according to ISO
527 standard. The crosshead speed was set to 1 mm/min during the
tensile modulus evaluation and 10 mm/min in the remaining part of the
test. Based on the obtained data, values of tensile modulus (E), tensile
strength (Ry,), and elongation at break (¢) were determined. At least five
samples of each kind were tested.

The ball indentation hardness of the composite samples and pure
PLA was measured using a KB Priiftechnik tester, according to ISO 2039
standard.

The impact strength was evaluated using the Dynstat method in
compliance with the DIN 53435 standard on unnotched samples with
dimensions of 4 x 10 x 15mm. A Dys-e 8421 apparatus equipped with a
0.98 J hammer was employed.

Thermomechanical properties of the copper slag powder-filled
samples and PLA were evaluated by Dynamic Mechanical Thermal
Analysis (DMTA) using an Anton Paar MCR 301 apparatus operating in
the torsion mode. The samples were heated from 25 °C to 120 °C with a
rate of 2 °C/min. The strain of 0.01% was applied at a frequency of 1 Hz.

The Vicat softening temperature (VST) was evaluated according to
the standard ISO 306, using a Testlab RV300C with a heating rate of
2 °C/min, and a load of 10 N was applied.

3. Results and discussion

Fig. 2 shows the FTIR spectra of CS, PLA, and PLA-CS composites. In
the case of the filler, the most significant were the absorption bands in
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the fingerprint region derived from Si-O stretching (940 cm™!) and
Si-O/Al-O bending vibrations (460 cm_l) [48,49]. PLA and its com-
posites spectra contained absorption bands characteristic for this
biodegradable polyester, i.e., OH stretching (3504 cm 1), asymmetric
and symmetric CH stretching (2997 and 2946 cm™1), ~CH, asymmetric
and symmetric stretching from aliphatic group (2920 and 2851 ecm ™)),
CH stretching (2877 em™ 1), C=0 stretching (1748 cm’l), CHj asym-
metric bending (1452 cm’l), CH deformation (1382 cm’l), CH asym-
metric band (1360 cm 1), CH bending (1315 and 1300 cm™1), CO
stretching (1264 cm’l), CO- stretching in -CH-O- (1178 cm’l), -COC
stretching (1130 cm’l), OC asymmetric stretching mode (1090 cm’l),
C-OH side group vibration (1041 cm™ 1), helical backbone with CHs
rocking modes (956 and 921 cm’l), and bands related to PLA crystalline
and amorphous phases (940 and 460 cm™1) [50-54]. FTIR -ATR mea-
surements were made for the external surface of the part. The absence of
bands characteristic for CS in the case of all composites proves the
correct course of the technological process. The outer wall of the product
was firstly covered with a thermoplastic polymer layer, which was
confirmed by the lack of additional overlapping peaks from the filler on
the spectra of the composite samples. Also, in polymer samples, no peak
growth was observed at 1748 cm ™ corresponding to carbonyl groups.
In the case of intense thermo-oxidation processes, an increase in in-
tensity within this band [55] or the appearance of an additional in-
flection of about 1713 em™! originating from the stretching of COOH
[56] are usually observed. In the case of composite samples, only a
decrease in the value in the discussed range was recorded. Therefore it
can be concluded that FTIR spectra show no degradative effects, or as it
will be discussed in the following parts of the manuscript, this method
was insufficiently sensitive to measure the degradative changes taking
place as an effect of processing.

Based on the TGA results presented in Fig. 3 and Table 1, it can be
observed that the degradation of PLA and PLA-CS composites is a one-
step process, and the addition of the filler only causes a reduction in
composites thermal stability in comparison to pure PLA, shifting the
degradation onset temperature to lower values: the greater the content
of inorganic filler in the composite, the lower is the onset temperature.
However, it should be emphasized that the nature of the degradation
process represented by the curve has not changed. Considering the
negligible influence of shear forces and the implementation of the pro-
cess in the temperature range of the confirmed thermal stability of PLA
and filler, the observed decrease in thermal stability in TG thermograms
and the values at selected mass losses are originated from the presence of
the filler. A similar effect of thermal stability reduction was noted for
PCL composites filled with CS [38] as well as for PLA-based composites
filled with different inorganic fillers [57-59]. It should be underlined
that degradation occurs in a lower but similar temperature range.
Considering the physicochemical properties and the chemical structure
of the copper slag, it can be assumed that the observed reduction in

1,0
—— PLA
——80S

084 |——10CS
—— 20CS|
—3BCSH

Absorbance [-]

Wavelength [cm'1]

Fig. 2. FTIR spectra of PLA, PLA-CS composites, and filler.
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Fig. 3. TG and DTG curves of PLA and PLA-CS.

Table 1
Thermal properties of PLA and PLA-CS composites obtained from TGA.

Material Tsos T10% Ts0% DTG peak Residual mass
[°C] [%/min; °C] [%]

PLA 321.9 332.5 356.9 29.14; 360.4 2.17

5CS 298.7 310.3 341.4 29.04; 349.7 9.69

10CS 297.6 307.0 335.2 30.18; 341.3 10.28

20CS 293.3 302.7 331.2 30.18; 337.5 11.88

35CS 284.6 293.7 323.8 17.17; 321.7 25.98

CS - - - - 98.51

thermal stability is related to two simultaneous mechanisms. On the one
hand, hydrolytic degradation of PLA may occur during processing due to
the release of not completely removed residual water from the highly
hygroscopic filler [13]. The second mechanism of polymeric matrix
degradation, resulting in lower thermal stability, can be attributed to
presence of metal oxides in the waste-based filler structure. The litera-
ture describes [57,60-62] the effects of alkaline metal oxides and
metallic ions that could catalyze the depolymerization or intermolecular
transesterification reactions of the PLA in a temperature range similar to
that used during processing (up to 230 °C). If the values of the DTG curve
maximum are analyzed, it can be seen that only for 35CS the intensity of
maximum degradation rate was lowered, which should be related to the
lower amount of the polymer. For all materials, the onset degradation
(Tse) values significantly exceed the molding and use temperature of the
composites. Therefore, it can be concluded that the observed adverse
changes will not deteriorate the application properties of the final
rotomolded parts made of PLA-CS composites.

Additionally, differential scanning calorimetry (DSC) analyses were
conducted. However, the used PLA matrix showed almost completely
amorphous behavior, and no significant changes of thermal properties,
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including characteristic temperatures of melting and glass transition,
were observed. The nucleating ability of CS on used PLA grade was
negligible, and the observed changes in mechanical and thermo-
mechanical properties cannot be related to changes in the crystalline
structure of the polymeric matrix. The DSC results were presented
collectively in supporting information (Fig. 1S and Table 1S).

The assessment of rheological properties in the oscillation mode was
aimed to provide information allowing to understand structural changes
in rotationally molded parts. Fig. 4 shows the changes in storage and loss
modulus as a function of angular frequency and complex viscosity
curves made for PLA and PLA-CS composites. Due to the selection of PLA
grade with low viscosity, the addition of the filler even in the highest
amount did not change the dominant viscous behavior in the entire
considered angular frequency range, which reflects the real shearing
conditions during the rotational molding [63]. All composites showed a
different course in low angular frequencies range than the unmodified
PLA sample due to the partial hindering of the polymeric macromole-
cules by the filler particles [64,65]. However, it should be noticed that
no plateau formation was observed for any samples that could indicate
the formation of a 3D agglomerated filler structure throughout the
sample volume. In the analyzed range, the changes, despite the partial
deflection of the G'(w) curves, did not become fixed and independent of
the ® in a small angular frequency range.

It is assumed that there is a correlation between zero viscosity (in the
low shear rate range) and the ability to air bubbles removal [66]. It is
difficult to eliminate air residues resulting from the process of polymer
powder sintering from a material characterized by very high viscosity
and melt strength. All curves showed a Newtonian plateau in the range
of low angular frequencies, only for 35CS slight inflection and increase
of n* below 0.5 rad/s was denoted, which is related to immobilization of
agglomerated clusters of the filler in polymer melt [67]. For composites
containing 5 and 10 wt% of CS, a decrease in the viscosity of the

600
550
500
450

400

@ 350
&
= 300
2 X
& 250
o
2
% 200
>< £
3 00 ® % 000,
£ <o gpoooogoog0dog s
S 450 SDVD,»»(\J’J\ 0 000 0B g
o 1 200©°" °pg
A ADDLDDANDLNDNNDANA , B
A NN
A
100 T T T T
0,1 1 10 100 1000

Angular frequency [rad/s]

Fig. 4. Oscillatory rheology results; storage/loss modulus and complex viscosity vs. angular frequency of PLA and PLA-CS composites.
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formulations was noted in the entire considered range, while a further
increase in the filler content resulted in a reversal of this trend. However,
it should be emphasized that considering the range of viscosity changes,
only for the 35CS sample, the increased viscosity values can be consid-
ered significant and impact the actual formation of structural defects in
the product (as seen in Figs. 5-7). In the analyzed case, the measure-
ments were performed by lowering the angular frequency. Therefore,
the reduction of the complex viscosity in the range of small angular
frequencies may result from partial thermo-oxidation of the polymer.
Considering the reduced thermal stability of the composites caused by
the introduction of the filler, which was attributed to hydrolytic
degradation and possibly depolymerization effects, the changes in the
viscosity of composites containing 5 and 10 wt% of filler seem to be
understandable. When over 20 wt% of CS was introduced into PLA, the
viscosity reduction due to the polymer degradation was dominated by
the effect of rigid filler structures presence. As a result, the increase of
the complex viscosity compared to unmodified rotationally molded PLA
for 20CS and 35CS series was noted.

The visual appearance of rotational molded parts made of PLA and
PLA with different CS content is presented collectively in Fig. 5. It can be
observed that in the case of a composition containing 10 wt% or more of
CS, the products obtain a uniform color, while defects in the form of pin-
holes are only observed for the 20CS composition. Only for the part
produced using the highest concentration composite, the loss of conti-
nuity of the structure in the central part of the product walls was
denoted.

Fig. 6 shows a summary of the results of the 3D CT analysis, which
consists of the tested sample 3D model, its structure including wall
thickness, and the distribution of the filler particles, respectively.
Considering the high ability of CS to create agglomerates during melt
processing, resulting in the creation of product cohesion deficiencies in
the form of macroscopic holes observed in 20CS and 35CS composites,
the limited moldability of PLA-CS composites at high filler content may
be defined. In the case of a composite containing 5 wt% of CS, the wall
thickness was more uniform compared to the unmodified PLA. Further
increasing the proportion of the filler caused the formation of thinning
in the central point of the sidewalls of the parts. The second of the
performed analyzes included the determination of the filler dispersion in
the PLA matrix. One can observe a variable tendency in the distribution
of the CS particles in the volume of the part. For 5CS and 10 CS com-
posites, the filler is located mainly in the walls and is characterized by
relatively good dispersion. The higher filler content was characterized
by an increased proportion of agglomerated domains in the corners of
the product. Simultaneously, this effect with the unacceptable intensity
was noted only for the sample with the highest filler amount.

Fig. 7 presents the impact of filler loading on the density and porosity
of prepared materials. Clearly, the incorporation of the inorganic filler
with relatively high specific gravity caused a significant increase in PLA
density. Nevertheless, differences between the theoretical density,
calculated using the rule of mixture, and the experimental values were

PLA 5CS
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noted. Such an effect was attributed to composites’ structure’s porosity
and is often noted for polymer-based composite materials [68]. Gener-
ation of voids inside the composites’ structure can be attributed to the
imperfect interface between matrix and filler particles, as well as to the
air inclusions due to the filler agglomeration [69]. The first issue is
mostly related to the differences in matrix and filler polarity and
insufficient wetting of filler with matrix and can be noted irrespectively
of the filler loading. On the other hand, air inclusions rather point to the
overloading of the matrix with filler particles or inefficient mixing of
phases. Therefore, typically the porosity of composites is increasing with
filler content [70,71]. In the presented work, a similar effect was noted
up to 20 wt% CS loading. The porosity of 20CS sample almost reached
6%, indicating the increased amount of voids inside the material, which
confirmed the results of 3D CT analysis (Fig. 6). Nevertheless, for sample
35CS the porosity was maintained at a similar level. Such an effect could
be attributed to the presence of a noticeable amount of pin-holes in the
structure of composites, which affects the measurements using gas
pycnometry. Due to pin-holes’ presence, gas can penetrate the interior of
the sample, thus reducing the calculated porosity.

Fig. 8 shows a compilation of the SEM images of the cross-section of
rotationally molded parts in the middle of the sidewall. Images were
taken in SE and BSE modes (left and right image respectively) to eval-
uate both the form of fracture and the distribution of CS particles. The
external surface of the product is shown on the left image. It should be
noticed that not for all the composite samples, the deterioration of the
internal surface quality was noted. A visible variation in the sample
thickness on the cross-section and deterioration of the quality of the
inner surface of thin-walled products, especially for the series with a
higher degree of filling, was observed. A similar effect was noted in
different studies concerning the addition of talc to rotationally molded
LLDPE-based composites [27]. Moreover, although the accumulation of
filler particles on the outer surface of the samples was visible for the
20CS and 35CS composites, it did not affect the improper representation
of the mold surface. Therefore, it can be concluded that PLA formed a
thin layer on the surface of the article in the initial stage of the process.
This is in line with the FTIR-ATR results, in the case of which there were
no additional absorption bands from the CS, which proves the correct
implementation of the process in the initial stage corresponding to the
formation of the polymer skin forming the outer layer of the product.

Usually, the introduction of a powder filler results in an increased
amount of voids and pores in rotationally molded part due to hindered
diffusion of air bubbles resulting from insufficient densification of the
composite structure [72] or release of residual moisture and/or volatile
degradation components from the filler subjected to long-term heating
in the technological process [30]. In the case of PLA composites rein-
forced with CS, the incorporation of up to 5 wt% of the filler did not
provide a significant increase of the porosity, while the calculated
porosity values for higher filler content are comparable to data reported
for rotomolded products reinforced with inorganic fillers [72], and are
at an acceptable level. The relatively bigger inorganic filler particles did

10CS 20CS

Fig. 5. Visual appearance of rotomolded PLA and PLA-CS composites parts.
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not adversely affect the entrapment of air domains in the polymer during
processing. This phenomenon may also result from the relationship
between melt strength and polymer viscosity and the ability to remove
air from polymer bulk during rotomolding [28,29] and intensified
oxidation of PLA structure through oxygen diffusion direct through the
polymer during the densification process [2]. In our case, using low
viscosity PLA grade and high processing temperature allows reducing
the viscosity of the composite, which allows the air bubbles to diffuse
from the polymer melt. Moreover, copper slag is characterized by high
thermal resistance and low hydrophilicity. Therefore, the lack of a sig-
nificant increase in the pore content, which additionally translates into
an increase in the wall thickness of the castings, is justified. The analysis
of SEM images confirms the results obtained with 3D CT.

SEM images compiled for a composite containing 10 wt% of CS are
shown in Fig. 9. The images taken represent the same shot made in the

SE, BSE, and EDS techniques. The composite fracture is brittle, which is
typical for amorphous or semi-crystalline polymers with a low degree of
crystallinity, as confirmed by the results of the DSC analysis. The satu-
ration of the surface of the filler particles by PLA is satisfactory, as no
interfacial gap was observed (Fig. 9b). There was no indication of
characteristic breakouts due to the pull-out of the CS particles. Thus, it
can be concluded that, despite the lack of surface modification, the
adhesion at the polymer-filler interface is correct. The use of EDS
analysis allows to precisely determine the filler particles’ location and
confirm its chemical composition given by the producer and described in
our previous work [38].

Table 2 shows the results of the mechanical characterization. The
filler addition in the amount of up to 20 wt% causes the stiffness increase
in comparison to unmodified PLA. The highest value of 2.91 GPa was
recorded for the sample containing 10 wt% of the CS. However, the
sample containing 35 wt% filler had the lowest Young’s modulus among
the tested material series, which may be due to the loss of load-bearing
capacity of the composite containing significant amounts of agglomer-
ated inorganic filler structures. Polylactide composites produced by
introducing an inorganic filler and PLA powder directly into the mold
showed reduced mechanical properties compared to the unmodified
material. While for composites containing up to 10 wt% there was a
relatively small decrease in tensile strength, further increasing the filler
content resulted in its drastic drop, reaching 50% of the value compared
to the reference sample at 20 wt% of the CS and less than 10% for the
composite by the highest degree of filling. While the properties of 20CS
can be considered acceptable for less mechanically loaded applications,
the use of 35 wt% of CS drastically deteriorates the properties of the
composite. Such an effect could be attributed to the reduced homoge-
neity of material resulting from the presence of voids. A similar tendency
was noted for the PCL-CS composites [38], while the samples injection
molded and blended in the molten state with a highly flexible polymer
matrix showed a lower tendency to weaken the structure by the inor-
ganic powder filler. Even though all samples, due to the amorphous
structure, were characterized by low values of strain at break, a clear
tendency of this property decreasing with the addition of filler is visible.

The impact strength of composites did not change significantly in
comparison to the reference sample. A low impact strength
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Fig. 9. SEM images of 10CS made using SE (a), BSE (b), and EDS (c) mode.

Table 2
Mechanical and thermomechanical properties of PLA and PLA/CS composites.
Properties Unit PLA 5CS 10CS 20CS 35CS
Elasticity [GPa] 2.39 + 2.57 + 2.9+ 2.81 + 19+
modulus 0.09 0.1 0.14 0.32 0.57
Tensile [MPa] 53.5 + 48.2 + 42.6 + 27.7 £ 59+
strength 4.4 0.94 3.6 1.6 2.9
Elongation at [%] 2.9+ 2.6 £ 2.00 £ 1.4+ 0.45 +
break 0.36 0.2 0.17 0.08 0.13
Dynstat [kJ/ 591 + 4.74 + 5.96 + 4.1+ 211 +
impact m?] 0.67 0.84 2.89 0.89 1.26
strength
Hardness [ShD] 69.53 70.47 68.87 73.40 75.73
+1.18 + 3.16 + 4.37 + 1.96 +2.19

characterized all materials; however, only the 35CS sample shows over
50% decrease in this characteristic compared to unmodified PLA.

The exception in the lowered mechanical performance of composites
induced by CS addition was hardness, where even the highest amount of
filler caused an increase in this mechanical parameter. Considering that
CS consists of 41.2 wt% of SiO, and 19.1 wt% of Al,O3 [38], which are

characterized with Mohs hardness of 7 and 9 respectively [73,74], the
changes of final composites hardness induced by increasing content of
the inorganic filler are reasonable.

Fig. 10 shows the dynamic thermomechanical analysis results in the
conditions of non-destructive dynamic deformations as changes in the
storage module (G') and damping factor (tand) as a function of tem-
perature. Additionally, selected DMA data, as well as results of VST tests,
are collectively presented in Table 3. The DMA results are in agreement
with the results of the tensile mechanical properties and DSC analysis.
The highest G’ values were recorded for the 10CS sample, which was
also characterized by the highest Young’s modulus. In the case of higher
filler concentrations, agglomerated filler structures reduced the rein-
forcing effect, and as a result, no further increase in stiffness in the range
below the alpha relaxation was observed. The increase in filler content
in the glassy-to-rubbery transition area limited the drop in G’ above the
glass transition temperature. The minimum values recorded for 20CS
and 35CS were an order of magnitude higher than for the unmodified
PLA, which confirms the reinforcing ability of CS particles on the ther-
moplastic biopolyester matrix. All samples show an intense drop in G/,
suggesting no nucleating ability of CS on PLA grade with low ability to
create crystalline domains, which is in line with DSC results. The change
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Fig. 10. Results of dynamic thermomechanical analysis; storage modulus and damping factor vs. temperature.

Table 3
Thermomechanical parameters of PLA and PLA-CS composites obtained by DMA
and VST.

Material G'o5 ¢ G'go ¢ Tg tand at Tg VST

[Pa] [°C] [-] [°C]
PLA 1.61.10° 2.12:10° 70.5 2.90 66.76 + 0.48
5GS 1.85-10° 2.86-10° 68.6 2.46 65.68 + 0.23
10GS 2.31-10° 5.14-10° 69.0 1.93 67.42 + 1.51
20CS 1.71-10° 1.39:107 68.6 1.05 66.52 + 0.27
35CS 1.80-10° 1.19-107 68.8 1.19 66.07 + 2.58

in G "growth in the temperature range above 90 °C, observed for com-
posites with higher filler concentrations, may indicate an increase in the
mobility of PLA macromolecules caused by thermo-oxidative phenom-
ena intensified by the presence of CS, and discussed in the thermal
stability analysis. Considering the DSC data compiled in the supple-
mentary data (Fig. S1 and Table S1), the increase in the G’ value may be
related to the phenomenon of cold crystallization of PLA and its com-
posites [75].

The change in glass transition temperature, read as the maximum of
the tand(T) curve, caused by the filler additions is negligible. This is
understandable given the lack of filler reactivity to PLA and the lack of
crystalline structure change in composites. At the same time, a gradual
decrease in the maximum value of the damping factor is observed with
the increasing share of the filler, reaching the minimum value for 20CS.
The reduction in the damping ability is due to the presence of rigid filler
particles dispersed in the polymer matrix. The increased tan & value
observed for 35CS is a result of the presence of agglomerated filler
structures as well as porosity.

The evaluation of the Vicat softening of the temperature is carried
out by static pressing the needle into the tested material, and its result is
influenced not only by the structural properties of the polymer, such as
the degree of crystallinity and cross-link density but also by the rein-
forcing effect obtained by the presence of rigid filler structures dispersed
in a polymeric matrix. Taking into account the results of previous work,
there is a correlation between hardness and VST. Typically, a simulta-
neous increase in both parameters is observed, including due to the
presence of an inorganic powder filler [76,77]. In the considered case,
the presence of the filler did not influence Vicat softening temperature.
The changes in the recorded values for the individual materials tested
are negligible. It is well known that changes in the thermomechanical
parameters of PLA are significantly correlated with its crystal structure;
for the composite materials produced with an increasing amount of CS,
no changes in the degree of crystallinity were noticed, and the presence
of the filler did not cause a sufficient reinforcement effect to allow
increasing the thermomechanical stability measured in static load con-
ditions. Despite the similar load type, the hardness and VST evaluation

show no consistent results, which may be related to a mutually exclusive
reinforcing ability of dispersive filler and weakening effect of porosity,
observed for composites with higher CS content.

4. Conclusions

In this study, the single-step rotational molding technology was
successfully applied to manufacture polylactide-based composites filled
with various amounts of copper slag. It was found that the unmodified
inorganic waste filler provided good adhesion to the biopolyester matrix
and created a uniform composite structure, especially in the case of the
lower filler loadings. Moreover, the presence of copper slag did not
significantly influence the melting behavior and crystalline structure of
the studied material, nor did it provide any major processing difficulties.
The application of the inorganic filler did not deteriorate the thermal
stability of the studied material, which is its major advantage over
lignocellulosic waste fillers. The specimens containing up to 10 wt% of
CS were characterized with increased stiffness and hardness. The addi-
tion of a higher filler content was also possible. Even though the samples
filled presented lower mechanical properties, the composites containing
up to 35 wt% of copper slag can still be used for less demanding ap-
plications. It can be decided that the production of rotationally molded
polymeric composites is a good way to revalorize waste from copper
smelting.
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