Tanzania Journal of Science 47(2): 405-420, 2021

¢ ISSN 0856-1761, e-ISSN 2507-7961
Engemll © College of Natural and Applied Sciences, University of Dar es Salaam, 2021

Copper Slag as a Potential Waste Filler for Polyethylene-Based Composites
Manufacturing

Aleksander Hejna'", Paulina Kosmela®, Mateusz Barczewski®, Olga Mysiukiewicz? and
Adam Piasecki®
! Department of Polymer Technology, Gdansk University of Technology, Narutowicza 11/12 80-
233 Gdansk, Poland
2 Poznan University of Technology, Faculty of Mechanical Engineering, Institute of Materials
Technology, Piotrowo 3, 61-138 Poznan, Poland
® Poznan University of Technology, Faculty of Materials Engineering and Technical Physics,
Institute of Materials Engineering, Piotrowo 3, 61-138 Poznan, Poland
aleksander.hejna@pg.edu.pl; paulina.kosmela@pg.edu.pl; mateusz.barczewski@put.poznan.pl;
olga.mysiukiewicz@put.poznan.pl; adam.piasecki@put.poznan.pl
*Corresponding author e-mail: aleksander.hejna@pg.edu.pl
Received 2 Mar 2021, Revised 7 Apr 2021, Accepted 21 Apr 2021, Published May 2021
DOI: https://dx.doi.org/10.4314/tjs.v47i2.1

Abstract

The present study aimed to analyze the application of waste material from copper production—
copper slag (ZZL) as filler for composites based on the high-density polyethylene (HDPE). Copper
slag filler was introduced in the amounts of 1-20 wt%, and its influence on the appearance (color
analysis), chemical structure (Fourier-transform infrared (FTIR) spectroscopy), microstructure
(optical microscopy), as well as static (tensile tests) and dynamic (dynamical mechanical analysis
(DMA)) mechanical properties of composites were investigated. Proper dispersion of filler
implicated that the incorporation of up to 5 wt% of filler caused only slight, 5% drop of tensile
strength, with the simultaneous 16% rise of Young’s modulus. Further increase of filler loading
resulted in higher values of porosity and the rise of the adhesion factor, determined from DMA
results, which led to the deterioration of mechanical performance. Moreover, spectroscopic
analysis of PE-ZZL composites indicated that the analyzed filler might be applied as a coloring
agent, and the appearance of composites may be engineered by adjustment of filler loading.

Keywords: polyethylene, copper slag, mechanical properties, structure, composite, particle
reinforced composite.

Introduction

Polyethylene (PE) is currently the most
used and processed polymer. The main areas of
use of polyethylene are packaging (Czarnecka-
Komorowska and Wiszumirska 2020), in
particular, the production of cast and blow-
molded films. However, it is also widely used
in construction, agriculture, the automotive,
civil engineering, and electrical industries (He
et al. 2012, Kasirajan and Ngouajio 2012, Luo

et al. 2015). The value of the polyethylene
sales market in 2018 was 103.49 billion USD
and is expected to increase to 143.3 in 2026
(Fortune Business Insights 2019). The
widespread use of polyethylene results in great
possibilities of modifying its macromolecular
structure, including controlled molecular
weight and its polydispersity (Peterlin 1971).
The chemical structure of PE is presented in
Figure 1.
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Figure 1: Chemical structure of
polyethylene (PE).

While polyethylene is characterized by
excellent impact resistance, very low glass
transition temperature (Tg), and chemical
resistance, its mechanical properties do not
allow to define it as an engineering polymer.
One way to improve mechanical properties is
to apply it as a matrix of polymeric composites.
In so far published studies, as well as industrial
practice, numerous examples of the use of
polyethylene composites reinforced with
fibrous- and particle-shaped fillers have been
noted (Gnatowski et al. 2018, Kalaprasad et al.
1997, Rudawska et al. 2017). Despite the high
chemical resistance and low reactivity, many
cases of  polyethylene  nanocomposite
production have been demonstrated. Studies
published so far take into account both the
production of nanocomposites modified with
inorganic fillers such as halloysite nanotubes
(Li and Li 2016), various grades of carbon
nanotubes (Arora and Pathak 2020, Burzynski
et al. 2020), as well as hybrid organic-
inorganic fillers with a chemical structure that
allows obtaining the highest compatibility and
efficiency of polymer matrix interactions
(Niemczyk et al. 2016, 2019).

Another approach to the production of

polymer  composites based on  non-
biodegradable petrochemical polymers,
conducted in order to improve their

sustainability, is the application of waste
materials as fillers or/and the use of recycled
polymer matrix. The use of waste materials
from various industries to produce polymer
composites has become not only a common
trend in the scientific community but also a
noticeable phenomenon in the industrial
production conditions. Depending on the
availability = and  desired  applications,
thermoplastic and thermoset polymers are
modified with inorganic and organic waste

materials used as fillers (Bhagavatheswaran et
al. 2019, Cztonka et al. 2020, Kairyté et al.
2020). While composites reinforced with
lignocellulosic fillers, including wood flour or
wooden ground parts of plants, are commonly
used (Ryszkowska and Saftasinska 2010,
Satasinska and Ryszkowska 2013, Satasinska
et al. 2018), in many cases, the long-term
exposure of highly filled systems to
environmental conditions limits their use
(Gunjal et al. 2020). While the polyethylene
matrix is non-biodegradable and hydrophobic,
the introduction of high amounts of plant
fillers, with the ability for water absorption
during long-time exposure to water, may cause
significant  deterioration ~ of  mechanical
properties of the composites (Bajwa et al.
2009, Friedrich and Lubile 2016).

The application of inorganic waste fillers is
an excellent way to improve the sustainability
of polyethylene-based composites without
significant deterioration of their environmental
resistance. Even though some examples of the
applications of inorganic waste fillers such as
basalt powder (Barczewski et al. 2019) or
recycled carbon fiber (Andrzejewski et al.
2018) for thermoplastic composites can be
found in the literature, this subject needs a
deeper insight.

Copper slag (ZZL) is an oxide-based waste
product resulting from copper production in a
pyrometallurgical process from ore (Gorai et
al. 2003). It typically contains compounds of
iron, silicon, aluminum, calcium, and copper
(Erdenebold et al. 2018), and its properties
resemble those of basalt of obsidian (Gorai et
al. 2003). Enormous amounts of copper slag
are generated (about 2.2-3.0 tons of copper slag
per 1 ton of pure copper) (Erdenebold et al.
2018) and even though this by-product can be
utilized for abrasive applications (Mugford et
al. 2017) in production of cement and concrete
(Al-Jabri et al. 2011, Shi et al. 2008) as well as
ceramic tiles (Gorai et al. 2003), its potential is
not fully capitalized. Taking into consideration
the beneficial properties of copper slag, such as
high hardness (6-7 Mohs) (Gorai et al. 2003),
abrasion resistance, low moisture absorption
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(Shi et al. 2008), thermal resistance and
availability at a low price, this waste product
can be a good candidate for a sustainable filler
for polyethylene. The reviewed literature
suggest that copper slag is hardly used in
thermoplastic composites. Therefore, this study
aimed to evaluate the influence of ZZL on
morphology, appearance, mechanical
performance, and thermal properties of
polyethylene-based composites in order to
assess the possibilities of its utilization in
industrial applications.

Materials and Methods
Materials

The commercial-grade of high-density
polyethylene M300054 delivered by SABIC
(Bergen op Zoom, The Netherlands), with a
density of 0.954 g/cm® and melt flow rate
(MFR) 30 ¢/10 min (190 °C, 2.16 kg), was
used as a polymeric matrix for the
manufacturing of investigated composites.
Copper slag was received from the processing
of Polish copper-rich deposits, as a by-product
generated from the smelting of copper blister in
suspension furnace during pyrometallurgical
copper production. It was characterized by a
density of 3.040 g/cm®.

Samples Preparation

The composites were prepared in a melt-
mixing method. Firstly, in order to equalize the
bulk density of the matrix and the filler,
polyethylene was pulverized into a fine powder
using a Tria 25-16/TC-SL high-speed knife
grinder. The obtained powder was mixed with
1, 2, 5, 10, and 20 wt% of the filler. The
components were blended with a ZAMAK
EH16.2D co-rotating twin-screw extruder
operating at 100 rpm, with the maximum
temperature of the process being 190 °C.
Resulting composites were cooled at air and
pelletized. The samples for testing were
compression molded at 170 °C and 4.9 MPa for
2 min, then kept under pressure at room
temperature for another 5 min to prevent
warpage. The unfilled polyethylene was
processed in the same way as its composites.

Measurements

The chemical structures of HDPE and its
composites were determined using Fourier
transform infrared (FTIR)  spectroscopy
performed by a Nicolet Spectrometer IR200
from Thermo Scientific (USA). The device had
ATR attachment with a diamond crystal.
Measurements were performed with 1 cm™*
resolution in the range from 4000 to 400 cm*
and 64 scans.

Microscopic observations of the filler, as
well as polyethylene and its composites, were
performed using an optical microscope Opta-
Tech SK Series microscope. The obtained
pictures were digitally edited and registered
using dedicated software—Capture V2.0
Revolutionary computational imaging software
(DeltaPix).

The surface composition of the filer was
analyzed by  energy-dispersive  X-ray
spectroscopy (EDS) using a Princeton Gamma-
Tech wunit equipped with a digital prism
spectrometer (Princeton Gamma-Tech,
Princeton, NJ, USA). Representative parts of
each sample (200 x 200 pm?) were analyzed to
determine their actual surface composition.

The density of samples was measured based
on the Archimedes method, as described in ISO
1183. Accordingly, all measurements were
carried out at room temperature (21 °C) in
methanol medium.

To determine the porosity of the prepared
composites, theoretical values of their density
were calculated according to the simple rule of
mixture, expressed by the following equation
(2):

pe=pm- 1 —@)+pre @
where: p. = density of the composite, g/cm®; pp,
= density of the matrix, g/cm®; p; = density of
the filler, g/cm®; and ¢ = volume fraction of the
filler.

Using obtained values of the density,
composite’s porosity was calculated (2):

p = Ptheo—Pexp . 100% (2)

Ptheo i
where: p = porosity of the material, %; pieo =

theoretical value of density, g/cm?; and Pexp =
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the experimental value of density of composite,
glem?.

The tensile strength and elongation at break
were estimated following 1SO 527 for
dumbbell samples type 5B. Tensile tests were
performed on a Zwick/Roell Z020 apparatus
with a cell load capacity of 20 kN at a constant
speed of 5 and 50 mm/min. Standard indicates
that with the lowering of the gauge length, the
speed of the test should be reduced
proportionally. Therefore, we aimed to
examine the effect of varying test speed.

The dynamic mechanical analysis was
conducted on a DMA Q800 TA Instruments
apparatus (TA Instruments, USA). Samples
with dimensions of 40 x 10 x 2 mm, prepared
by compression molding, were loaded with
variable sinusoidal deformation forces in the
single cantilever bending mode at the
frequency of 1 Hz under the temperature rising
rate of 4 °C/min, ranging the temperature from
-100 to 100 °C.

The color of polyethylene and its
composites was evaluated according to the

International Commission on Illumination
(CIE) through L*a*b* coordinates
(International Commission on Illumination

1978). In this system, L* is the color lightness
(L* =0 for black and L* = 100 for white), a* is
the green(-) / red(+) axis, and b* is the blue(-) /
yellow(+) axis. The color was determined by
optical ~ spectroscopy  using  HunterLab
Miniscan MS/S-4000S  spectrophotometer,
placed additionally in a specially designed light
trap chamber. The total color difference
parameter (AE* was calculated according to
the following formulation (3) (Chorobinski et
al. 2019):

AE* = \[[(AL*)? + (Aa*)? + (Ab*)?] (3)

Results and Discussion
Characterization of the copper slag (ZZL)
Filler

The chemical composition analysis of the
ZZL filler was based on the energy-dispersive
X-ray spectroscopy technique (Figure 2). The
obtained filler is a residue of the high-
temperature  copper  production  process.
According to previous research the copper slag
used in presented study mainly consists of SiO,
(41.2%), Al,O3 (19.1%), CaO (13.1%), FeO
and Fe,O3 (12.0%), MgO (4.9%), Cu (1.1%)
(Hejna et al. 2018). The obtained EDS results
confirm the presence of the mentioned
chemical components, qualitatively, and
quantitatively.

In Figure 3, FTIR spectra of neat PE and
PE-ZZL composites are presented. Hardly any
difference between spectra can be noted, which
points to the lack of changes in the chemical
structure of PE matrix and chemical
interactions between phases. For all samples
were noted signals at 2850 and 2915 cm*
attributed to the symmetric and asymmetric
stretching vibrations of C-H bonds. Peaks
related to their bending deformations were
noted at 1455 cm™, while signals around 720
cm® were associated with the rocking
vibrations of PE macromolecule. The presence
of these signals is strictly related to the
chemical structure of polyethylene (Figure 1).

Moreover, with the increasing content of
the ZZL, the presence of signals between 800
and 1250 cm* can be noted. They may be
attributed to the slight decomposition of the PE
matrix during processing as a result of
relatively high loading of very rigid filler,
which generated high shear forces in the
extruder barrel. As a result, partial oxidation
may occur, which results in the generation of
C-O bonds (Otdak et al. 2005). Nevertheless,
the lack of absorption bands related to the
presence of carbonyl groups around 1740 cm™
indicates that the degree of decomposition was
very low (Gulmine et al. 2003).
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Figure 2: EDS spectrum of copper slag (ZZL) filler.
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Figure 3: FTIR spectra of polyethylene (PE) and polyethylene-copper slag (PE-ZZL) composites.
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The microstructure of PE-ZZL composites

Figure 4 shows microscopic images of the
copper slag (ZZL) filler and surface of
polyethylene (PE) and PE-ZZL composites.
The filler has a small aspect ratio and the size
of the sharply shaped particles do not exceed
250 pm. Analysis of the microscopic images
revealed that the average particle size of the
introduced ZZL filler could be assumed as
~130 pum. Homogeneous distribution of the
filler is observed for all composite samples.
However, single clusters of the filler can be
distinguished, especially in the case of the
lower ZZL content. Moreover, in Figure 4,
there are also presented values of the average
interparticle distance between ZZL particles
(D) calculated by the following equation (4)
(Hong et al. 2003):

4 1/3
D=r [(5) - 2] @)
where: r = average radius of ZZL particle, um;
v = volume fraction of ZZL.

In the case of the 10% ZZL sample, there
was a change in color and loss of partial
transparency of the material sample. During the
shaping process, a polymer layer was formed
on the surface of the material, thanks to which
exposed inorganic filler particles are not
observed. This significantly increases the
resistance of composite materials to external
conditions by limiting the potential of water
absorption by the copper slag particles or the
matrix-filler interface (Najafi et al. 2006).

Physico-mechanical properties of PE-ZZL
composites

Incorporation of solid mineral particles into
polyethylene matrix is associated with the
increased density of composites considering
significant differences in the densities of matrix
and filler (0.954 and 3.040 g/cm®, respectively
for PE and ZZL). Such an effect was also noted
for prepared composites. In Figure 5, there are
presented measured values of their density
together with theoretical values calculated by a
simple rule of mixture (formula 1). These
values were used to calculate the porosity of
composites, which may significantly affect
their performance (Satasifiska et al. 2016).
Such an effect is mainly associated with the air
inclusions due to the agglomeration of filler
particles.

In Figure 6, there are presented results of
tensile tests for polyethylene-copper slag (PE-
Z7L) composites as a function of filler loading
and applied strain rate during the test. The
increase of the ZZL content resulted in a slight
decrease of tensile strength from 23.33 to 20.48
MPa and from 27.87 to 23.07 MPa,
respectively, for test speed of 5 and 50
mm/min. The reduction was also noted for the
elongation at break; however, in this case,
higher values were observed for lower test
speed. The drop in the mechanical parameters
is strictly associated with the increase of
porosity, which results in the discontinuity of
composites’ structure.
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Figure 4: Microscope images of polyethylene (PE) and polyethylene-copper slag (PE-ZZL)
composites surface obtained with reflecting optical microscope.

Higher values of tensile strength for higher
strain rate during the tensile test are associated
with the viscoelastic nature of polyethylene,
especially the viscous component, whose
behavior when strain is applied can be
described by Newton’s law (Brougham and

Vaux and Routh 1855), expressed by the
following formula (5):

o =né (5)
where: o = stress, 7 = viscosity, and ¢ = strain
rate.
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According to Newton’s law, for viscoelastic
materials, strength and elongation at break are
strictly associated with the strain rate, which is

related to the ability of macromolecular chains
to achieve optimal alignment along the strain
direction.
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Figure 5: Structural properties of the polyethylene-copper slag (PE-ZZL) composites.

The results of tensile tests were also used to
determine the values of composites’ toughness
by the integration of stress-strain curves.
Figure 6¢ shows the schematic integration for
the selected sample. Toughness represents the
total amount of energy that can be absorbed or
dispersed by the material. Ideally, tough
material should be characterized by high values
of tensile strength and elongation at break. For
prepared composites, toughness is significantly
dropping with the copper slag (ZZL) content,
which is associated with the drop of elongation

at break due to discontinuity of structure
caused by the porosity.

Figure 6d presents the values of composites
Young’s modulus, which indicates that the
stiffening of the structure was observed as a
result of ZZL introduction. Such an effect of
improved stiffness after incorporation of filler
is rather typical for composite materials and
was observed by other  researchers
(Bosenbecker et al. 2019, Kosciuszko et al.
2020, Oliwa et al. 2020).
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Figure 6: Mechanical properties of polyethylene (PE) and polyethylene-copper slag (PE-ZZL)
composites: (a) tensile strength, (b) elongation at break, (c) schematic calculation of
composites’ toughness, (d) Young’s modulus and toughness.

It can be seen that the tensile strength is
decreasing almost proportionally to the ZZL
content, hence also porosity of composite,
while for elongation at the break, the effect of
increasing filler loading is significantly higher.
In order to evaluate the impact of composition
and microstructure on the mechanical
performance, we performed fitting of curves to
model these relationships, as can be seen in
Figure 7 for tensile strength. We have selected
power functions because of their highest
compatibility with obtained data.

It can be seen that for tensile strength, the
exponent values are very close to 0, indicating
that for the analyzed composites, strength was
only slightly affected by porosity of structure.
On the other hand, for elongation at break,
values of exponents were -0.917 and -0.913,

respectively, for test speeds of 5 and 50
mm/min.  Such  results indicate that
discontinuity of structure has a significantly
higher impact on the elongation at break than
tensile strength.

For a more detailed analysis of the
composites’ structure and its impact on the
mechanical performance, we performed the
dynamic mechanical analysis. In our previous
work (Mysiukiewicz et al. 2020), we presented
a method of calculation of adhesion factor,
based on the methodology proposed by Kubat
et al. (1990), following the formula (6):

_ 1 L tandc\
A= (1—vf> (tansm) 1 (6)
where: A = adhesion factor; v = volume

fraction of ZZL; tan & and tan &, = values of
loss tangent of composite and matrix.
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Figure 7: Dependency between tensile strength and porosity of polyethylene (PE) and
polyethylene-copper slag (PE-ZZL) composites obtained for different strain rates.

The adhesion factor can be used to
determine the quality of interfacial interactions
between matrix and filler. Its lower values
indicate enhanced adhesion. Negative values
are due to the simplifications and assumptions
made during calculations, which were
described in our previous work (Mysiukiewicz
et al. 2020). It can be seen that the adhesion
factor is increasing with the ZZL content,
which points to the reduced strength of
interfacial interactions. Such an effect can be
related to the lack of chemical bonding
between phases, as suggested by FTIR spectra,
as well as the porosity of structure, which
generates  discontinuity of  composites’
structure. In Figure 8, we presented the
dependence of the adhesion factor and
porosity. It can be seen that these parameters
are almost proportionally related to each other,
indicating that in the presented case, the
porosity of structure is crucial for the
interfacial adhesion. Presented results confirm
the reduction of mechanical parameters with
the increasing filler loading.

Moreover, the results of the DMA analysis
were used to calculate the brittleness of the
material, according to the formula (7)
presented by Brostow et al. (2006):

1
B = (Sb'E’) (7)

where: B = brittleness, 10° %-Pa; & =
elongation at break, %; E’ = storage modulus at
25 °C, MPa.

The idea of brittleness is quite similar to the
toughness, indicating that material with low
brittleness should be able to withstand possibly
high stress at the possibly widest range of
strains. Therefore, brittleness stands as the
antagonist of toughness. In their work, Brostow
et al. (2006) related these two parameters by
the rational function, however, we prefer the
use of power function, which was also
described in our previous work (Galeja et al.
2020), where we connected these parameters
by the following equation (8):

T=aB¢ (8)

where: 7 = toughness, J/cm®; B = brittleness,
10" %-Pa.
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analysis.

Figure 9 shows the plot, where the
relationship between these two parameters was
presented. For data presented by Brostow et al.
(2006), values of a and ¢ were 178.380 and -
0.984, respectively. Nevertheless, it can be
seen that data points for PE-ZZL composites
lie below the literature curve. Such an effect is
associated with the fact that they investigated
the performance of homogenous materials,
such as polymers or metals. Therefore, no
influence of interfacial adhesion was
considered. For PE-ZZL composites, values of

a were 104.180 and 69.414, while values of
exponent ¢ were very similar to literature data
and equaled -0.976 and -0.984, respectively,
for tensile test speed of 5 and 50 mm/min. It
indicates that the relationship between
brittleness and toughness is very similar.
However, due to the additional effects of
interfacial interactions, which are usually
weaker than the cohesion of polymer, values of
mechanical parameters were lower than for
homogenous materials.
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Figure 9: Toughness vs. brittleness of polyethylene-copper slag (PE-ZZL) composites.

The color change of polymers caused by the
addition of a filler can significantly increase its
attractiveness and commercialization
possibilities. The most used color analysis is
the description of the color change in the
CIELab space. It can be used for qualitative
analysis of color change as well as for the
indirect assessment of degradation effects
occurring as a result of processing processes
and aging (Colin and Verdu 2006,
Moraczewski et al. 2019). Figure 10
summarizes the changes in parameters L*, a*,
b*, and the total color difference AE of the PE
composites in the ZZL function filler content.
The color parameters registered for the filler
are marked with a red line. The addition of
771 caused a significant change in color. The
value of the parameter describing luminescence
was reduced from 85 to about 30. In the case of
composites containing 10 and 20 wt% of ZZL,
the value of L was comparable to the parameter
measured for the filler itself. The addition of
filler caused a significant change in the values
of parameters a and b, the highest values were

recorded for composites containing 2 and 5
wt%. Afterward, the values of a and b
decreased. In the case of L and b parameters,
the values recorded for composites with the
highest degree of filling are similar to the
characteristics made for the filler. In the case of
composite samples containing 10 and 20 wt%
ZZL, the samples became entirely opaque and
brown. When 10 wt% ZZL was used, a
saturation of the filler relative to the color
change was achieved. Further increasing the
content of the waste filler did not cause
significant changes in the total color difference
parameter. In the case of all composite
samples, the AE changes are greater than 5,
which concerning the PN-EN 1SO 2813: 2001
standard, indicates large color variations
(Bociaga and Trzaskalska 2016). As the results
of the color analysis suggest, the appearance of
the ZZL-filled polyethylene changes with the
addition of filler. Therefore, by adjusting the
copper slag content, a wide variety of colors
tuned for a specific application can be
obtained.
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Figure 10: CIELab parameters: (a) lightness, (b) a*, (c) b*, and (d) total color change of
polyethylene (PE) and polyethylene-copper slag (PE-ZZL) samples.

Conclusions

The presented research paper was aimed at
investigating the impact of copper slag filler on
the structure and mechanical performance of
PE-ZZL composites. Microscopic analysis
revealed that applied filler was adequately
dispersed in the thermoplastic polyethylene
matrix. Nevertheless, during sample
preparation, portions of air were introduced
into the composites’ structure, resulting in its
porosity. Such an effect, together with the lack
of chemical bonding between phases, as
indicated by FTIR spectroscopic analysis,
resulted in the slight deterioration of the
mechanical performance. Nevertheless, up to
the 5 wt% content of the ZZL filler, only a 5%

drop of tensile strength was observed, with the
simultaneous 16% rise of modulus. Higher
loadings resulted in the rise of the adhesion

factor, indicating weakened interfacial
interactions, hence lower values of the
mechanical properties. Moreover,

spectroscopic analysis of PE-ZZL composites
indicated that analyzed filler might be applied
as a coloring agent, and the appearance of
composites may be engineered by adjustment
of filler loading.
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