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The aim of the study was to investigate selected properties and structure of polymeric material modified with
hard coal ash. The investigation provides information on the types of modifications due to physical and chemical
changes and analysis of selected research methods. The study included polymer structure testing, ball hardness
determination, Shore‘s hardness determination, tensile strength determination, crystallinity and phase transition
temperature by differential scanning calorimetry, thermal analysis of polymeric materials by dynamic mechanical
thermal analysis and colorimetric method. From the presented research it can be stated that the higher the content
of hard ash in polyethylene, the harder it becomes, although less resistant to stretching. The addition of ash lightly
affected the degree of crystallinity. The last stage of the study was to analyze the surface resistance depending
on the difference in the amount of filler. The important effect of the increase in ash content of hard coal was a
significant change in properties of composites. In summary, the intended goals were presented in the paper.
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1. Introduction

The properties of polymeric materials can be modified
by adding various types of fillers. The type and proper-
ties of the filler and polymer matrix determine the prop-
erties of the composite. Research carried out so far has
allowed the development and introduction to the produc-
tion of composites with very good strength, thermal and
electromagnetic properties [1–6]. The paper presents the
results of research on high-density polyethylene modified
with fly ash. Polyethylene is a thermoplastic, partly crys-
talline material, applicable in many industries [1, 5, 7].
The main purpose of polyethylene modification was to
improve the ability to suppress mechanical vibrations,
stiffness and change many other functional properties al-
lowing for wider use of the produced material. Prediction
of properties and conditions of use has a large role in the
planning of the composition as well as in the preparation
of polymer products [2, 3, 8, 9]. The paper presents the
results of research on the effect of added fly ash from hard
coal combustion in pulverized coal boilers, on the prop-
erties of polyethylene. The research included differential
scanning calorimetry (DSC) analysis, dynamic proper-
ties by dynamic mechanical thermal analysis (DMTA),
supermolecular microstructure.

2. Material and methods

High-density polyethylene (PE-HD) under the trade
name of Hostalen GC 7260, made by Lyondell Basell
Industries Holdings, was used for making the samples.
Fly ash from the Połaniec Power Plant ENGIE Ener-
gia Polska S.A. was used as a filler. The composites
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were made by extrusion. Samples for testing were in-
jected using the KRAUSS MAFFEI KM65 - 160C1 in-
jection molding machine with a screw with a diameter of
30 mm, ratio of an L/D = 23 and a mold closing force
of 650 kN. Optimal properties of the tested samples were
obtained with the following injection parameters: injec-
tion pressure 60 MPa, hold pressure 30 MPa, hold time
28 s, cooling time 15 s, mold temperature 40 ◦C, nozzle
temperature 205 ◦C.

In the DSC thermal properties tests, the degree of crys-
tallinity of the polymeric material and the temperature
range of the crystalline phase were determined. The tests
were carried out using a Netzsch DSC 200 PC calorime-
ter. In order to minimize the effect of the epidermis —
the core, DSC samples were cut perpendicularly to the
direction of flow from samples of composites obtained by
injection molding. PC 200 NETZSCH software was used
to determine the degree of crystallinity. DSC curves were
recorded when heating samples at a rate of 10 ◦C/min in
the temperature range from 25 to 250 ◦C. Tests of dy-
namic mechanical properties were made using the DMA
242 device from NETZSCH with a handle for three-point
bending of sample in the form of a beam with dimen-
sions of 50 × 10 × 4 mm. The prepared sample was
placed in a holder and then subjected to variable si-
nusoidal force with different frequency (1, 10, 50 Hz).
On the basis of deformation and force (taking into ac-
count the dimensions of the sample), the value of the
conservation modulus E′, loss modulus E′′ and tanδ in
the function of temperature was calculated [7, 10, 11].
The supermolecular structure was investigated using
a polarization-interference microscope Nikon Eclipse
E200 microscope at 400× magnification. The re-
search samples were made using the Thermo Scientific
ME Microtome.
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3. Measurements

Figure 1 shows DSC thermograms of polyethylene and
composites with fly ash.

Fig. 1. DSC thermograms of polyethylene and
composites.

TABLE I

The results of DSC investigations obtained from calcula-
tions of the Netzsch Proteus programme.

Polymer
Max. melt
temp. [ ◦C]

Melting
range [ ◦C]

Crystallinity
degree [%]

PE 140.2 129.4–146.5 64.37
PE +5% filler 138.5 125.1–145.9 61.16
PE +10% filler 139 126.7–144.1 57.65
PE +15% filler 139.8 126.9–144.3 52.90

Fig. 2. Microstructure observed under optical micro-
scope at 400× magnification: (a) PE-HD, (b) PE-HD
+5% ashes from hard coal, (c) PE-HD +10% ashes from
hard coal, (d) PE-HD +15% ashes from hard coal.

The value of the degree of crystallization was calcu-
lated according to (1) considering the measured melting
enthalpy. The result is referred to the percent filler
content

SK =
∆Hm

wc∆Hk
100%, (1)

where: ∆Hm — melting enthalpy of the tested material,
∆Hk — melting enthalpy of a completely crystalline ma-
terial, wc — mass fraction of homopolymer being part of
the tested material [9, 10].

The highest value of the degree of crystallinity was
obtained for composite samples with 5% content of fly
ash. Due to the increase in the content of the filler, the
crystallinity degree value decreased, while the crystalline
melting temperature range was narrowed. The maxi-
mum melting temperature has changed slightly (Table I).
These changes confirm the strengthening role of the filler
particles dispersed in polyethylene. The results indicate
that composites with a lower filler content have an in-
creased crystallization ability.

Figure 2 shows the supermolecular microstructure of
polyethylene with different content of hard coal ash.

In the case of polyethylene, the structure is regular and
orderly. Studies on the structure of polyethylene compos-
ites by optical microscopy have shown the fragmentation
of the crystal structure (Fig. 2b–d). As a result of the
addition of the filler, the structure of polyethylene has
changed, it has been noted that the structural elements
are reduced, especially in the case of higher filler contents.

Figure 3 shows the changes of the conserving module
E′ and the mechanical loss factor of composites produced
with different filler contents as a function of temperature
and frequency. The relaxation process is responsible for
the first reduction in E′ in all cases. As the tempera-
ture rises, there is a second reduction in the conservative
module corresponding to the relaxation process of the
PE amorphous regions. The system is in a state of ther-
modynamic imbalance. In the tested temperature range
(20 ◦C to 120 ◦C), in the set frequency of deformations of
1, 10, and 50 Hz, E′ values of composites containing hard
coal ash are significantly higher than E′ of unfilled PE.
The conservative module of the sample containing 5%
by weight of the filler at 25 ◦C is 2123 MPa. The poly-
mer matrix of the composite containing 15% by weight
of the filler is most strongly strengthened with ash par-
ticles which indicates a high degree of dispersion of the

Fig. 3. The values of the conservative modulus E′ and
tanδ as a function of temperature at different frequen-
cies for: (a) PE, (b) PE + 5% fly ash, (c) PE +10% fly
ash, (d) PE +15% fly ash.
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filler in the sample. It is worth noting that composites
containing 10% and 15% filler have a similar and higher
E′ value over the entire temperature range, compared
to an unfilled polymer. The filler particles therefore ex-
ert a strong strengthening effect on the material in all
tested compositions. From the DMTA tests it is possible
to determine changes in the stiffness of the tested mate-
rial. It is possible by analyzing the change in the value
of the maximum of the mechanical loss angle. The addi-
tion of ashes causes the maximum of the mechanical loss
angle to be shifted towards the higher temperature and
decreases with the shift towards the lower temperature
with the increase of ash content. The shifting of the re-
flections may be the result of the increasing stabilization
of the composites resulting from the immobilization of
PE crystallite fragments by the filler particles.

4. Conclusions

The addition of fly ash from the combustion of
hard coal to polyethylene advantageously changes the
dynamic mechanical and thermal properties of the
tested material. On the basis of the DSC tests, a
slight decrease in the crystalline phase of the polymer
matrix was found for the composite samples. The only
exception is the material with a lower filler content,
but the melting temperature range has not changed
significantly. DSC analysis indicates that the addition
of fly ash to PE has little effect on changes in melting
point. The addition of ashes significantly changes the
value of the degree of crystallinity and stiffness of
the polymer composites. In the tested filler content
range, the influence of this parameter on the temper-
ature value of phase transitions of polymeric–fly ash
composites is slight. This can be explained by the
crystalline structure constrained by the filler parti-
cles during cooling of the composites. The influence

of a larger amount of filler is smaller, which results in a
smaller reinforcing effect of the filler. The tested compos-
ites have better thermomechanical properties than un-
filled PE, whereas composites with a filler content of 10%
and 15% are characterized by a larger conserving mod-
ule in the temperature range 20 to 120 ◦C. In the case
of composites, the mechanical loss factor as a function
of temperature and frequency has changed significantly.
A significant influence of the filler on the microstructure
of the tested materials was also found, with the largest
changes recorded at the highest 15% filler content.
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