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This paper presents an analysis of DSC/TG/DTG thermal studies for PA6 polyamide, coal fuels and polyamide 
composites with these materials. The test results are aimed at comparing the thermal effects and behavior of 
these materials under high temperature conditions and are the basics to know of the creation and use of polymer 
composites with various coal fi llers.
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INTRODUCTION

              The development of civilization, on the one hand, 
requires continuous improvement of industrial technolo-
gies, and on the other hand, it is associated with the 
production of an increasing amount of various types of 
waste. The research work of the authors of the paper and 
the experimental research conducted by them enabled 
a broad diagnosis of thermal problematic, both fuel 
combustion, including waste neutralization (Fig. 1)1–3, 
thermomechanical properties of polymers and their 
composites (Fig. 2)4–8, as well as thermogravimetric 
analysis (Fig. 3), and mass spectrometry of different 
materials3, 9–11.

Polyamide PA6 is a thermoplastic construction ma-
terial, partly crystalline, obtained by polycondensa-
tion of ε-amino caprolactam12. Due to the wide use, 
among others in the automotive industry, in electrical 
engineering, in construction and machine building, 
the polyamide must meet a number of requirements, 
including thermo-mechanical ones. It should therefore 
exhibit: high mechanical and fatigue strength, rigidity, 
hardness, dimensional stability, impact resistance, very 
good abrasion resistance and machinability, high heat 
resistance and good electrical insulating properties13–15. 
The properties and structure of polymers depends on 
the conditions of their use, e.g. from temperature, and 
the addition of fi llers modifi es the structure of polymer 
materials. That is why it is so important to carry out 
experimental research to determine the impact of the 
modifi er type on the properties of polymer composites 
and their behavior under high temperature conditions.

The paper16 presents a thermal decomposition of PA6 
polyamide in a helium atmosphere at a heating rate of 
20oC/min. The initial, 1.5% loss of polyamide mass is 
associated with the release of water. Further decompo-
sition generates the degradation of the polymer chain, 
leading to more than 99% loss of polyamide mass. The 
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Figure 1. Visualisation of hard coal pellets combustion; chan-
ges of fuel temperature and mass during process; 
I-heating and evaporation (1), II devolatilisation and 
volatiles combustion (2-4), III-char combustion (5), 
ash (6)1

Figure 2. DSC thermograms of polyethylene modifi ed with 
hard coal ash4

Figure 3. Curves TG-DTA of hard coal3
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authors found two main endothermic peaks during the 
thermal decomposition of polyamide. The fi rst fi le, at 
a temperature of about 220oC, is associated with the 
melting of polyamide, the second – about 470oC – with 
thermal degradation of the material. It has been shown 
that water is released in two stages, initially from about 
220oC to about 300oC, which corresponds to the melting 
of polyamide. The temperature increase leads to the de-
composition of the polyamide, associated with the release 
of H2O, NH3, CO2, hydrocarbon fragments and CO.

It should be emphasized that electricity production 
in Poland is in 86% based on hard coal and lignite. 
The main constituents of carbon are organic matter, 
mineral substance and water. The mineral substance 
originates from plant material. It is a mixture of various 
chemical compounds containing mainly Ca, Si, Fe, Al, 
Mg, Na, K, Cu, P, F, Cl. The organic substance consists 
mainly of: coal, hydrogen, oxygen, sulfur and nitrogen 
as well as traces of phosphorus and other compounds. 
Ash is a non-combustible part of the fuel, consisting 
of a mineral substance. Together with moisture, it cre-
ates a fuel ballast that reduces its quality. Therefore, 
the calorifi c value of fuel decreases with the increase 
of the ash content. In the heating process, the orga-
nic and mineral substance of the fuel decomposes. 
Then moisture, numerous gases and vapors (vola-
tiles matter) are released, leading to the formation 
of a char17–19.

As mentioned, under high temperature conditions, 
materials are subject to thermal decomposition, which 
is also accompanied by a change in their physical and 
chemical properties. Coal fuels are combusted in the 
presence of oxygen and undergo a number of stages of 
this process: heating, moisture evaporation, degassing 
and combustion of volatile parts and burning of the 
char. These stages may occur consecutively or overlap 
one another. In the case of coal, burning of the char 
is a decisive stage in the process of fuel combustion. 
Combustion of the char is in the simplest form a high 
temperature oxidation of elemental carbon to carbon 
dioxide. The behavior of fuels during a high-temperature 
process depends on their composition, thermal and fl ow 
conditions17–19.

Combustion is also one of the main methods of thermal 
treatment of waste, including coal sludge. As it is known, 
as the quality requirements for coals burned in power 
plants increase, the problem of burning highly-fi red fuels 
becomes more and more important. Hard coal mines, 
wanting to meet the expectations of energy engineers, 
were forced to expand and modernize the coal enrich-
ment plants. This results in a continuous increase of 
waste in the form of post-fl otation silts. The best method 

of utilization of these mules is their combustion in the 
form of suspensions and co-fi ring with other materials 
and fuels. The problem of combustion of coal sludge 
was taken, among others at paper20. 

MATERIALS AND MEASUREMENT METHODOLOGY

The experimental studies were made for: polyamide 
PA6, hard coal, coal sludge, and composites polyamide 
PA6 (in mass of 95%) with hard coal and coal sludge. 

Polyamide 6 (PA6) under the trade name TARNAMID 
T-27 produced by Zakłady Azotowe Tarnów was used for 
the tests. The polyamide, before processing, was dried 
in a ZELMET dryer with a kc-100/200 heat chamber, at 
the temperature of 80oC, for 12 hours. The composites 
were made by extrusion. The production process of the 
composite was carried out on the Rolbatch SJ45 compu-
ter-controlled extruder with a screw with a diameter of 45 
mm, with the following parameters: nozzle temperature 
240oC, rotation speed screw 190 rpm. The samples for 
testing were injected using a KRAUSS MAFFEI KM65 
– 160C1 injection molding machine with a screw with 
a diameter of 30 mm, and L/D ratio = 23, and a mold 
closing force of 650 kN (Fig. 4).

The optimal properties of the tested samples were 
obtained with the following injection parameters:

– holding pressure: 600 bar, 
– cooling time 22 sec.,
– mold temperature: 65oC,
– nozzle temperature 240oC.

Figure 4. KRAUSS MAFFEI KM65 – 160C1 injection molding 
machine21

Table 1. Proximate and ultimate analyses of the tested fuels*

Table 1 presents proximate and ultimate analyses of 
researched materials. It should be noted the content of 
volatile matter and carbon in materials and their heating 
value signifi cantly affect the thermal process. 
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Figure 6 illustrates the thermal analysis of DSC/TG/
DTG for polyamide. The characteristic DSC peaks can 
be seen at 226oC and 459oC, associated with the melting 
and decomposition of the material.

The thermal characteristics of the samples were determi-
ned by differential scanning calorimetry (DSC) and ther-
mogravimetric (TG-DTG) measurements conducted on an 
STA 449 F1 Jupiter (Netzsch) apparatus (Fig. 5), operating 
in the heat flux DSC mode, made in AGH University of 
Science and Technology, Faculty of Material Science and 
Ceramics, Department of Ceramics and Refractories. Five 
reference substances, i.e., indium, tin, bismuth, aluminum 
and gold were used for temperature and heat flow ca-
libration. Samples weighing approx. 15 mg were heated 
to 1200oC in Al2O3 crucibles at the rate of 10oC/min in 
a dry air atmosphere. Good reproducibility of the DSC-TG 
measurements was confirmed by repeated measurements; 
and was approx. ±0.5oC. All the thermal parameters were 
calculated using the Proteus Analysis Program (Netzsch)22. 

Figure 6. DSC/TG/DTG curves of PA6 (polyamide) in air

Figure 5. STA 449 F1 Jupiter (Netzsch) apparatus22

Table 2. Analysis of measurements

ANALYSIS OF MEASUREMENT RESULTS

Table 2 presents the analysis of results of measure-
ments illustrated in Fig. 6–9.

The coal sludge (Fig. 7) behaves like coal fuel dur-
ing thermal processes [3]. It passes through the various 
stages of the process: heating, evaporation of moisture, 
degassing and combustion of volatiles and char combus-
tion. The peaks on the DTG curve (adequate to the 
DSC peaks) correspond to the intensity of the individual 
process steps.

Figure 7. DSC/TG/DTG curves of coal sludge in air

Figure 8 illustrates DSC/TG/DTG thermal analysis for 
hard coal in air atmosphere. Coal is characterized by 
higher calorifi c value as compared to coal sludge, and 
higher content of carbon. During the process, therefore, 
more heat is released in compared to a coal sludge. 
The intensity of hard coal combustion is also higher 
compared to coal sludge.

Figure 8. DSC/TG/DTG curves of hard coal in air

Figure 9 illustrates thermal analysis of DSC/TG/DTG 
for a sample of polyamide with coal sludge (a) and hard 
coal (b), with a mass fraction of 95% polyamide. In 
comparison to polyamide, the addition of coal sludge 
and hard coal to polyamide leads to an increase value 
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of DSC peaks, which is associated with an increase in 
the carbon content in the tested sample.

The polyamide shows the highest rate of mass loss 
(DTG) and the lowest value of thermal effects during 
the process.

CONCLUSIONS

1. In the case of samples of polyamide and polyamide 
with coal sludge and hard coal, DSC peaks are observed 
at a temperature of about 224–226oC, associated with 
the endothermic melting process.

2. Polyamide shows the most intense mass loss in the 
process duration (23.5%/min).

3. The coal sludge and hard coal achieve higher DSC 
peak values compared to polyamide, which is associated 
with high calorifi c value of fuels. 

4. A 5% addition of coal sludge and hard coal to 
polyamide leads to an increase value of DSC peaks, 
compared to polyamide.
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