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Foreword ◆: 

Independent creative work in the field of research, development and scientific research is 
the basis of study in doctoral study programs. 

Presenting the results of your research and discussing them with your colleagues was also 
the goal of the doctoral students' conference called " PhD students´ day FMST 2022", which took 
place on 12 September 2022 as part of the international workshop New Methods of Damage and 
Failure Analysis of Structural Parts, which organized by VSB-TUO in cooperation with Japanese 
colleagues from Yokohama National University. 

The conference included contributions from the fields of Metallurgical Technology, Thermal 
Engineering and Fuels in Industry, Process Engineering, Chemical Metallurgy, Chemical and 
Environmental Engineering, Nanotechnology, Material Science and Engineering and 
Management of Industrial Systems. 

During the entire conference, a beneficial discussion took place, which will certainly 
contribute to the quality of the scientific and research outputs of the PhD students of the Faculty 
of Materials Science and Technology and to the development of high-quality dissertation theses. 

 Prof. Ing. Kamila Janovská, Ph.D. 

Dean of Faculty of Materials Science and Technology
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Abstract 

The presented study focuses on structural and mechanical properties of 316L austenitic stainless steel 
prepared by additive manufacturing and subsequently processed by the technology of rotary swaging. The semi-
finished product for the experiment was printed by the SLM (Selective Laser Melting) method on Renishaw AM400 
3D printer. Subsequently, room temperature rotary swaging was applied to enhance the structure and 
properties of the SLM-manufactured semi-product. After rotary swaging, the swaged rod was subjected to 
scanning electron microscopy (SEM) and microhardness measurements. The results were also compared with 
those acquired for an identical stainless steel prepared in a conventional manner. The aim of the work is to 
compare the structures and mechanical properties of AISI 316L stainless steel after 3D printing and subsequent 
processing via cold rotary swaging. The results are compared with those acquired for an identical stainless steel 
prepared in a conventional manner. 

Keywords: 316l stainless steel, additive manufacturing, rotary swaging, microstructure, mechanical properties. 

 

1. INTRODUCTION 

The (SLM) or selective laser melting method is one of many additive manufacturing (AM) 
technologies during which the powder is melted and subsequently joined using a powerful laser 
in an inert atmosphere [1]. Additive manufacturing including many advantages as example rapid 
production, create complex geometries, no tooling cost. They on the other hand, also have significant 
problems with surface roughness, size limitations and internal defects [1, 2]. 

The combining 3D printing with plastic deformation of technologies can improve the properties 
of these printed materials. The rotary swaging (RS) is a process of intense plastic deformation during 
the cross-sections of semi-finished product are gradually reduced and their lengths increase. The 
advantage (RS) is shear deformation mechanism which support to elimination of internal defects a 
structure refinement [3, 4]. 

Stainless steel contains min. 12 wt.% of Cr, low carbon content and of the austenitic phase. AISI 
316L has good properties as high corrosion resistance, high strength, and good formability. Therefore, 
this steel has various applications in nuclear industries, gas, automotive and more [5]. 

2. MATERIALS AND METHODS 

Additively manufactured stainless steel samples for the experiment was printed from 316L 
powder (DIN 1.4404) via (SLM) processing using a Renishaw AM 400 3D printer. The semi-finished 
product in the shape of a cylinder with a height of 60 mm and a diameter of 25 mm was printed 
in the vertical direction from left to right using the meander printing strategy. Printing was performed 
using a 200 W power laser, hatch distance of 60 µm and layer thickness of 50 µm. The particle size 
of the powder was in the range of 15–45 µm. The printing took place in an inert atmosphere provided 
by argon gas with a gas purity of 99.998%. The chemical composition of the powder is presented 
in Table 1. 

 

Table 1 The chemical composition of the stainless-steel powders (wt.%). Source: (own) 
 

C Si Mn P S N Cr Mo Ni 

< 0.03 1.00 2.00 0.045 0.030 0.11 16-18 2.0-3.0 10-14 
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(a) (b) 

Figure 1 a) The semi-finished product prepared by (SLM) b) Schematic of rotary 
swaging. Source: (own) 

 
 

The semi-finished product prepared by (SLM) method was processed by the technology of cold 
rotary swaging from the original diameter of 25 to the final diameter of 10 mm. The Schematic of the 
rotary swaging is shown on Figure 1b. After rotary swaging, the rod in the Figure 2 was subjected to 
scanning electron microscopy (SEM) and hardness measurements. Structure observations were made 
using Tescan Lyra 3 FIB/SEM microscope. Vickers hardness was measured on a ZwickRoell instrument. The 
hardness was measured on cross-sectional samples in the transverse direction with the load of 1000 g 
(HV 1). This work presents the comparison of the results a for four individual material states as 3D printed 
steel (SLM), conventionally manufactured steel (CM), 3D printed after rotary swaging (SLMRS), and 
conventionally manufactured after rotary swaging (CMRS). 

 
 

 

Figure 2 The bar processed by cold rotary swaging. Source: (own) 

3. RESULTS AND DISCUSION 

3.1 Microscopic analyses 

The results microstructures for all the states are presented in (Figures 3a to 3d). The average 
grain size (measured as the maximum feret diameter in μm) for the (SLM) sample (Figure 3a) is 23.1 
μm. The microstructure for the (CM) in the (Figure 3b) consists of smaller grains with the average size of 
6.5 µm. The microstructures for the (SLMRS) and (CMRS) processed by rotary swaging are presented In 
Figures 3c and 3d. After swaging, the average grain size was refined but also both the steels prepared by 
3D printing and conventionally produced contain several larger grains. The microstructure of the 
(SLMRS) sample (Figure 3c) consist of smaller grains grains with the average size 1.2 μm. The 
conveniently cast steel after rotary swaging (CMRS) in the figure (Figure 3d) also shows comparable of 
smaller grains 1.5 μm. The grains size were significantly refined during to the large plastic deformation 
caused by the technology of rotary swaging. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 3 The microstructures for all the investigated states a) SLM b) SLMRS c) CM d) CMRS. 

Source: (own) 
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3.2 Microhardness measurement 

The results microhardness from the individual states is presented Figure 4. The highest 
measured microhardness for the (SLM) sample is 224 HV. The results microhardness for the (CM) 
sample shows comparable HV value 223 HV. The (SLMRS) sample was greatly strengthened and thus 
its HV increased to the highest value of 370 HV. Finally, measured microhardness for the (CMRS) 
sample shows similar HV value 369 HV as (SLMRS) sample. The greatest strengthening occurred in 
the central area of the material. The results see the positive influence of the rotary swaging process on 
both the types of materials. 

 

Figure 4 Measured HV1 microhardness results across cross-sections of samples for all 
processing states. Source: (own) 

4. CONCLUSION 

This study with the focused of microstructures and mechanical properties of AISI 316L stainless 
steel after 3D printing and subsequent processing via the cold rotary swaging technology. The results 
were compared with conventionally cast and cold swaged prepared from AISI 316L bar. The microscopic 
analyses showed that, due to the large, imposed plastic deformation, the average grain size refined 
significantly from 23.1 μm (SLM) to 1.3 μm (SLMRS). Measurement of microhardness documented 
improvement of mechanical properties HV1 increased from 223 HV (SLM) to 370 HV (SLMRS). Similar 
increasing trends of the examined properties were observed for the conventionally cast steel. 
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Abstract 

Numerical modelling is an important process in steel metallurgy research. The operating equipment is 
replaced by a mathematical model. Numerical modelling can be used to obtain the results of the flow field or 
temperature changes in the tundish. Non-isothermal flow occurs during ladle change. The newly supplied warmer 
steel into the tundish affects the nature of the steel flow. This presented paper compares the results obtained by 
flowing steel in the tundish at non-isothermal conditions. 

Keywords: Non-isothermal flow, steel, tundish, numerical modelling, Ansys Fluent. 

 

1. INTRODUCTION 

The tundish is a very important part of continuous casting. It supplies liquid steel and distributes 
steel between casting strands. The tundishes are made of a welded steel shell and lined with a refractory 
material. During casting steel, the tundish is the last reactor where it is possible to influence the quality 
and purity of the cast steel. It is necessary to know the processes in the tundish [1, 2]. 

The steel flows into the tundish from the ladle through a ladle shroud made of ceramic material, 
which ensures the inlet flow conditions and prevents reoxidation of the melt. The surface of the steel 
melt in the tundish is covered with slag, which prevents reoxidation and heat loss of the melt. Another 
task of the slag is to ensure the ideal course of chemical reactions and the absorption of non-metallic 
inclusions from the melt. To control the flow of steel from the tundish, each casting strand is equipped 
with a stopper rod or a slide valve [1, 2]. 

Optimum steel flow in the tundish is essential for continuous casting equipment. Impact pads, 
baffles, dams and weirs can be used to optimize the flow. The tundish is the last reactor where we can 
influence the final quality and purity of the steel. It is necessary to optimize the flow of steel in the tundish. 
Under operating conditions, monitoring the nature of the flow is very difficult. Numerical and physical 
modelling methods are used to monitor the flow behavior in the tundish. In the numerical model, the 
prototype is replaced by a mathematical model, which consists of a system of partial differential 
equations. In the case of physical modelling, the prototype is replaced by a physical model that has the 
same physical behaviour [1, 2, 3]. 

Numerical modelling is suitable for optimizing the steel flow in the tundish. The main advantage 
of numerical modelling is the possibility of visualizing the steel casting process. In this paper, the 
behaviour of steel flow with changes in temperature will be assessed by numerical modelling [1, 2, 3]. 

2. PRINCIPLE OF NUMERICAL MODELLING 

Numerical modelling is the process by which a prototype is replaced by a mathematical model. 
Partial differential equations of a mathematical model can describe, for example, heat transfer, liquid 
and gas flow or chemical reactions in the model. Processes in a mathematical model are described as 
a function of time [4, 5]. 

The system of differential equations is solved in the mesh. The equations are solved for each 
cell of the mesh separately. Depending on the accuracy and fineness of the mesh, the number of 
equations that are solved in numerical modelling increases [4, 5]. 

Fluid flow is an important process for ensuring the course of chemical reactions, removing non- 
metallic inclusions and homogenizing steel. It is essential to know the types of flows that can occur 
during steel casting. Flow can be divided into laminar or turbulent. Depending on the time, it can be 
stationary or non-stationary, where the quantities change in the time [4, 5]. 
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3. EXPECTED EFFECT OF NON-ISOTHERMAL FLOW 

During the ladle change, the so-called non-isothermal flow occurs. Steel with a higher 
temperature than the steel in the tundish enters the tundish and a positive temperature difference is 
created. The change in temperature will also be reflected in the change in the nature of the flow, which 
will be a combination of forced convection and natural convection, as a result of which there are 
differences in melt densities and the resulting buoyancy forces. In this case, natural convection results 
in the formation of reverse flow. During casting, a steady state then occurs, where the temperature of 
the inflowing steel is comparable to the temperature of the steel in the tundish. 

Non-isothermal flow pattern persists until the temperature of the mixed existing and newly fed 
steel stabilizes and the conditions approach an isothermal steady state. Non-isothermal flow contributes 
to better separation of non-metallic inclusions into the cover slag. The resulting product at times of non- 
isothermal flow can achieve significantly higher homogeneity and purity. 

4. EXPERIMENTAL CONDITIONS 

All simulation preparations and calculations themselves took place in the Ansys Workbench 
software package, which includes for example the Ansys Fluent software for CFD simulation solutions. 

Geometry 

The 3D geometry of the five-strand tundish was constructed in the CAD system of the Ansys 
DesignModeler software. For numerical simulations, only the inner part of the tundish was constructed. 
The created geometry of the tundish is schematically shown in Figure 1. 

 

 

 

Figure 1 Geometry of the five-strand tundish. Source: (own) 

Model setting 

Set boundary conditions for numerical simulations is shown in Table 1. The calculations were 
performed in SW Ansys Fluent and were solved by the finite volume method. Steel with a defined heat 
flux through the tundish walls and the steel surface was chosen as the material for the calculation. The 
steady flow for 1753.15 K was first calculated, then the temperature was raised to 1788.15 K and the 
change in flow  was monitored. The material properties of the steel were set depending on the 
temperature. 

Table 1 Boundary conditions of model setting. Source: [1] 

Parameter Value 

Casting speed – velocity inlet (m·s-1) 1.04 

Casting temperature (K) 1 753.15 / 1 788.15 

Gravity (m·s-2) -9.81 

Operating pressure (Pa) 101 325 

Heat flux of free surface (W·m-2) 15 000 

Heat flux of tundish walls (W·m-2) 2 500 

 
 

5. RESULTS AND DISCUSSION 

The basic result is residence time distribution (RTD) analysis. The residence time determines 
the time that a certain element of the melt spends in the tundish and is essential for further flow 
optimization. The result of the RTD analysis is shown in Figure 2. In numerical simulations, it was 
determined using a species model [1, 2]. 
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a) b) 

Figure 2 RTD analysis: a) Steady flow; b) Temperature change. Source: (own) 

 
A minimum retention time is necessary for flow optimization, which is determined as time until 

the first response on the strands [1, 2]. 

The minimum retention time is shown in the Table 2. For optimization, it is necessary to increase 
the residence time on all casting strands and at the same time keep the variability low, which is 
expressed by the coefficient of variation. 

The result shows that the residence times at the nearest nozzles (CS3, CS4) to the ladle shroud 
were increased after the temperature change. At the same time, low variability was obtained after the 
temperature change. Flow after temperature change achieves better results. 

Table 2 Results of residence time distribution. Source: (own) 
 

 
Variant 

Minimal residence time – 𝑟min 

CS1 (s) CS2 (s) CS3 (s) CS4 (s) CS5 (s) v (%) 

Steady flow 180 68 58 52 56 66 

Temperature 
change 

93 82 68 63 52 22 

Figure 3 shows the flow velocity vectors of the tundish in steady flow and 100 seconds after the 
temperature change. The highest velocity is seen at the entrance to the tundish around the ladle shroud. 
Around the first casting strand, the flow is significantly slowed down. There are obvious zones in which 
steel circulates. After the temperature changes, the newly supplied warmer steel flows due to the density 
mainly at the surface. The stagnant flow zone near the CS1 is gradually removed. 

From the flow of steel in the tundish, it is also possible to predict places prone to lining wear. A 
wall shear stress model was used. The model is based on velocity vectors. Figure 4 shows the results 
of steady flow and flow 100 seconds after the temperature change. The biggest problems in the steady 
flow occur between CS4 and CS5 and also between CS2 and CS3. After the temperature change, the 
problem area is shifted to the side walls of the tundish until it is completely removed. 

 

 

a) 

 
 

 

 
 

b) 

 
 
 

 
Figure 3 Velocity vectors in the tundish: a) Steady flow; b) Temperature 

change (100 secs). Source: (own) 
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a) 

 
 

 
 
 

b) 
 

Figure 4 Wall shear stress: a) Steady flow; b) Temperature change (100 secs). 
Source: (own) 

6. CONCLUSION 

In this paper were compared steady and unsteady flow after temperature change. Non-
isothermal is a process that always accompanies the continuous casting of steel during ladle change. 
In several cases, the flow was better after the temperature change. Especially when removing stagnant 
flow. An increase in casting temperature affects the flow and has a positive effect on the wear of the lining. 
Based on RTD analysis, low flow variability was achieved after temperature change, leading to better 
product homogeneity. 
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Abstract 

The aim of this work is to present the influence of grain distribution of foundry silica sand BG 21 from Biala 
Góra (Poland) and the degree of sorting (unsorted, monofraction, polyfraction) on the degree of thermal dilatation 
of the sand and thus on the resulting quality of the casting and susceptibility to foundry defects. For the purpose of 
measuring thermal dilatation, clay wash analysis was performed, sieve analysis of the sand was carried out, and 
individual sand fractions were carefully sorted. 

Keywords: Foundry sand, dilatometry, sand grains distribution, sieve analysis, moulding mixtures. 

1. INTRODUCTION 

In the foundry industry, silica sands are one of the most widely used basic sands in foundry 
moulding mixtures. This is due to their easy availability and low cost compared to other types of sands 
[1]. However, unlike other types of basic sands, silica sands are characterized by a reversible phase 
transition β↔α SiO2 at 573 °C, which is accompanied by discontinuous thermal dilation. Depending on the 
type of silica sand, its purity and grain shape, this dilation varies [2, 3]. In the case of moulding mixtures, 
the dilatation of each grain then results in overall mould or core dilatation and leads to stresses from braked 
thermal dilatation, dimensional inaccuracies in the castings produced and a high risk of number of 
foundry defects from thermal stresses, such as veining [1, 4-6]. The degree of stress from thermal 
dilatation depends, in the case of the sands themselves, on the degree of compaction of the mixture, 
the shape of the sand grains and also the degree of sorting of the sand grains [7]. For different types of 
moulding mixtures and different technologies, more or less polyfractional sands with a proportional 
representation of several sand grain sizes larger than 0,02 mm or completely monofractional sands are 
used. 

2. MATERIALS AND METHODS 

For the purpose of the experiment, silica sand BG 21 from Biala Góra (Poland) with a mean 
grain size d50 of 0.21 ± 0.02 mm was chosen. It is a sand with high chemical purity (<99.7 % SiO2), and 
angular grain shape. This sand was used both as unsorted in supplied condition (washed and dried) 
and sorted into monofraction (all grain sizes equal between 0.250 mm and 0.180 mm) and polyfraction 
(grains smaller than 0.500 mm and larger than 0.090 mm in equal amounts by precise mixing). The 
condition was to maintain d50 of 0.21 ± 0.02 mm. The individual sand samples can be seen in Figure 1 
(digital microscope Keyence VHX 6000, Japan). 

A detailed overview of the granulometric composition was carried out by sieve analysis. Firstly, 
the clay wash analysis was performed to remove dust and particles smaller than 0.02 mm from the 
sands using the principle of different sedimentation rates of particles of different sizes. The weight of 
each sample for sieve analysis was 50 g. The measurements were performed on a laboratory sieving 
machine (LPzE-2e, Multiserw-Morek, Poland) equipped with a set of sieves with graduated mesh size 
(in mm: 0.710, 0.500, 0.355, 0.250, 0.180, 0.125, 0.090, 0.063, 0.020 - pan) according to ASTM E11. 
The sieving time was set at 10 min. The weight of the fractions captured on each sieve was then 
expressed as % relative to the weight of the original sample. Measurements were always made on 3 
samples from a given sand. 

 
Figure 1 Sorted sand grains: (a) unsorted, (b) monofraction, (c) polyfraction. Source: 

(own) 
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From the results of the sieve analysis, the Cumulative curves of granularity were determined 

and the Homogeneity degree S according to equation (1) and the Criterion of the grain-size distribution 
probability log W according to equation (2) were calculated. 

𝑆 = (𝑑75/𝑑25) ∙ 100 (%) (1) 

where: 

d25 and d75 - mesh diameters corresponding to 25 and 75 % of the total weight of the sand without 
particles smaller than 0.02 mm. 

𝑙𝑜𝑔𝑊 = 100 ∙ 𝑙𝑜𝑔(100) − ∑ 𝑁𝑖 𝑙𝑜𝑔(𝑁𝑖) (2) 

where: 

Ni – fraction captured on the sieve (%). 

Thermal expansion measurement of the sands was performed using a dilatometer (DIL 402/C, 
Netzch, Germany) equipped with corundum components (rod, supports, container). Before the 
measurement, a correction was made using a corundum correction sample of calibrated size 10 mm 
inserted into a cylindrical corundum container with plugs. Sand samples for measurement were prepared by 
pouring into the container cavity and compacting with light strokes of a laboratory spoon. The height of 
the measured sand sample in the container was within 10 mm ± 0.05 mm. The measurements were 
carried out in a temperature range of 25 °C to 1130 °C under an inert atmosphere (argon 6.0, flow rate 
100 ml/min). The temperature rise was set at 15 °C/min. The measurements were always performed on 
at least 3 samples from a given sand. The resulting values were then averaged. 

3. RESULTS AND DISCUSSION 

The granulometric composition of the differently sorted sands can be seen in Table 1. The 
condition of maintaining the same d50 of 0.21 ± 0.02 mm was achieved. For the Homogeneity degree S 
is valid, the more homogeneous the sand is, the more the S value approaches 100%. The measured 
results show, it is possible to increase the homogeneity of the sand by 38.1 % by selecting only one 
fraction (0.250 to 0.180 mm) compared to the unsorted sample, and so S rule was met by the 
monofractional sand. In contrast, the polyfractional sand, where 5 fractions were mixed, shows 30.16 % 
higher heterogeneity than the unsorted sample. 

For the log W, the closer the log W value approaches 0, the more sharply the sand is sorted, 
i.e. it is a monofraction. This means that the largest proportion of sand grains is concentrated on one or 
two sieves. In this experiment, the samples representing sorted monofraction actually have log W equal 
to 0, i.e. pure monofraction. In contrast, the differences in log W values between the unsorted sand and 
the polyfraction are not as pronounced. Despite the significantly higher heterogeneity of the polyfraction 
mixture demonstrated by the S calculation, the log W value, and thus the polyfraction of the mixture, is 
only 14.0 % higher due to the non-inclusion of fractions above 0.355 mm and below 0.090 mm. If these 
sand fractions were also included in the same amount, the log W value would increase proportionally. 
These results are consistent with the cumulative curves of granularity (see Figure 2a), where the 
monofraction corresponds to a steep curve. The more polyfractional sand, the more linear the resulting 
cumulative curve. Polyfractional mixtures usually achieve higher mechanical strengths but are 
characterised by a higher specific surface area and therefore higher binder consumption and lower 
permeability of the mixture. This may be the source of increased raw material costs or gas foundry 
defects. The ideal mixture, i.e. monofraction, is characterised by high porosity and therefore permeability and 
are less demanding on excess binder while maintaining sufficient strengths. In contrast, they tend to 
have a higher penetration of metal into the intergranular spaces due to their higher porosity and are thus 
more prone to foundry defects such as sand burning, swelling and veining or increased surface 
roughness. This is due to the absence of fine sand grains filling the intergranular spaces. 

Table 1 Particle size distribution and basic parameters of sand. Source: (own) 
 

Retained (%) 

Mesh size (mm) Supplied condition Monofraction Polyfraction 

0.710 0.00 0.00 0.00 

0.500 0.06 0.00 0.00 
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0.355 3.12 0.00 20.00 

0.250 19.65 0.00 20.00 

0.180 32.35 100.00 20.00 

0.125 36.64 0.00 20.00 

0.090 6.37 0.00 20.00 

0.063 1.31 0.00 0.00 

Pan 0.34 0.00 0.00 

d25 (mm) 0.24 0.23 0.32 

d50 (mm) 0.19 0.21 0.21 

d75 (mm) 0.15 0.20 0.14 

Homogeneity degree S (%) 63 87 44 

log W (-) 61.3 0.0 69.9 

 

 
In the case of silica sand, high temperatures during casting lead to polymorphic transformations, 

which has the significant disadvantage of discontinuous thermal dilation. This is due to the reversible 
phase transition β ↔ α SiO2 around 573 °C which is accompanied by a linear dilation of the mixture. The 
inhibition of free dilatation leads to a sharp increase in stresses in the mould and its expansion, which 
leads to a reduction in the accuracy of the casting and to the formation of a series of foundry defects 
due to thermal stresses (rat tails, veining). The value of the expansion varies depending on the type of 
basic sand, the binder, the compacting of the mould, additives that allow the relaxation. Thermal 
expansion is worse especially when using high purity silica sands. The discontinuity of the thermal 
expansion curve, make silica sands significantly different from other sand types used in foundry 
applications. 

The resulting dilation curves can be seen in Figure 2b. The highest values of linear thermal 
expansion were measured for the monofraction, where the average dilation value reached 3.46 %. For 
the polyfraction, an average dilation of 2.36 % and for the unsorted sand 2.28 % dilation were achieved. 
Thus, the monofraction achieved 51.8 % higher dilation compared to the unsorted sample. The effect of 
the different porosity of the two types of sands due to the different particle size was confirmed, with the 
monofraction lacking the finer particles that would fill the inter-grain spaces as mentioned above and 
limited contact points of each grain. Each microdilatation of grains of the same size in the monofraction 
ultimately resulted in a higher macrodilatation of the entire sample. This effect is then also evident when 
comparing the unsorted and polyfraction sands, where the difference in dilatation was only minimal, at 
3.5 %. Thus, the results suggest that monofraction silica sands are the most susceptible to casting 
defects from retained stresses compared to the polyfraction or unsorted state. 

 

Figure 2 (a) Cumulative curves of granularity and (b) dilatation curves for: unsorted 
(supplied condition), monofractional and polyfractional sorting. Source: (own) 

 
The phase transition β(SiO2) ↔ α(SiO2) took place in the case of unsorted sand at 573.26 °C. In 

the case of monofraction, the phase transition took place at 572.67 °C and was accompanied by the 



DOI 10.31490/9788024846538 

22 

 

 

most significant change in linear dilatation. In contrast, for the polyfraction, where the change in linear 
dilation is comparable to the unsorted samples, the phase transition took place as early as 567.68 °C, 
i.e. 5.58 °C lower temperature. This is most likely again an effect of the granulometric composition and 
the sorting degree. From this point of view, it appears to be more advantageous to use the sand in the 
unsorted state, since the mould or core will undergo a sharp change in dilation at a higher temperature 
during casting. The temperature difference of 5.58 °C is, however, negligible considering the degree of 
mould heating during casting. 

4. CONCLUSION 

On the basis of the sieve analysis performed, the individual sand fractions were sorted and then 
mixed in different proportions to form monofraction, polyfraction and unsorted samples, i.e. in the 
supplied condition with the same d50 of 0.21 mm ± 0.02 mm. For all the samples, the individual 
parameters of the granulometric composition were evaluated and the thermal dilatation was measured. 
The influence of the sorting degree of sand on the dilatation value was confirmed, with the highest 
thermal dilatation values being achieved by the monofraction samples, namely 3.46 %, 51.8 % higher 
than the case of the unsorted supplied condition. Thus, given the results, an increased incidence of 
stress-strain defects such as veining or dimensional changes of castings, and associated reduced 
casting quality, can be expected when using pure monofraction silica sands. 
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Abstract 

The subject of this paper is the analysis of phase transformation temperatures, specifically solidus 
temperature (TS) for steel quality 41Cr4. To calculate the temperatures, 66 different variants of the chemical 
composition of a given steel grade were compiled. The calculations were performed in the CompuTherm 
thermodynamic database using the Lever microsegregation model. The resulting temperatures are further 
supplemented by multiple regression analysis, which considers the dependence on the chemical temperature. The 
results of the regression analysis are used to design a regression equation to calculate the solidus temperature. 

Keywords: Steel, phase, transformation, solidus, temperature. 

 

1. INTRODUCTION 

The solidus temperature (or solidification temperature) is one of the most important phase 
transformation temperature of steels. Its knowledge, in combination with the temperature of the liquid, 
enables the prediction of the steel's tendency to internal defects. Therefore, TS is important for 
determining the zero strength of the material, which is also determined on a dilatometer and serves for 
the correct determination of the maximum preheating temperature of the material before forming [1]. 

The temperature of phase transformations is influenced by the chemical composition of the steel 
melt. Most elements reduce these temperatures [1]. 

Thermal analysis methods, dilatometry or calculation methods (using empirically determined 
equations or software) can be used to determine the temperatures of phase transformations [1]. 

Construction of the regression equation to determine the liquidus temperature (TL) of 41Cr4 
steel using the CompuTherm thermodynamic database is given in reference [2]. 

2. CHARACTERISTICS OF STEEL GRADE 41CR4 

41Cr4 steel is a chrome manganese steel used in the manufacture of quenched and tempered 
bars. The cold-upsettable steel 41Cr4 can be cold-formed with suitable tools with a low to medium rate 
of forming according to the usual forming methods on single-stage and multi-stage presses. It is used 
for normed screws, driving elements as crankshafts, front vehicle axles, axle journals or steering 
components. Also used for high-strength parts manufactured according to drawings (eg. ball studs) [3]. 
The chemical composition of the steel used for the calculations is given in Table 1. 

Table 1 Chemical composition of 41Cr4 steel used for calculations. Source: [3] 
 

 
Chemical composition of steel 41Cr4 (wt%) 

C Si Mn P S Cr 

Range 0.380 – 0.450 ≤ 0.40 0.60 – 0.90 ≤ 0.025 ≤ 0.035 0.90 – 1.20 

Min. 0.380 0.00 0.60 0.000 0.000 0.90 

Avg. 0.415 0.20 0.75 0.013 0.018 1.05 

Max. 0.450 0.40 0.90 0.025 0.035 1.20 

 

3. CALCULATION OF SOLIDUS TEMPERATURES USING COMPUTHERM 

The CompuTherm thermodynamic database (version 14.5), which is part of the ProCAST 
software (version 2019.0) available at the Department of Metallurgical Technologies, was used to 
calculate the solid temperatures of 41Cr4 steel. 

This program allows you to calculate the thermophysical properties of steel after entering the 
chemical composition of steel and, if necessary, monitor changes in the required properties after 
adjusting the chemical composition. For the calculation of steel, a calculation based on Fe is used, 
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where it is possible to further define the content of these elements: Al, B, C, Co, Cr, Cu, Mg, Mn, Mo, N, 
Nb, Ni, P, S, Si, Ti, V, W [4, 5]. 

CompuTherm calculations are performed by three different microsegregation models Scheil, 
Lever and Back Diffusion. The Scheil model does not consider solid state diffusion, while the Lever 
model assumes very good solid-state diffusion. Both models assume either complete mixing or infinite 
diffusion in the liquid. The Back Diffusion model is defined by the cooling rate. In the calculations using 
the Lever model, the change of the solid phase of austenite to ferrite is assumed [4,5]. Cooling rate 
1 (K/sec) was used for the calculation using model Back Diffusion. The calculated temperatures with all 
models are given in Table 2. 

Table 2 Calculated solidus temperatures using the CompuTherm. Source: (own) 
 

Calculated solidus temperatures for 41Cr4 steel (°C) 

 
CompuTherm 

TS 

(min. wt%) 

TS 

(avg. wt%) 

TS 

(max. wt%) 

ΔTS 

(min. wt%) – 
(max. wt%) 

Scheil 1 153 1 135 1 118 35 

Lever 1 455 1 433 1 421 34 

Back Diffusion 
(1K/sec) 

1 437 1 425 1 419 18 

From Table 2, it can be seen, that the results in calculating the solid vary greatly depending on 
the used model. It is clear, that the Scheil model is not applicable for the calculation of solidus 
temperatures, as evidenced by significant differences in the resulting temperatures compared to the 
Lever and Back Diffusion models. Depending on the content of elements within the limits for a given 
quality, the temperature of the solidus can range from 1 421 °C to 1 455 °C in the calculation under  
equilibrium conditions (Lever). 

4. DETERMINATION OF THE REGRESSION EQUATION FOR SOLIDUS TEMPERATURE 
CALCULATION 

Calculations in the CompuTherm database were used to determine the regression equation. 
When 66 different variants of chemical composition were created for 41Cr4 steel. This is the minimum 
number of combinations to include all the possibilities of the minimum, average and maximum content 
of individual elements in the steel and for the subsequent correct regression analysis. The Lever 
microsegregation model was used for the calculation. 

Regression analysis is one of the statistical methods. It consists in finding the dependencies of 
variables whose dependence expresses regression functions. To determine all regression equations, a 
multiple regression analysis was performed in an Excel spreadsheet, which considers the dependence 
of a given temperature on the chemical composition. The result of the regression analysis is a 
description of the dependence of the variables using a suitable mathematical model [6]. 

When calculating regression, we consider the standard significance level α = 0.05, ie. 5% 
unreliability of results (or 95% reliability). From the results obtained by the analysis, we then evaluate 
the statistical significance of the regression model. With the help of tests and the evaluation of 
parameters, it is possible to determine which aspects have the greatest influence on the change in 
temperature and which, on the contrary, do not substantially change its value. 

Table 3 shows the results of regression statistics. Table 4 shows the analysis of variance and 
in Table 5 regression results are recorded (already arranged - according to the t Stat value). 

Table 3 Results of regression statistics. Source: (own) 
 

Regression statistics 

Multiple R 0.968164872 

Reliability value R 0.937343219 

Reliability setpoint R 0.930971343 

Mean error 1.81924229 

Number of observations 66 
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Table 4 Analysis of variance. Source: (own) 
 

ANOVA 

 Difference SS MS F Significance F 

Regression 6 2,921.21594 486.8693234 147.1063179 1.37353E-33 

Rezidual 59 195.2689081 3.309642511   

Total 65 3 116.484848    

 
Table 5 Ordered regression results. Source: (own) 

 

 Coefficients Mean error t-Stat Value P 

Constant 1,510.553671 5.25418566 287.4952978 1.53675E-94 

Si -25.31816562 1.399009373 -18.09720944 9.29597E-26 

C -155.398076 8.90945338 -17.44193155 5.84637E-25 

S -252.3411068 18.12487617 -13.92236308 2.67187E-20 

P -235.232388 23.84918054 -9.863332101 4.29475E-14 

Cr 0.931427766 2.212741599 0.420938335 0.675329554 

Mn 1.18946368 2.188673852 0.543463193 0.588858541 

 
 

First, the statistical significance of the regression model as a whole was evaluated. The achieved 
level of significance of the F-test (Significance F) is 1.37353E-33, which is much lower than the chosen 
level of significance α. From this it can be said that the chemical composition has a significant cumulative 
effect on the solidus temperature, which is characterized by the value R Square (0.937). According to 
this value, it can be said that the combined influence of all elements on the solid temperature is 93.7%. 
The remaining percentages (6.3%) express the influence of other aspects, which are not the subject of 
this work. A higher percentage of the influence of aspects other than chemical composition at the solidus 
temperature is due to reactions occurring in the two-phase zone. 

Furthermore, the statistical significance of individual regression coefficients was evaluated. The 
regression coefficients of the elements Si, C, S and P acquire lower values in the significance level of  
the t-test (P value) than the chosen significance level α, therefore they have a statistically significant 
influence on the solidus temperature. The coefficients of Cr and Mn elements do not meet this condition. 

The influence of statistically significant elements on the solidus temperature decreases 
according to the t-Stat column, i.e. in this case, silicon has the greatest influence on the solidus 
temperature for the chosen chemical composition of the steel and the method of determining the 
temperature. The regression coefficients of the elements Si, C, S and P have negative signs, which 
means that as the content of the given element increases, the temperature of the liquid decreases. 

The resulting regression equation for calculating the solidus temperature of 41Cr4 steel has the 
following form: 

TS = 1,510.6 – 25.3 ∙ (%Si) – 155.4 ∙ (%C) – 252.3 ∙ (%S) – 235.2 ∙ (%P) + 0.9 ∙ (%Cr) + 1.2 ∙ (%Mn) 
(1) 

5. CONCLUSION 

The paper presents the calculated solidus temperatures for the quality of steel 41Cr4. These 
temperatures are determined using the different models of CompuTherm thermodynamic database. The 
Scheil model does not consider solid state diffusion, as mentioned above. In contrast, the Lever model 
represents equilibrium conditions and is the most suitable for determining solidus temperatures. The 
Back Diffusion model requires the correct setting of the cooling rate, which plays a role especially in 
continuous casting. Since the cooling rate on the surface of the continuously cast slabs are 
fundamentally different from the cooling rate in the center of the preform, is usually selected a mean 
value. The rate at which the center of a continuously cast slabs are cooled can be determined 
approximately for example by using numerical modeling. However, when setting up the numerical 
simulation, it is necessary to redefine the thermophysical properties of the steel, which may distort the 
result to some extent. Therefore, the Lever calculation remains primarily the most appropriate choice. 
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Depending on the content of elements within the limits for a given quality, the temperature of 
the solidus can range from 1 421 °C to 1 455 °C. 

Furthermore, the resulting regression equation (1) is determined in the work, determined by 
regression analysis of 66 possible variants of chemical composition of steel 41Cr4 phase transformation 
temperatures determined for defined chemical compositions by thermodynamic database 
CompuTherm. 
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Abstract 

This paper is a continuation of research in my dissertation, which deals with the possibility of recovering 
zinc from waste galvanic sludge, hydrometallurgical method of leaching. Galvanic sludges, which contain significant 
amounts of heavy metals, form waste suitable for hydrometallurgical recycling. Hydrometallurgical leaching method 
has already been tested as a suitable method of treating this type of industrial waste and recovering the two metals 
therefrom. Previous experiments have verified the leaching efficiency of these sludges in sulfuric acid at selected 
leaching temperatures and times. The aim of subsequent experiments is to obtain zinc by leaching several types of 
waste sludge samples in various acids and hydroxides, at several temperatures and time intervals. The electrolysis 
process under predetermined conditions followed, and the obtained product was further processed. The practical 
part also includes chemical and material analyses of leaching products. 

Keywords: Metals, galvanic sludge, leaching. 

 

1. INTRODUCTION 

The galvanizing process is an electrolytic process in which a zinc coating created by the 
electrochemical dissolution of a zinc anode is deposited on electrically conductive materials, mostly iron 
components. Today's galvanizing is usually done in dilute hydrochloric acid with the addition of other 
reagents. All automatic lines for the mentioned process include technological processes: degreasing, 
pickling, surface activation, galvanic application of zinc layers, passivation of zinc layers and application 
of sealing colors. Using automatic conveyors, the parts are successively immersed in a degreasing bath, 
a pickling bath and a surface activation bath. After them, the surface of the parts is cleaned, a new layer 
of zinc is applied to it using an electric current. Subsequently, to increase corrosion resistance, the zinc 
coating is passivated, if necessary, a sealing paint is applied. The entire galvanizing process is 
completed by drying the parts in air and returning them back to the transport units. The result of these 
processes is a high-quality smooth surface with a shiny zinc layer. [1-3]. Zinc is one of the important and 
widely used metals, which finds a wide range of applications including plating, coating and alloying with 
other metals [1-2]. The high demand for zinc has also led the industry to exploit secondary resources 
such as zinc scrap, zinc slag and leach residues as potentially valuable resources. Recycling by- 
products of hot-dip galvanizing allows zinc to be recovered as metal or other compounds and returned 
to the production cycle, thus reducing the input of primary metal and improving environmental protection 
[4,5]. During the technological process, various types of waste are generated, such as pickling baths, 
which must be disposed of after being saturated with dissolving metals, as they contain a high 
concentration of hydrochloric acid, zinc and iron. The rinsing water and the used brine are then treated 
in four steps in neutralization stations. The resulting product of this treatment is galvanic sludge, which 
can contain a large proportion of zinc (up to 18%) and iron. These concentrations are sufficiently 
interesting for the design of applicable recycling technology. Sludges and filter cakes from neutralization 
stations are classified as hazardous substances according to the European Waste Catalogue. It is a 
solid sludge, yellow-green to brown in color [5,9,13]. Galvanic sludge, which contains a large amount of 
heavy metals such as zinc, nickel, manganese, copper, cadmium and chromium, is waste suitable for 
recycling. This sludge is classified as hazardous waste due to the possible release of metals into the 
environment. Their disposal depends mainly on landfilling. The recovery of waste materials and recovery 
of metals from various secondary sources is of great importance due to economic and environmental 
benefits. Political trends and legislation aim for a more sustainable society. [6-9,13]. Zinc sludge can be 
treated by both pyrometallurgical and hydrometallurgical methods [14]. Hydrometallurgical processes 
are the subject of much research because they enable the processing of complex ores, concentrates 
and wastes and reduce environmental pollution [1]. Literary data on the hydrometallurgical treatment of 
waste mainly consider the method of leaching in sulfuric [10], nitric or hydrochloric acid [11]. Zinc sludge 
can be treated by both pyrometallurgical and hydrometallurgical methods [14]. Hydrometallurgical 
processes are the subject of much research because they enable the processing of complex ores, 
concentrates and wastes and reduce environmental pollution [1]. Literary data on the hydrometallurgical 
treatment of waste mainly consider the method of leaching in sulfuric [10], nitric or hydrochloric acid [11]. 
One of the experiments carried out is to perform leaching in hydrochloric acid at a temperature of 
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about 90 °C and also in a solution of 240 g NaOH/l, for a period of 1.5 to 4 h, at a temperature of 95 °C; 
achieved a Zn recovery of 80 to 85% [12]. 

The aim of the research was to determine the effect of sulfuric acid, hydrochloric acid and 
sodium hydroxide on the amount of leached metal under intensive mixing and selected temperatures. 
From the obtained results, it is possible to propose a process of zinc recycling from this type of waste 
and its use as a secondary raw material [15-17]. 

2. HYDROMETALLURGICAL TREATMENT OF GALVANIC SLUDGE WASTE 

Hydrometallurgy appears to be a suitable possible method of recovering zinc from galvanic 
sludge. These processes are based on the leaching of pretreated beneficiated ore to obtain sulfates that 
are highly soluble in suitable leaching agents. The resulting products are two phases, a solid residue and an 
extract containing the desired metal. The actual procedure can be described in the following steps: 
leaching – 1st filtration – refining – 2nd filtration – electrolysis. The following chemical reagents were 
used for the leaching process: sulfuric acid, nitric acid, hydrochloric acid and sodium hydroxide 
respectively potassium at different leaching concentrations, times and temperatures. In addition, 
oxidizing agents in the form of hydrogen peroxide or ozone were used. Filtration was further applied to 
separate the leachate substance from leachate. Leaching in an alkaline environment of sodium or 
potassium hydroxide appears to be a much more effective process for processing galvanic sludge, 
when, thanks to a high pH value of around 12, the majority of zinc is leached and other metals, including 
iron, remain in the leachate. Subsequent filtration is followed directly by electrolysis [3,15-24]. 

3. EXPERIMENTS 

The aim of the experimental part was to verify the leaching conditions for the amount of the 
metal of interest obtained. Samples of waste sludge from the electroplating process were processed by 
drying and grinding to a suitable particle size. This was followed by a leaching process where sulfuric 
acid, hydrochloric acid and sodium hydroxide were chosen as the leaching agent for various dilutions. 

The main part of the experimental work was the determination of the most suitable conditions 
for obtaining the maximum yield of zinc from galvanizing sludge. The samples were analyzed for the 
content of zinc and other metals in the laboratories of the Faculty of Materials Technology. The initial 
chemical analysis of the samples is shown in Table 1. The samples were obtained from two different 
electroplating plants in the Czech Republic. The average zinc content in these sludges is also shown in 
Table 1, which is a significant value for the recovery of this metal. However, there is also a high content 
of iron and other non-ferrous metals such as Cr, Mn, Cu, in galvanic sludge. Iron and other metals must 
be effectively separated from zinc. In addition, other inorganic and organic substances are also found in 
the sludge. Therefore, the separation of individual components is often complicated, and in addition, 
each electroplating plant produces sludge with a different consistency and composition. 

Table 1 Zinc, iron and other metals content of the input samples, measured by ED-XRF (wt%). 
 

Sample Zn Fe Mn Cu Cr S Al 

D 13.3 9 0.17 0.03 0.11 0.56 1.60 

H 12.4 2.71 0.02 0.03 0.20 0.08 - 

 
 

Waste sludge samples were pretreated by drying under normal conditions and size 
homogenization by grinding (Figure 1). 

 

Figure 1 Galvanic sludge samples for leaching. Source: own 
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Leaching procedure 

Beakers with prepared samples of 1000 ml of solution together with 250 g of weighed sample of waste 
galvanic sludge for acids, 250 g of sample for hydroxide were placed on electromagnetic stirrers. The 
required temperatures were set individually on each electromagnetic stirrer. After the specified time, the 
leaching process was completed (Figure 2) and the leachate substance and leachate were separated 
by filtration. Leaching substance was subjected to AAS analyses (Table 2, Figure 2). pH was measured 
at all leachate substance. 

Table 2 The final zinc, iron and other metals content of the leaching substance measured by 

AAS (mg/l). Source: own 

Sample pH Zn Fe Cr Mn Cu Ni 

D HCl 0.39 11500 7990 243 116 21.9 6 

H HCl 0.59 31500 5970 1150 60 41.2 13 
D H2SO4 0.96 12500 8860 318 155 27.1 8 
H H2SO4 1.28 36100 6780 1100 70 45.9 13.7 

D NaOH 13.69 13200 12.2 0 0 12 6 

H NaOH 13.81 38800 5.2 - - - - 
 

Figure 2 Leaching process and leachate substance after the filtration process. Source: own 

Leachate was subjected to ED-XRF analyses (Table 3). The task was analyse the amount of 
zinc and iron in leachate, especially. 

Table 3 Content of zinc and iron in the leachate (wt%). Source: own 

Sample Zn Fe 

D HCl 3.48 3.31 

H HCl 3.77 0.83 
D H2SO4 1.8 1.13 
H H2SO4 2.42 0.52 

D NaOH 2.45 5.92 

H NaOH 2.42 1.8 

Due to the fact that during leaching in individual solutions, iron is also leached into the leachate, 
which causes difficulties during further processing. Figures 3A and 3B show the amount of iron in the 
leachate, to compare the efficiency of leaching solutions. 

 

Concentration of Zn and Fe in the 
leachate substance of sample D 

(mg/l) 
20000       

 

0 

D HCl D H2SO4 D NaOH 

Zn Fe 

Concentration of Zn and Fe in the 
leachate substance of sample H 

(mg/l) 
50000       

 

0 

H HCl H H2SO4 H NaOH 

Zn Fe 

Figure 3 Concentration of Zn and Fe in the leachate substance, A) sample D, B) sample H. 
Source: own 

4. CONCLUSION 
The aim of this work was to obtain zinc by the hydrometallurgical method from waste galvanic 

sludge and to find optimal conditions for leaching waste galvanic sludge with a high content of Zn and 
Fe. Both waste sludge samples were processed and leached in sulfuric acid, hydrochloric acid and 
sodium hydroxide solutions under predetermined conditions. The products of the leaching process were 
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analyzed using ED-XRF and AAS methods. It is clear from the experiments that zinc is leached in both 
types of acids and hydroxides. However, for further experiments, it is most appropriate to use hydroxide 
as a leaching agent, because the presence of iron in the leachate makes further processing by 
electrolysis difficult. 
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Abstract 

The article will deal with the determination of steel 41Cr4 liquidus temperature using the available SW 
FactSage. Determining the liquidus temperature of steel is one of the basic information that can provide the 
technologist with an overview of phase temperatures transformation in the high-temperature region, namely liquidus 
(TL), solidus (TS) temperatures. These temperatures are the main prerequisites for optimizing the settings 
parameters of metallurgical processes and therefore their better management. This includes technology, for 
example casting, thermal and chemical melt homogenization, steel filtration, slag optimization modes, etc. 
Knowledge of the liquidus temperature is important especially to determine the optimal casting temperature 
(overheating of steel). Current knowledge of the solidus temperature makes it possible to determine the width of 
the so-called two-phase zones where the steel is in both solid and liquid state and is most susceptible to internal 
formation defects such as segregation. 

Keywords: Steel, FactSage, liquidus temperature, simulation. 

 

1. INTRODUCTION 

For the changing world market of the steel industry, which uses other technological methods of 
steel production, knowledge of steel liquidus temperatures is very important for understanding the basic 
properties of steel. Modern economic production and processing of steel as well as constant fulfillment 
of customer requirements for the quality of the produced steel requires accurate information about 
austenite decomposition products for a given quality of steel [1]. 

One way to calculate liquidus temperature is to use empirically determined equations. There are 
many empirical equations for calculating liquidus temperatures. Because accurate knowledge of liquidus 
temperatures is important for determining the optimal casting temperature, empirical equations need to 
be constantly refined to calculate them [2]. A number of empirical equations for estimating liquidus 
temperature were derived by regression analysis from laboratory measured data for a specific steel 
(specific steel grade), so the equation determined in this way provides good results only for the studied 
steel. If the chemical composition of the steel changes, the regression equation may not provide a 
reliable calculation of the liquidus temperature in the required accuracy [2, 3]. Another problem may be 
the simple form of the equations, which are often linear composition functions, and thus applicable only 
to alloys with less diverse chemical compositions [3]. 

The aim of the presented article will be to determine the liquidus temperature of 41Cr4 steel 
using FactSage software. Based on the calculation, a regression analysis will be compiled using a 
regression equation, which will be determined using Microsoft Excel 2016. 

2. DETERMINATION OF LIQUIDUS TEMPERATURE OF 41Cr4 STEEL 

The liquidus temperature can be determined experimentally, or the liquidus temperatures can 
be determined using empirically determined equations or thermodynamic databases. The liquidus 
temperature of 41Cr4 steel was determined using FactSage software version 8.1 [4]. The use of 
empirical equations has the disadvantage that they have only been determined for a certain steel grade 
and are therefore not applicable to all chemical composition variants. However, they are often also 
applied to high alloy steels, such as stainless steels. In such alloys, there are many chemical interactions 
between solutes that cannot be described with these linear equations. Therefore, the whole problem 
should be approached from a thermodynamic point of view [5]. 

From a practical point of view, it is important for steel to determine the temperatures of phase 
transformations in the high-temperature region, namely liquidus (TL), solidus (TS) temperatures as well 
as austenite decomposition temperatures. These temperatures are the main prerequisites for optimizing 
the setting of parameters of metallurgical processes, and therefore their better control [6]. The correct 
setting of production technology significantly affects the final quality of cast steel (billets or ingots). They 
are also important for setting the conditions of physical and numerical modeling of these processes [7]. 
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FactSage SW was used to determine the liquidus temperature in 41Cr4 steel. The chemical 
composition of the steel is shown in Table1. To determine the liquidus temperature of 41Cr4 steel, the 
FSstel database was selected, which is used to determine the properties of steel based on the Gibbs 
energy balance. Figure 1 shows a calculated graph of phase transformations for 41Cr4 steel. The 
determined average liquidus temperature is 1492 °C. 

Table 1: chemical composition of 41Cr4 steel. Source: (own) 
 

 C Si Mn P S Cr 

0.38 – 0.45 ≤ 0.40 0.6 – 0.9 ≤ 0.025 ≤ 0.035 0.9 – 1.2 

min. 0.38 0.00 0.60 0.00 0.00 0.90 

avg. 0.42 0.20 0.75 0.01 0.02 1.05 

max. 0.45 0.40 0.90 0.03 0.04 1.20 

 
 
 
 
 
 
 

TL 

Figure 1: Determined liquidus temperature of 41 Cr4 steel using FactSage software. Source: 
(own) 

 
Regression analysis 

The procedure for creating the regression equation consists in determining the liquidus 
temperature using FactSage 8.1 software. The liquidus temperatures of steel grade 41Cr4 are 
determined in a combination of 66 different chemical compositions, which are within the limits defined 
by the standard. The obtained steel liquidus temperatures from the software are entered into an Excel 
table. In individual cases, the Excel 2016 spreadsheet processor, which is part of Microsoft Office, was 
used for data processing using the multiple regression analysis method. After performing the regression 
analysis, the obtained values are fitted to equation (1). These regression equations are also the output 
of regression analysis. A detailed description of the results is given below. In Table 2, the regression 
results are recorded (already arranged - according to the t Stat value). 
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Table 2: Ordered regression results (liquidus temperature – 41Cr4 steel). Source: (own) 
 

 Coefficients Mean value error t Stat P value 

Si -24.8306592 0.991537003 -25.043 3.9778E-33 

C -97.96698 6.314505732 -15.515 1.7311E-22 

Cr -4.0216988 1.568263385 -2.5644 0.01289992 

Mn 3.48113593 1.551205556 -2.2441 0.02858794 

P -18.8933628 16.90292106 -1.1178 0.26820151 

S -7.1969311 12.8458649 -0.5603 0.57742828 

Constant 1,545.263566 3.723863188 414.96 6.137E-104 

 
First, the statistical significance of the regression model as a whole will be evaluated. The 

achieved level of significance of the F-test (Significance F) takes the value of 5.15006. 10-37, which is a 
much lower value than the selected level of significance α. From this it can be said that the chemical 
composition has a significant overall effect on the liquidus temperature of 41Cr4 steel, which is 
characterized by the reliability value R (0.95). According to this value, it can be said that the total effect 
of all elements on the liquidus temperature is 95%. The remaining percentages (5%) express the 
influence of other aspects that are not the subject of this work. 

Furthermore, the statistical significance of individual regression coefficients will be evaluated. 
The regression coefficients of all elements acquire lower values in the significance level t of the test (P 
value) than the selected significance level α, therefore they have a statistically significant effect on the 
liquidus temperature. 

The influence of statistically significant elements on the liquidus temperature decreases 
according to the t-Stat column, ie. In this case, silicon has the highest effect on the liquidus temperature 
of the selected chemical composition of the steel and the method of determining the temperature using 
the FactSage thermodynamic database. The regression coefficients of the elements have negative 
signs, which means that the liquidus temperature decreases with increasing content of the given 
element. 

The resulting regression equation for calculating the liquidus temperature of 41Cr4 steel has the 
following form: 

𝑇𝑙 = 1545,3 − 24,8 ∙ (𝑆𝑖) − 98 ∙ (𝐶) − 4,01 ∙ (𝐶𝑟) − 3,48 ∙ (𝑀𝑛) − 18,9 ∙ (𝑃) − 7,2 ∙ (𝑆) (1) 

 
3. CONCLUSION 

This paper deals with the determination of the liquidus temperature of 41Cr4 steels and the 
design of regression equations for the calculation of these temperatures. Due to the problems with 
outliers in determining the regression equations of the phase transformations of 41Cr4 steel, only the 
equation for liquidus temperatures was calculated for this steel. The chemical composition has a 
statistically significant effect on the liquidus temperature of 95% and other influences on the liquidus 
temperature of 5%. The regression coefficients of the elements Si, C, Cr, Mn acquire lower values in 
the level of significance of the t-test (P value) than the selected level of significance α, therefore they 
have a statistically significant effect on the liquidus temperature. The coefficients of the elements S and 
P do not meet this condition, and therefore their effect on the liquidus temperature will not be significant. 
The equation for liquidus calculation was obtained. 
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Abstract 

This paper focuses on three approaches (hot rotary swaging, cold rotary swaging, and cold drawing) that 
can reduce the outer diameter of the material. It highlights and describes each approach individually, defining its 
advantages but also disadvantages and limits. The main target is to compare these approaches and find the 
differences by studying the structure of the final sample. It was found that for future purposes is better rotary 
swaging. Also, the rotary swaging has better results according to the structure. 

Keywords: Drawing, swaging, microstructure, reduction, 54SiCr6. 

 
 

1. INTRODUCTION 

Nowadays everything is getting smaller and lighter and the industries must adapt and innovate 
to keep up. This can be a great challenge and for this challenge must be chosen the right tools and 
process. This paper is focused on the manufacturing possibilities of spring wire. The two processes 
were chosen - cold drawing and rotary swaging where the rotary swaging is dived on cold and semi-hot 
swaging. Experiments were performed with a focus on the final structure. This basic research is 
important for future steps. 

In the past was done many tests were focused on spring steel. Many of them focused on heat 
treatment. For example, it was found that deformation temperature and strain rate have a big influence 
on the flow stress of 65 Mn springs steel and it also determined the deformation activation energy. [1] 

On the other hand, an investigation was also focused on deep cryogenic treatment. This study 
aimed at the mechanical properties of medium carbon spring steels. It was observed the microhardness, 
tensile strength etc were higher in samples with cryogenic treatment than in samples with conventional 
heat treatment. In future, this method can be used for improving the mechanical properties of medium 
carbon spring steels. [2] 

The influence of processing on spring steels also plays an important role. It was observed the 
different finishing rolling and laying temperatures can cause complete decarburization on the surface of 
spring steel 55SiCrA. Both mentioned temperature has also big influence whole process, with the right 
temperature the complete decarburization can transform into austenite and by that it can be complete 
decarburization avoided. [3] 

 
 

2. USED MATERIAL AND METHODS 

For all three samples were used the commercially available spring steel 54SiCr6. The chemical 
composition of 54SiCr6 can be found in table 1. 

Table 1 - Chemical composition of 54SiCr6. Source: [4] 

 

The used material was differently processed and divided into three samples by used process: 

• Cold rotary swaging 

• Hot rotary swaging 

• Drawing 

Every sample had a different pre-treatment and initial and final diameter. The hot rotary swaging 
was done at temperature t = 850 °C whereas the cold rotary swaging under room temperature. 
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3. Results and discussion 

3.1 Microstructures 

The investigated microstructure of all three processes had different results. The microstructure 
of the hot-swaged sample (see Figure 1 a,b) had a fine-grain ferrite-perlite structure. The drawn sample 
(see Figure 1 c,d) contained deformed perlite within 20% of deformation. The cold swaged (see Figure 
1 e,f) had deformed had a deformed ferrite-perlite structure. 

 

 
Figure 1: The microstructure of: Hot swaged sample: a) cross cut section, b) longitudinal 

section; Drawn sample: c) cross-cut section, d) longitudinal section; Cold swaged sample: 
e) cross cut section, f) longitudinal section 

3.2 Microhardness measurement 

The hardness was measured in two perpendicular directions (0°, and 90°). Samples of hot 
swaged (see Figure 2a), drawn (see Figure 2b) had the same average hardness HV (in both directions) 
with a value of 305 but the hot swaged sample had a more uniform curve dependent on distance from 
the surface. The hardness of the cold swaged sample was lower but also it had similar uniformity as in 
the hot swaged sample. 

The homogenous was proven by roughness measurement. The rotary swaged samples are 
smoother than the drawn sample. 
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Figure 2 Hardness of a) hot swaged b) drawn sample c) cold swaged 

Table 2 – Material roughness according to the method 

 
 
 
 

3.3 Discusion 

It was achieved similar results as in [5] [6]. The structure of both swaged samples shared 
similarities of the structure. In both structures was present ferrite-perlite structure, in the case of the cold 
swaged sample, was deformed and in the hot swaged sample was fine. This fine structure was caused 
during recrystallization during the hot process. The drawn samples consist of deformed perlite, which is 
the result of lower decarburization. The uniformity in swaged samples was caused by the process itself 
because rotary swaging creates a homogeneous structure in contrast to the drawn sample and also 
increases the hardness during hot rotary swaging. This result also affected the surface roughness which 
was better than in the drawn sample. 

4. CONCLUSION 

This paper is describing three different approaches to reducing material – drawing, hot rotary 
swaging and cold rotary swaging. All three approaches used spring steel 54SiCr6, and the aim was to 
determine the structure, hardness, and roughness. It was important to evaluate the best process for the 
reduction of this kind of steel for future investigation. 

It was found: 

• Both swaged samples consisted of the ferrite-perlite structure with the difference that 
the hot swaged sample had a fine structure and the cold swaged had a deformed 
structure. 

• The hot swaged and the drawn sample had similar average hardness but the hot 
swaged sample had a more uniform hardness. 

• The uniformity could be seen in the roughness of swaged samples where the drawn 
had worse roughness from all three samples. 

By comparing all of the factors the best-suited process is hot rotary swaging. It had the best 
results in all three tests and it can give us more possibilities but on the other hand is the most pricy 
process of all these three (tools, machine, electric power). 
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Abstract 

The aim of this paper is to calculate the heat loss and annual energy demand for heating of an 
administrative building for three variants of thermal-technical design and their evaluation. The heat losses have 
been determined according to the current legislation and in accordance with the requirements of ČSN. The 
calculations made can be used in the next phase for the design of the heat source and heating system for heating. 
On the basis of the optimal choice of technical equipment, it is also possible to evaluate the investment and 
operating costs of installing individual heating concepts. In view of the current significant increase in energy prices 
in the Czech Republic, the presented topic is very topical. 

Keywords: Heat loss, indoor temperature, heat recovery. 

 

1. INTRODUCTION 

Rising energy prices around the world have in recent years become an incentive to look for 
energy saving opportunities in various energy consumption sectors. One of the dominant objectives 
targeted by EU programmes is the reduction of energy consumption in building operations (heating and 
hot water, air conditioning), which today in many European countries represents on average about one 
third of the total national consumption. Already when designing buildings, it is possible to create the 
prerequisites for energy-saving building operation, both by appropriate design of the construction part 
of the project and by designing energy-saving HVAC systems. The aim is therefore to reduce heat loss 
to a minimum. In the building design, there is a tendency to substantially increase the thermal insulation 
capacity of the building envelope. From the point of view of energy consumption for heating, compact 
buildings are the most advantageous. The energy saving programmes pay particular attention to 
leakage joints in the building envelope. By careful construction and window sealing, it is theoretically 
possible to reduce heating energy by 20 to 30 %. Increasing window tightness is relatively easy to do in 
renovations of existing buildings and is therefore of paramount importance. In terms of heat loss, but 
also as a result of modern construction methods and higher comfort requirements, forced ventilation 
with heat recovery is becoming increasingly popular. The development of heating systems is moving 
towards greater efficiency in energy conversion. In this direction and in the current energy market 
situation, the heating of buildings with heat pumps is very promising [1, 2]. 

2. CALCULATION OF HEAT LOSS OF BUILDINGS 

Calculation of heat losses of buildings is described in detail in the document ČSN EN 12831-1 
Energy performance of buildings – Calculation of heat output. Buildings must comply with EN 73 0540 
Thermal protection of buildings. The heat loss calculation for the base cases is based on the following 
assumptions: 

• The temperature distribution in the rooms, building (air temperature and operative temperature) is 
uniform, 

• Heat losses are calculated for steady state conditions assuming constant properties, e.g. 
temperatures, characteristics of building structures, 

• The height of the room does not exceed 5 m, 

• Determination of the outdoor calculation temperature in winter according to the location of the 
building (Ostrava = – 15 °C), 

• Determine the condition of the space (heated or unheated) and determine the indoor design 
temperature of each heated space, 

• Determine the dimensional and thermal characteristics of all building structures for all heated or 
unheated spaces [3, 4] 

 
From a physical point of view, the total heat loss of a building is the sum of the heat loss through the 
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building structure and the heat loss through ventilation according to relation (1). 
 

z,c z,p z,v (W)P P P= +  (1) 

 
where: 
Pz,c – total heat loss through penetration and ventilation (W), 
Pz,p – heat loss through the structure (W), 
Pz,v – heat loss through ventilation (W). 
 
The heat loss through the penetration is determined according to relation (2) as the sum of the heat 
fluxes through the individual structures enclosing the room (building). 
 

z,p j j i e( ) (W)P U S t t=   −  (2) 

 
where: 
Uj – coefficient of heat transfer through the building structure (W·m–2·K–1), 
Sj – area of the structure (m2), 
ti, te – indoor design temperature, outdoor area design temperature (°C). 
 
By increasing the thermal resistance of the building envelope, the heat loss through penetration 
decreases and the heat loss through ventilation becomes more important. For this reason, elements for 
heat recovery from exhaust air are now being installed in ventilation systems. Plate heat exchangers 
are used. This is an air-to-air exchanger in which the waste air (warm) transfers heat to the air drawn in 
from the outside (i.e. cold) through the heat exchanger's heat transfer surface. This cools the waste air 
and preheats the fresh air. Depending on the design and the air velocity flowing through the heat 
exchanger, they can have efficiencies from 50 to 85 %. The heat loss in forced ventilation with heat 
recovery is calculated according to relation (3). 
 

z,v i min i e ZZT( ) (1 ) (W)P V n c t t =     −  −  (3) 

 
where: 
Vi – internal volume of the heated space (m3), 
nmin – minimum ventilation intensity (h–1), 

 – air density (kg·m–3), 

c – specific heat capacity of air (J·kg–1·K–1), 
ti, te – indoor design temperature, outdoor area design temperature (°C), 

ZZT  – heat recovery heat exchanger efficiency (1). 

 

3. CALCULATION PART 
 

The calculation considers a fictitious building of administrative character. The external 
dimensions of the building are 16 x 10 m, the clear height of the rooms is 3.6 m. The total thickness of 
the perimeter wall is 500 mm. The building is adjacent to the ground and has a flat roof. The dimensions 
of the structures were read from the building model, see Figure 1. The building is located in Ostrava, 
according to ČSN the design outdoor air temperature is te = – 15 °C. The indoor air temperature for the 
office space according to ČSN is chosen as ti = 20 °C. For the modelling of heat loss and annual heating 
energy demand, indoor air temperatures of 20 °C (according to ČSN) and 19 °C (option) are assumed 
throughout the building. 
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Figure 1 Model of the building. Source: (own) 

 
The modelling of heat losses for the given building geometry was further solved for 3 variants 

of thermal parameters, see Table 1. In variants A and B, the calculations considered natural ventilation 
(infiltration and windows). In variant C, forced ventilation with heat recovery system was considered. 

 

Table 1 Input values. Source: (own) 

Construction Variant A 
Energy-saving 
standard 
Natural ventilation 

Variant B 
Low-energy standard 
Natural ventilation 

Variant C 
Energy-saving standard 

Heat recovery  = 80 % 

Coefficient of heat transfer U (W·m–2·K–1) 

Perimeter wall 0.25 0.18 0.25 

Roof 0.16 0.12 0.16 

Floor on soil 0.17 0.12 0.17 

Windows, doors 1.10 0.80 1.10 

 
Figure 2 presents the graphical outputs of the results of modelling the heat loss of the designed 

building depending on the outdoor air temperature. The calculations were performed for the same 

boundary conditions and for variants A, B and C. Temperature tem characterizes the mean daily outdoor 
temperature for the beginning and end of the heating period, tes is the average temperature during the 
heating period, te is the outdoor design temperature for the site. The length of the heating period is d = 
229 days. For both natural and forced ventilation with heat recovery, the room air exchange rate n = 
0.5 h–1 was considered. The results of the heat loss modelling show that with a 1 °C reduction in the 
indoor temperature and outdoor air temperatures of –15 °C, +4 °C and +13 °C, there is a 2.9, 6.3 and 
14.3 % reduction in heat loss for all options at the above boundary conditions. It is also clear from the 
results that the lowest heat loss is achieved in both cases for Variant C. 

 

Figure 2 Heat loss history for outdoor air temperatures. Source: (own) 
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The evaluation of the total annual energy demand for heating for the variants A, B and C of the 
designed building follows the previous heat loss calculations and respects the defined boundary 

conditions. The calculation also considers a heat distribution efficiency of r = 0.9, a control method 

efficiency of o = 0.9 and a heat source efficiency of k = 0.9. The results are presented in graphical form 
below in Figure 3. The annual heating energy demand is expressed in GJ and MWh. From the results it 
can be seen that a reduction of 1 °C in the building temperature at these boundary conditions results in a 
reduction of 6.3 % in the annual heating energy demand for all options. The lowest annual heating energy 
demand is based on the previous heat loss calculations as assumed for Variant C. 

 

Figure 3 Total annual energy demand for heating of the designed building. Source: (own) 
 

4. CONCLUSION 

Calculations of heat loss and annual energy demand for heating were performed for 3 variants of 
the thermal-technical design of the administrative building with a reduction of the interior temperature by 
1 °C, i.e. from 20 °C (according to CSN) to 19 °C (option) depending on the course of the outdoor 
temperature in the heating period. In addition, the calculations for variants A and B considered natural 
ventilation, and for variant C forced ventilation with a heat recovery system. Variants A and C had the 
same values for the thermal resistance of the structures. The boundary conditions for all variants were 
also identical. The results of the heat loss modelling show that if the interior temperature is reduced by 
1 °C and the outside air temperatures are –15 °C, +4 °C and +13 °C, the heat loss for all variants is 
reduced by 2.9, 6.3 and 14.3 % respectively. If the interior temperature is reduced by 2 °C, i.e. from 20 °C 
to 18 °C, the heat loss is reduced by 5.7, 12.5 and 28.6 %, i.e. twice as much. However, these significant 
savings would lead to a significant deterioration in the thermal comfort of the occupants of this type of 
building. The lowest heat losses were achieved in Option C, where the heat loss was reduced by 18.2 % 
compared to Option B and by up to 29.3 % compared to Option A, with the same values of thermal 
resistance of the structures. The heat loss calculations were followed by calculations of the total annual 
heating energy demand. A 1 °C reduction in building temperature will result in a 6.3 % reduction in annual 
heating energy demand for all options. The lowest annual heating energy demand is assumed to be for 
option C. The results show that in the current low-energy building construction, whether the building has 
forced ventilation with a heat recovery unit has a decisive influence on the total heat loss. From the point 
of view of design practice, natural ventilation is no longer suitable for today's construction from a hygiene, 
energy and economic point of view. The present paper is very topical at the present time of dramatically 
increasing energy prices and can contribute to the reflection on the choice of a suitable building concept 
in terms of thermal-technical parameters. 
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Abstract 

The rheological properties provide information about the flow of materials under the influence of external 
forces. Inorganic materials (oxide systems) that are handled in the molten state (glass, casting powders, mineral 
wool, slags, etc.) have a wide range of industrial applications, and the study of their rheological properties is crucial 
for the development of technological processes. This paper examines the effect of boron trioxide and calcium 
fluoride additions on the rheological properties of the CaO - MgO - SiO2 - Al2O3 oxide system. Calcium fluoride is 
used for lowering the liquidus temperature and dynamic viscosity, which are parameters involved in optimizing 
technological processes [1, 2]. On the other hand, its use entails increased environmental burden and production 
costs. The rheological experiments were carried out using a FRS 1600 high-temperature rheometer, where the 
liquidus and softening temperatures, the temperature dependence of the dynamic viscosity during heating and 
cooling, and the effect of the composition on these parameters were monitored. It is worth mentioning that the study 
was supported by modeling viscosity as a function of temperature and composition using neural networks. 

Keywords: Oxide system, liquidus temperature, softening temperature, viscosity, calcium fluoride. 

 

1. INTRODUCTION 

Calcium fluoride is a frequently used additive to melts due to the improvement of processing 
conditions, such as regulation of the melting temperature, reduction of system viscosity by 
depolymerization of the silicate network, and formation of the main crystalline phase (cuspidin) [1,2]. On 
the other hand, it causes environmental and industrial problems such as: evaporation and formation of 
hydrofluoric acid, corrosion of devices, high production costs [3,4,5]. The solution is to find an alternative 
that has similar effects to calcium fluoride and is not harmful. Some studies report that boron dioxide is 
a suitable alternative as a melting point lowering additive [6]. The contribution of boron trioxide in terms 
of viscosity behavior is controversial. Clarification of non-uniform viscosity behavior requires the study 

of the chemical structure of the systems [7,8,9]. In the research of Shin et al. [10] proved that the viscosity 

of the system depends on the form of the borate, that is, on its [BO3]-trigonal or [BO4]- tetrahedral 
structure. The viscosity they measured first showed an upward trend with increasing B2O3 content, but 
with further addition of B2O3, the system showed a decreasing viscosity. This trend was explained by 
the fact that in the early stage, most of the borates were in the form of [BO4]-tetrahedral structure, which 

combined with silicate anions, increasing the viscosity. When additional amounts of B2O3 are added, 

[BO3]-triangular structures are predominantly formed due to the limited amount of alkali metal oxide. 
Viscosity enhancement with [BO3]-triangular structures is challenging because most of the [BO3] units 
are generally presented as boroxol rings alone, which do not combine with silicate networks. By analyzing 
the degree of polymerization, it was verified that [BO3]-triangular structures could simplify and even 

attack the silicate network [11,12]. L. Zhou et al. [12] investigated potential substitutes for fluorides, 

specifically the effect of alkalinity and B2O3 content on viscosity, melting point and crystallization of 
oxide systems with low fluorine content. In studies, they show that the breake temperature, the 

crystallization temperature and the critical cooling rate increase with increasing alkalinity and these 

values decrease with the addition of B2O3. Furthermore, they found that the viscosity of the melt is not 
determined only by the degree of polymerization of the silicate structure, but is significantly influenced 
by the crystallization behavior. In commercial melts, 7-13 wt% fluorides are used to control viscosity, 

melting point and crystallization properties. Many other studies [7,8] have shown that B2O3, Na2O, K2O, 

Li2O, BaO can be an alternative to calcium fluoride. Some researches [9,10] also mention rare earth 
elements (La2O3, CeO2) as suitable additives for improving the rheological properties of melts. In this 
work, two types of systems were investigated (see Table 1), the oxide system SiO2 – CaO – MgO – 
Al2O3 with the addition of B2O3, (2, 4 and 6 wt.%) and the oxide system SiO2 – CaO – MgO – Al2O3 with 
the addition of CaF2 (2, 4 and 6 wt.%). These oxide systems were compared based on liquid temperature 

and temperature dependence of dynamic viscosity during heating and cooling. Part of the study is 

modeling of viscosity as a function of temperature using neural networks for the SiO2 

– CaO – MgO – Al2O3 system with the addition of B2O3 (6 wt. %). 
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2. EXPERIMENTAL 
 

2.1 Temperature of liquid and viscosity of oxide mixtures 

Measured liquidus temperature values of oxide systems are recorded in Table 1. The liquidus 
temperatures have lower values for the SiO2 – B2O3 – CaO – MgO – Al2O3 system and decrease with 
the increasing amount of B2O3 (1326, 1280 and 1174 °𝐂) compared to the SiO2 – B2O3 – CaO – MgO – 

Al2O3 system with the addition of CaF2 (1351, 1351 and 1337 °𝐂). The lower values of the liquid 
temperatures for the oxide system with boron trioxide could be caused by the fact, that B2O3 is one of 
the acidic oxides, which means that it reduced the basicity in the system and thus more easily breakable 
polymerized chains were formed. 

When examining the temperature dependence of the dynamic viscosity of the systems with 
calcium fluoride and boron trioxide for cooling from a temperature of 1550 °𝐂 to solidification of the 

system and for heating from a liquid temperature to a temperature of 1550 °𝐂 it was found that the 
viscosity of the systems decreased exponentially with increasing temperature (Figure 1 – for sample of 
oxide system with 6 wt.% B2O3 and CaF2). The measurements showed that boron trioxide has a more 
positive effect on the temperature of the liquid and the dynamic viscosity of the oxide system compared 
to calcium fluoride. The temperature dependences of the dynamic viscosity determined during heating 
and cooling of the system are different due to the change in the internal structure of the melt during the 
experimental load at high temperatures. 
 

Table 1 Examined samples. Source: (own) 

Sample 
The chemical composition of a given oxide systém [wt%] 

Temperature [°C] 
CaO MgO SiO2 Al2O3 B2O3 CaF2 

1 35 13 40 10 2 - 1326 

2 35 11 40 10 4 - 1280 

3 35 9 40 10 6 - 1174 

4 35 13 40 10 - 2 1351 

5 35 11 40 10 - 4 1351 

6 35 9 40 10 - 6 1337 

 

Figure 1 Viscosity as function of temperature during cooling and heating A) 6 wt% of B2O3, B) 

6 wt% of CaF2. Source: (own) 

 

2.2 Modeling dynamic viscosity as a function of temperature and boron trioxide content 

Viscosity temperature dependencies at cooling and B2O3 content of 2 to 6 wt% were used as 
input data for the neural network model. Furthermore, raw data were cropped to the same temperature 
range, that is 1340 - 1550 °C, and approximated by a modified Arrhenius-type relationship [1] 
(Equation 1): 

𝜂 = 𝐴 ∙ 𝑒
(

𝐵
𝑇−𝐶

)
 (1) 
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where: 𝜂 (Pa·s) is viscosity, A (-), B (-) and C (°C) are constants depending on composition, that 

were optimized using the MS Solver. The neural network was learned using a total of 5 inputs, i.e., 
temperature, composition and three other inputs to accelerate learning: 

 
1) Mass percentages of MgO were calculated using the relationship: wt% MgO = 15 − wt% 𝑥, where 

x is the oxide admixture 

2) Reciprocal temperature: 𝑇𝑟𝑒𝑐 =
1

𝑇
 

3) Basicity. 

 

Based on the neural network, the viscosity can be calculated for any temperature and 
composition in a specified temperature interval. A 3D plot of viscosity depending on temperature and 
composition, including measured data points, is shown in Figure 2. 

 

Figure 2 Viscosity versus temperature and composition of the oxide system, green points 
denote raw data. Source: (own) 

 

 

3. CONCLUSION 

This study investigated the effect of the addition of calcium fluoride and boron trioxide on the 
oxide system SiO2 – CaO – MgO – Al2O3. The rheological experiments were carried out using a FRS 
1600 high-temperature rheometer. The work was supported by modeling viscosity as a function of 
temperature and composition using neural networks. The measurements showed that boron trioxide has 
a more positive effect on the temperature of the liquid and the dynamic viscosity of the oxide system 
compared to calcium fluoride. This means, that boron trioxide could be a suitable alternative to calcium 
fluoride. Another subject of investigation of rheological properties will be the oxide system SiO2 – CaO 
– MgO – Al2O3, which will contain boron trioxide and calcium fluoride in the same percentage 
composition. 
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Abstract 

The principal objective of this study was to investigate the modification of a conventional heat transfer fluid, 
in this case water, by hematite particles of various sizes and leached blast furnace and steel sludge. The heat 
transfer fluids were prepared by dispersing up to 5 wt% of hematite and leached sludge particles in distilled water 
using an Omni Sonic Ruptor 400 homogenizer. The rheological properties of the fluids were studied by an FRS 
1600 furnace rheometer system, allowing precise viscosity measurement, and the flow curves of the dynamic 
viscosity versus shear rate were evaluated. The following measured quantity was the heat capacity obtained with 
a SENSYS EVO TG-DSC calorimeter equipped with 3D-sensor technology. In addition, the study results were 
accompanied by scanning electron microscopy, energy dispersive spectroscopy and powder X-ray diffraction 
analyzes carried out on a FEI Quantum-650 FEG scanning electron microscope and a Bruker-AXS D8 Advance 
diffractometer, respectively. 

Keywords: Blast furnace sludge, acid leaching, viscosity, specific heat capacity, iron oxides. 

 

1. INTRODUCTION 

Nanosized magnetite and hematite particles are used in the modification of heat transfer fluids 
to improve their key characteristics, that is, thermal conductivity, heat capacity, and viscosity, without 
significantly compromising their rheological properties [1,2]. A large and growing body of literature has 
investigated the effect of enhancing conventional heat transfer fluids using iron oxide particles and 
nanoparticles to improve the efficiency of existing eco-friendly energy systems [2,3]. On the other hand, 
modifying the base fluid with nanoparticles also has side effects on the receiving and transferring 
systems, including sedimentation, clogging, and erosion. However, since nanoparticles have a large 
surface-to-volume ratio and heat transfer occurs on the particle surface, their contribution to improving 
heat transfer performance is significant [4,5]. 

Determination of viscosity, one of the critical parameters of heat transfer fluids, is necessary 
because this quantity is related to the fluid resistance and pumping power required for movement in the 
transferring system [6]. Viscosity is affected by many parameters, e.g., particle size, which is usually 
manifested when the particle fraction is higher than 5 wt% depending on the shape and size of the 
particles. For lower particle contents, the differences in viscosities are negligible. Another factor affecting 
viscosity is temperature, which lowers it. Regarding the effect of the volume fraction, there is a 
consensus among researchers that the viscosity of nanofluids increases with this quantity [7]. It is 
noteworthy that there are other factors like the fluid's acidity, particle aggregation, base fluid type, and 
preparation method whose description is beyond the scope of this study. Another heat transfer fluids 
parameter of equal importance is heat capacity. This quantity determines nanofluid heat storage 
capacity and is used to calculate thermal diffusivity and dynamic thermal conductivity. It is mainly 
affected by volume concentration and temperature [8,9]. 

The aim of this study is to examine the use of blast furnace sludge (BFS) as a potential modifier 
of conventional base fluid, that is, deionized water. Therefore, the blast furnace sludge was leached with 
1 M HCl, which enriched the residue with iron oxides, mainly hematite. The results obtained were 
compared with model systems prepared by modification of the base fluid with 50 nm and 5 µm hematite 
particles. 

2. EXPERIMENTAL 

a. Preparation of heat transfer fluids 

Dispersions were prepared by adding hematite particles in deionized water so that the mass 
concentrations of the prepared mixtures were 1, 3, and 5 wt%. The hematite particles were of average 
size 5 µm (micro-hematite) or 50 nm (nano-hematite). The mixtures were then subjected to sonication 
(Elmasonic S15H) for 1 hour. The sludges, purchased from Liberty Ostrava a.s., were pretreated by 
grinding, sieving (below 0.18 mm) and leaching for 48 h in 1 M HCl to remove calcium, zinc, magnesium, 
and other elements, leaving the metal oxide content almost unchanged. The results of X-ray diffraction 
analysis showed that the main phases of the leached sludges were hematite and magnetite. 
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b. Measurement of rheological properties 

Dynamic viscosity measurements were carried out in an Anton Paar FRS 1600 high- 
temperature rheometer using a graphite measuring system. Flow curves in the shear rate range of 80 
to 200 s-1 and dynamic viscosity values at a shear rate of 100 s-1 were measured at temperatures of 20 
and 50 °C. 

c. Determination of specific heat capacities 

The measurements were performed using a SENSYS 3D DSC calorimeter operating in a 
continuous regime, with the absolute enthalpy calibration respecting the Joule effect. Aluminum crucibles 
were used for the analysis, and the empty crucible served as a reference sample. The records were taken 
in a dynamic synthetic air atmosphere at a heating rate of 1 °C·min-1. 

d. Ultrasonic disintegration of BFSL samples 

To obtain suspensions of 1, 3, and 5% by weight, an appropriate amount of leached sludge was 
dispersed in 20 ml of deionized water and ultrasonicated for 5 minutes using an Omni Sonic Ruptor 400 
homogenizer (OMNI INTERNATIONAL, Kennesaw, GA, USA). Subsequently, the dispersion was 
cooled to ambient temperature, and 0.1 ml of the dispersion was transferred to a 10 ml volumetric flask 
and filled with distilled water. 

e. SEM, EDX and DLS methods 

A FEI Quantum-650 FEG electron microscope operating under the following conditions (voltage 
15 kV, current 8–10 nA, beam diameter 5.5 mm, low vacuum) and equipped with an EDAX Galaxy EDX 
analyzer was used to acquire SEM images. For dynamic light scattering (DLS) measurements, a 
disposable 10x10mm plastic cell (DTS0012) was filled with the sample and the particle size was 
measured with a Malvern Zetasizer Ultra analyzer (Malvern Instruments Ltd., Worcestershire, UK) at a 
backscattering light angle of 173° using ZS Xplorer software. All measurements were recorded as an  
average of three measurements and carried out at 25 °C. 

 
 

3. RESULTS AND DISCUSSION 

Firstly, the flow curves, that is, the dependencies of the dynamic viscosity on the shear rate, 
were measured at temperatures of 20 and 50 °C, and then the viscosities were taken at the optimum 
shear rate of 100 s-1. Figures 1 and 2 show the measured dynamic viscosity values in the shear rate 
range of 80 to 200 s-1, and in this range, all the samples analyzed exhibited Newtonian behavior, which 
is characteristic of these systems [2]. There was an increase in dynamic viscosity compared to the 
viscosity of the base fluid, which was 1.001 and 0.788 mPa·s at temperatures of 20 °C and 50 °C, 
respectively. The highest increase was for fluids modified by sludge, and the lowest was for fluids 
containing nanohematite. In addition, the increase in temperature lowered the dynamic viscosity values. 
The dynamic viscosity values at a shear rate of 100 s-1 are listed in Table 1, where the values for samples 
containing microhematite, nanohematite, and leached blast furnace sludge are presented as an 
example. It is evidently clear that there are no significant differences when comparing the trends 
obtained from the flow curves. 

 
Table 1 Dynamic viscosity values (mPa·s) obtained at a shear rate of 100 s-1. Source: [own] 

Microhematite Nanohematite Sludge 

 20 °C 50 °C 20 °C 50 °C 20 °C 50 °C 

1 wt% 1.6 1.9 1.0 0.9 1.6 1.7 

3 wt% 2.0 1.9 1.2 1.0 2.1 2.0 

5 wt% 1.9 1.9 1.4 1.2 2.4 2.2 
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Figure 1 Temperature dependence of viscosity for sample modified with blast furnace sludge 
(orange), micro-sized hematite (blue) and nano-sized hematite (green) at 20 °C. Source: [own] 

 

Figure 2 Temperature dependence of viscosity for sample modified with blast furnace sludge 
(orange), micro-sized hematite (blue) and nano-sized hematite (green) at 50 °C. Source: [own] 

 

The specific heat capacity of the sludge particles was measured contrary to the specific heat 
capacity of the nanoparticles, which was adopted from [10]. The Brinkman model was used to calculate 
volume concentrations [11]. The specific heat capacities of the nanofluids were obtained using the 
relation postulated by Pak and Cho [12]. The calculated results are summarized in Table 2. 

 

Table 2 Calculated specific heat capacities of sludge and nanohematite nanofluids for 50 °C. 
  Source: [own]  

Nanohematite Sludge 

 𝜑𝑝 𝑐𝑝,𝑛𝑓 (J·g-1·K-1) 𝜑𝑝 𝑐𝑝,𝑛𝑓 (J·g-1·K-1) 

1 wt% 0.041 4.039 0.260 3.271 

3 wt% 0.078 3.913 0.315 3.078 

5 wt% 0.144 3.685 0.336 3.004 

𝒄𝒑,𝒑(𝒔𝒍𝒖𝒅𝒈𝒆) = 0.676 J·g-1·K-1, 𝒄𝒑,𝒑(𝒏𝒂𝒏𝒐𝒉𝒆𝒎𝒂𝒕𝒊𝒕𝒆) = 0.739 J·g-1·K-1, 𝒄𝒑,𝒃𝒇 = 4.181 J·g-1·K-1 

 
In the case of samples containing nanohematite and sludge, compared to the base fluid, there 

was a decrease in specific heat capacities of 3-12% and 22-28%, respectively. Sludge particles were 
also subjected to DLS and SEM/EDX analyses to evaluate the effect of ultrasonic treatment. This 
dispersion system contained particles between 126 and 485 nm in size, with the main particle fraction 
between 170 and 310 nm. Based on the SEM/EDX analysis results, it can be assumed that ultrasound 
disrupted organically bound aggregates into finer iron oxide particles (Figure 3). 
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Figure 3 SEM image of leached blast furnace sludge (A) before and after (B) sonication. Source: 
[own] 

 
4. CONCLUSION 

The aim of the present research was to examine the application of blast furnace and steel sludge as 
heat transfer fluids based on deionized water. It was found that the sludge suspensions were of good 
stability since, after ultrasonication, the large organically bound particles were disrupted into nano-sized 
particles that remained suspended in a water mixture for one week. 
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Abstract 

Steels are commonly used metallic materials, that’s why higher requirements are imposed on their 
properties. Thermodynamical and thermophysical properties are one of the most important quantities of materials, 
which are needed for understanding behaviour of materials under defined conditions. Thermal analysis has been 
widely used in various scientific fields, it can be used for study thermophysical and thermodynamic properties as 
well. The aim of the paper is study of six model alloys based on Fe-C-Cr-Ni, which contained carbon in a range of 
0.0023 – 0.0095 wt%, chromium 0.0050 – 4.5528 wt% and nickel 0.0020 – 4.9600 wt%. Specific heats were studied 
in a high-temperature area. Experimental data were obtained using Setaram MHTC 96 Line with a 3D DSC sensor. 
Theoretical data were calculated using SW Thermo-Calc and JMatPro, then were compared and discussed with 
experimental data. 

Keywords: Fe-C-Cr-Ni alloys, specific heats, high temperature area. 

 

1. INTRODUCTION 

Thermal analysis is a group of techniques in which a property of the sample is monitored against 
time or temperature while the temperature of the sample, in a specified atmosphere, is programmed. 
Differential scanning calorimetry (DSC) is a thermoanalytical technique in which the difference in the 
amount of heat required to increase the temperature of a sample and reference is measured as a 
function of temperature. The method DSC was used for achieving the aim – of obtaining experimental 
data of specific heats of laboratory prepared Fe-C-Cr-Ni alloys. These data were discussed and 
compared with theoretical results calculated using SW Thermo-Calc and JMatPro. 

Thermal analysis is used for study of thermophysical, and thermodynamic properties of 
quaternary systems based on iron, carbon, chromium, and nickel [1,2]. It is important to know 
thermodynamic and thermophysical properties of these materials because they are used almost in all 
branches of modern production. These properties are the main material data for description of the 
behavior depending on the chemical and phase composition and experimental conditions (temperature) 
[3,4]. 

There is still not enough accurate experimental data, that could be used for creation and 
clarification of databases based on Fe-C-Cr-Ni and for simulation of metallurgical processes. That is 
why the study of systems based on Fe-C-Cr-Ni has received substantial interest. 

2. EXPERIMENT 

2.1 Sample characterization 

The chemical composition of six model alloys based on Fe-C-Cr-Ni is presented in Table 1. 
 

Table 1 Chemical composition of alloys /wt. %. Source: own 

Alloy C Cr Ni Mn Cu O 

A 0.0030 0.0090 4.8300 0.0160 0.0150 0.0560 

B 0.0030 0.0050 4.9600 0.0120 0.0150 0.0900 

C 0.0023 4.5528 0.0025 0.0340 0.0070 0.0317 

D 0.0032 4.3860 0.0020 0.0240 0.0060 0.0367 

E 0.0095 4.0300 4.7850 0.0230 0.0130 0.0715 

F 0.0062 4.3940 4.4930 0.0140 0.0130 0.0642 

The studied alloys contained major elements, such as carbon in a range of 0.0023–0.0095 wt%, 
chromium 0.0050 – 4.5528 wt% and nickel 0.0020 – 4.9600 wt%. The samples had the form of a 
cylinders, diameter of samples was 5 mm and height of samples was 8 mm, mass of every sample was 
approximately the same 1250 ± 10 mg. They were polished and cleaned in acetone using ultrasound. 
The studied samples were made by induction melting using furnace Leybold Heraus in the laboratory 
and then were analysed using thermal analysis. 

2.2 DSC – Differential scanning calorimetry 
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Experimental data of specific heats were gotten by DSC method for a studied alloys A, B, C, D, 
E, F using Setaram MHTC 96 Line with a 3D DSC sensor, in a high-temperature area and in the 
atmosphere of helium with purity at least 6 N for a protection of the samples against oxidation. The 
heating rate was 5°C/min. The corundum sleeve was placed in a Pt crucible and covered with corundum 
vices and Pt vices, both in the sample and reference cells. Continuous method, which consists of three 
measurements: the first is called "blank" with an empty measuring and comparison crucible, the second 
measurement is performed with a standard (Pt) of known mass and known heat capacity and the third 
measurement is performed using sample of known mass, which is placed in a measuring crucible and 
the reference crucible is again empty, was used for determining specific heats. To obtain precise values 
of specific heats, it is necessary to perform temperature and enthalpic calibration. Temperature 
calibration was done using Pd, Ag, Au. 

3. RESULTS AND DISCUSSIONS 

3.1 Comparison of experimentally and theoretically specific heats of alloys 

The specific heats of alloys A, B, C, D, E, F were studied in the temperature intervals from 
500 ºC to 1580 ºC. Theoretical values of the heat capacities were gotten by SW Thermo-Calc and 
JMatPro and compared with measured experimental values. In this section selected obtained 
experimental and theoretical values of the specific heats (of alloy D with high content of chromium) are 
illustrated in the Figure 1. 

 

Figure 1 Experimental and theoretical heat capacities of alloy D. Source: (own) 
 

From the dependence of specific heats on temperature (Figure 1) we can see, that obtained 
experimental and theoretical data have the same trend in the next temperature intervals: 500–728 ºC, 
885 - 1344 ºC, 1373 -1511 ºC and 1551 - 1580 ºC. In these temperature intervals experimental values 
of specific heats are 0.62 – 1.04 J/K·g, theoretical values of specific heats (obtained by SW Thermo- 
Calc) are 0.60 – 0.99 J/K·g and theoretical values of specific heats (obtained by SW JMatPro) are 0.60 
– 0.99 J/K·g. The results demonstrate, that the highest and the lowest deviations of experimental data  
from theoretical values (in case of SW Thermo-Calc) are 0.13018 J/K·g and 0.00012 J/K·g, 0.10002 
J/K·g and 0.00026 J/K·g – in case of SW JMatPro. 

In the α→γ phase transformation the highest experimental value of the specific heat is 2.79 
J/K·g and the highest theoretical value of the specific heat is 4.13 J/K·g (obtained by SW Thermo-Calc 
and SW JMatPro), difference between these values is 1.34 J/K·g. In the γ→δ phase transformation the  
highest experimental value of the specific heat is 2.49 J/K·g, the highest theoretical value of the specific 
heat is 2.49 J/K·g (obtained by SW Thermo-Calc) and 2.13 J/K·g (obtained by SW JMatPro), difference 
between experimental and theoretical values (obtained by SW JMatPro) is 0.36 J/K·g. In the malting 
range the highest experimental value of the specific heat is 8.93 JK·g, the highest theoretical value of 
the specific heat is 2.26 J/K·g (obtained by SW Thermo-Calc) and 8.58 J/K·g (obtained by SW JMatPro), 
differences between experimental and theoretical values are 6.67J/K·g and 0.35 J/K·g respectively. 

As for alloys A, B, C, E and F, obtained experimental values of the specific heats also were 
compared with calculated theoretical data in SW Thermo-Calc and JMatPro. 

 
3.2 Dependence of specific heats on the content of studied alloys 
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The specific heats of alloys in the temperature range 550–1580 ºC were obtained using Setaram 
MHTC 96 Line with a 3D DSC sensor. Experimental values of the specific heats are in the Figure 2 – 
Figure 5. 

From the Figure 2 we can see that experimental values of specific heat are 0.67 – 0.99 J/K·g in 
the temperature range 550–730 ºC, alloy C has the highest values of specific heat and alloy E has the 
lowest values of specific heat. The specific heats of studied alloys increase, when the content of 
chromium increases, the specific heats decrease, when the content of nickel increases. As for alloys E 
and F, which have the high content of chromium and nickel, alloys have the similar trend of specific 
heats, alloy F has higher values of specific heats. 

 

 
 

Figure 2 Experimental values of specific 

heats of alloys A, B, C, D, E and F in the 

temperature range 550 - 730 ºC. Source: (own) 

 
 

Figure 3 Experimental values of specific 

heats of alloys A, B, C, D, E and F in the 

temperature range 730 - 890 ºC. Source: (own) 

 

 
 

Figure 4 Experimental values of specific 

heats of alloys A, B, C, D, E and F in the 

temperature range 890 - 1485 ºC. Source: 

(own) 

 

 
 

Figure 5 Experimental values of specific 

heats of alloys A, B, C, D, E and F in the 

temperature range 1485 - 1580 ºC. Source: 

(own) 

 
From the Figure 3 we can find out, that experimental values of specific heat are 0.59 – 1.08 

J/K·g in the temperature range 730 - 890 ºC (except the temperature range of α→γ phase 
transformation), alloy C has the highest values of specific heat and alloy E has the lowest values of 
specific heat. The specific heats of studied alloys increase when the contents of chromium and nickel 
increase. As for alloys E and F, which have the high content of chromium and nickel, alloys have the 
similar trend of specific heats, alloy F has higher values of specific heats. 

From the Figure 4 we can see that experimental values of specific heat are 0.56 – 0.80 J/K·g in 
the temperature range 890 - 1485 ºC (except the temperature range of γ→δ phase transformation), 
alloys A, B, C, D have the highest identical values of specific heat and alloy E has the lowest values of 
specific heat. The specific heats of studied alloys increase when the contents of chromium and nickel 
increase. As for alloys E and F, which have the high content of chromium and nickel, alloys have the 
similar trend of specific heats, alloy F has higher values of specific heats. 
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From the Figure 5 we can find out, that experimental values of specific heat are 0.64 – 0.86 
J/K·g in the temperature range 1485 - 1580 ºC (except the malting range), alloy C has the highest values 
of specific heat and alloy E has the lowest values of specific heat. The specific heats of studied alloys 
increase when the contents of chromium and nickel increase. As for alloys E and F, which have the high 
content of chromium and nickel, alloys have the similar trend of specific heats, alloy F has higher values 
of specific heats. 

In accordance with received data of dependence specific heats on temperature and content of 
studied alloys, we can find out next regularities: the specific heats increase, when the contents of 
chromium and nickel increase in all temperature interval, except the temperature range 550 - 730 ºC 
(specific heats of studied alloys increase, when the content of chromium increases, the specific heats 
decrease, when the content of nickel increases). 

 
4. CONCLUSION 

In the presented paper specific heats of six alloys based on iron, nickel, carbon, and chromium were 
studied in high-temperature area. Experimental values were gotten by DSC method using Setaram 
MHTC 96 Line with a 3D DSC sensor and compared with theoretical values calculated by use SW 
Thermo-Calc and SW JmatPro. New original experimental data were obtained for studies alloys 
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Abstract 

The paper presents basic information on the distribution of Fe2O3, CaO and As after magnetic separation 
of fly ash originating from fluidized-bed combustion. The aim of the research was to evaluate the association of 
arsenic in magnetic and non-magnetic concentrates and to evaluate further possible technological uses. 

Keywords: Arsenic, CaO, Fe2O3, coal combustion, fly ash. 

 

1. INTRODUCTION 

Currently, renewable, and nuclear energy sources are increasingly important for the future of 
the population, but coal combustion is still the dominant global source of energy production in the future 
energy mix [1]. 

Coal is a source of many critical elements [2]. During coal combustion, minor and trace elements are 
redistributed between bottom ash (BA), fly ash (FA) and emissions. Fly ash is heterogeneous even on a 
submicrometric scale, and its exact composition is a function of coal mineralogy, combustion and post-
combustion conditions, ash collection processes, or the amount of desulphurization additive [1, 3]. 

Among the most harmful elements is arsenic, especially due to its volatility, toxicity, or 
accumulation in the environment. Almost all grades (valence states) of arsenic are toxic, but As3+ is 50 
times more toxic than As5+ [4]. It is arsenic that can be enriched in FA. Power plants produce huge 
amounts of FA and BA; therefore, the reuse of these wastes with the required technological treatment 
not only produces valuable components, but also facilitates the mitigation of waste storage/disposal 
problems [5]. 

Magnetic separation combined with the preparation of particle size fractions is a simple and 
effective method for ash treatment. This methodology facilitates the processing of these fractions if they 
are processed separately (magnetic and non-magnetic fraction) [6]. 

Typical components of the non-magnetic fractions of fly ash from fluidised-bed combustion are 
minerals containing Ca (except aluminosilicates and quartz), while Fe2O3 is typically predominant in the 
magnetic fractions. Since both CaO and Fe2O3 can bind (and accumulate) As during coal combustion, 
its distribution in these two fractions is crucial from the point of view of ecological utilization of magnetic 
concentrates and non-magnetic residues [7]. 

 
 

2. MATERIALS AND METHODS 

Samples of fly ash (FA) were collected at atmospheric circulating fluidised-bed power station 
where bituminous coal was combusted with (dry) desulphurization additive at approximate temperature 
of 850°C. Ash sample were collected at regular time intervals and after mixing, ca. 3-5 kg sample were 
set apart for laboratory study by quartering. From bulk ash sample, particle-size fractions were prepared 
on sieves (when dry). Magnetic fractions were manually separated by a hand-held magnet using dry 
sample to avoid leaching of the studied elements. Concentrations of the target elements was determined 
by wavelength-dispersive X-ray fluorescence spectrometer ARL PERFORM´ X 4200 (Switzerland). 
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3. RESULTS AND DISCUSSION 

Distribution of As within particle-size fractions 

The chemical composition of the majority elements and arsenic of the fly ash divided into 
particle-size fraction can be found in Table 1. These values show that the dominant component in all 
fractions is SiO2 (34.05–41.88 %), the content of which increases with increasing particle size. Other 
abundant components are Al2O3 (19.77-22.70 %), CaO (10.99-12.16 %) and Fe2O3 (5.48-6.83 %). The 
Fe2O3 content decreases with increasing particle size (size fraction 0.032-0.036 mm does not fall into 
this trend). The content of trace amounts of arsenic ranges from 91 to 141 ppm. 

 
Table 1 Concentrations of elements in particle-size fractions of fly ash. Source: (own) 

Particle 
size 

(mm) 

 

<0.032 
0.032- 
0.036 

0.036- 
0.045 

0.045- 
0.050 

0.050- 
0.053 

0.053- 
0.056 

0.056- 
0.063 

0.063- 
0.071 

0.071- 
0.080 

0.08- 
0.09 

0.09- 
0.4 

 

>0.1 

MgO 
(%) 

1.58 1.59 1.61 1.66 1.61 1.68 1.96 1.68 1.72 1.77 1.77 1.86 

Al2O3 

(%) 
19.77 21.03 20.96 21.43 22.47 21.77 21.82 22.15 22.56 22.70 22.70 23.55 

SiO2 

(%) 
34.05 35.51 35.62 36.36 37.90 37.07 37.26 37.99 38.80 39.14 39.38 41.88 

K2O 
(%) 

2.28 2.39 2.37 2.41 2.58 2.49 2.53 2.63 2.78 2.83 2.88 3.16 

CaO 
(%) 

11.34 11.44 11.61 11.94 11.76 12.02 12.14 11.72 11.96 12.04 12.16 10.99 

SO3 

(%) 
3.17 3.19 3.25 3.40 3.30 3.42 3.47 3.45 3.62 3.77 3.85 3.10 

Fe2O3 

(%) 
6.83 6.05 6.43 6.49 6.43 6,38 6.33 6.15 6.13 6.18 6.08 5.48 

As 
(ppm) 

136 128 129 124 141 135 128 140 123 116 88 91 

 
The investigated FA components (i.e., CaO, Fe2O3 and As) are depicted in Figure 1 for a better 

overview of decreasing and increasing contents within particle-size fractions. The highest content of 
arsenic (141 ppm) is found in the particle-size fraction 0.050-0.053 mm and the lowest content in particle-
size fraction >0.1 mm (91 ppm). 

 

 

Figure 1 Concentrations of CaO, Fe2O3 and As in particle-size fractions of fly ash. Source: (own) 
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The correlation calculations are used frequently when predicting the content and distribution 

of elements in coals or combustion residues and for the assessment of their environmental toxicity. 
To obtain information on the relationships and associations of selected elements, a correlation table was 
calculated (see Table 2). Critical value of the correlation coefficient in this case (for 12 measured values, 
α = 0.05, and two-tailed probability) is R = 0.576. 

 
Table 2 Correlation matrix calculated from the concentrations of the target elements in 6 

fractions (statistically significant values are highlighted in bold). Source: (own) 

 
 

The associations of As with Fe2O3 and CaO were processed into a graph with the corresponding 
correlation coefficients. The significant value of the correlation coefficient (Figure 2a) of As is with Fe2O3 
(R = 0.681), which indicates a significant association. On the contrary, the correlation coefficient (Figure 
2b) of As to CaO is almost zero (R = 0.076), which implies no association. 

 

 

Figure 2 Relationship between the concentrations of a) As-Fe2O3 and b) As-CaO. Source: (own)  

 
Magnetic and non-magnetic fractions of fly ash 

 
The magnetic fraction (Fe2O3 = 7.31 %, CaO = 11.42 % and As = 143 ppm) and the non-

magnetic fraction (Fe2O3 = 6.12 %, CaO = 12.11 % and As = 110 ppm) were separated from the bulk 
fly ash sample with a hand-held magnet. 

An enrichment factor (EF) was calculated to make it easier to evaluate the overall distribution 
trends of the target elements. Enrichment factor in magnetic fractions related to corresponding non-
magnetic fractions were calculated according to formula: 

 

 

(1) 

 
where: wi values are weight fractions of the i-th element (or its oxide) in magnetic or non- 

MgO Al2O3 SiO2 K2O CaO SO3 Fe2O3 As 

MgO 1.000 0.596 0.641 0.618 0.250 0.340 -0.508 -0.528

Al2O3 1.000 0.973 0.920 0.140 0.406 -0.779 -0.581

SiO2 1.000 0.980 0.005 0.342 -0.827 -0.689

K2O 1.000 -0.072 0.343 -0.836 -0.766

CaO 1.000 0.831 0.299 0.076

SO3 1.000 -0.036 -0.313

Fe2O3 1.000 0.681

As 1.000

a) b) 
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magnetic ash fraction.  

 

 
Figure 3. Enrichment factors (EF) of As, CaO and Fe2O3 in magnetic (vs.non-magnetic) fractions 

of fly ash. Source: (own) 
 

Enrichment factors (calculated according to Eq. 1) are plotted in Figure 3. For a better overview, 
a red line was introduced on the X-axis at a value of 1, which indicates whether it is an enrichment (value 
above 1) or a depletion (value below 1) of the given component.  

As expected, the Fe2O3 content was enriched after magnetic separation, while the CaO content 
was strongly depleted. The value of the enrichment factor shows that Arsenic is enriched after the 
magnetic separation process. 

 

4. CONCLUSION 

 
The study explains the distribution of CaO, Fe2O3 and As (inherent components of ash) before 

and after dry magnetic separation of fly ash. The content of the investigated fly ash components before 
magnetic separation was CaO (10.99-12.16 %), Fe2O3 (5.48-6.83 %) and As (91-141 ppm). 

Magnetic ash separation is usually carried out to facilitate the use of magnetic and non-magnetic 
fractions separately. In the case of the samples studied here, As was enriched in magnetic fractions in 
relation to non-magnetic ones. Non-magnetic fractions with a lower As content separated in this way 
provide the improved possibility for further technological use. 
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Abstract 

The photocatalytic degradation of chosen pollutants was performed using a mixture of graphitic carbon 
nitride with carbonaceous material. Synthesized materials were characterized using UV-Vis diffuse reflectance 
spectrometry, X-ray diffraction analysis, Fourier transform infrared spectroscopy and scanning electron microscopy. 
The elemental composition and specific surface area were also measured. The photocatalytic experiments 
performed using the mixture of graphitic carbon nitride and carbonaceous material showed increased photocatalytic 
activity towards chosen pollutants. 

Keywords: Graphitic carbon nitride, carbonaceous material, photocatalytic degradation. 

 
 

1. INTRODUCTION 

In the last decade, the use of carbonaceous materials for the enhancement of photocatalytic 
activity has been studied by a great number of researchers [1,2]. Many methods and synthesis routes 
are using various organic dispersants and other chemicals to prepare carbon-semiconductor hybrids [3]. 
It was reported, that is possible to prepare these hybrids by simple mechanical mixing of metal-free 
semiconductors and carbon-rich materials to achieve an enhanced photocatalytic activity more 
environmentally [4]. 

The photocatalytic degradation of chosen pollutants was performed using a mixture of graphitic 
carbon nitride with carbonaceous material. Graphitic carbon nitride (g-C3N4) was prepared from 
melamine and the carbonaceous material was prepared from glucose. Both materials were prepared 
separately and mixed in a laboratory mill into homogenous mixtures of known ratios. Synthesized 
materials were characterized using UV-Vis diffuse reflectance spectrometry, X-ray diffraction analysis, 
Fourier transform infrared spectroscopy, and scanning electron microscopy. The elemental 
composition and specific surface area were also measured. The photocatalytic experiments performed 
using the mixture of graphitic carbon nitride and carbonaceous material showed increased photocatalytic 
activity towards chosen pollutants. 

 
 

2. EXPERIMENTAL 

The graphitic carbon nitride was prepared by annealing melamine in a ceramic crucible with 
a lid in a muffle furnace at 550 °C for 4 hours with a heating rate of 3 °C/min and cooled down 
to an ambient temperature out of the furnace. After cooling down, the material was ground in a laboratory mill 
into a fine powder and labelled as bM. 

The carbonaceous material was prepared by annealing glucose in a ceramic crucible with a lid 
at 400 °C with a heating rate of 3 °C/min. After the temperature of a furnace achieved 400 °C, 
the crucible with the carbonaceous material was taken out of the furnace, cooled down to an ambient 
temperature and ground to a fine powder in a laboratory mill. Carbonaceous material was labelled 
as cGL. The resulting mixtures of samples were prepared in a laboratory mill by addition of 0.25, 0.5, 
1 and 5 % of cGL to bM. Samples were then labelled as bMcGL 0.25, bMcGL 0.5, bMcGL 1 
and bMcGL 5. 
 

 

3. RESULTS AND DISCUSSION 

The prepared materials were studied by diffuse reflectance spectroscopy to obtain information 
about light absorption properties. The obtained spectra (Figure 1) were transformed using the Schuster- 
Kubelka-Munk equation: 
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𝐹(𝑅∞) =
(1−𝑅∞)2

2𝑅∞
         (1) 

where 
 R∞ - diffuse reflectance from a semi-infinite layer. 

The optical band gap energies were determined using the well-known Tauc plot (2): 
 

𝜀ℎ𝜈 = 𝐶(ℎ𝜈 − 𝐸𝑔)𝑝          (2) 

where  
ε - the molar extinction coefficient, 
hν - the energy of incident photons, 
Eg - the band gap energy, 
C - a constant, 

p - the power depending on the type of electron transition: p = 2 was used in this study. 
 

In the picture of obtained DR spectra (Figure 1), a small blue shift was observed which could 
have been caused by the homogenization of bM and cGL mixtures in the laboratory mill. The band gap 
energy (Table 1)   of prepared   materials   slightly   increased also due to the homogenization. The 
reflectance spectra of cGL material was nearly 0 %. The specific surface areas (SSA) of prepared 
materials were very similar for all the prepared mixtures without significant differences and no effect of 
cGL addition was observed. 

 

Figure 1 Diffuse reflectance spectra of prepared samples. Source: (own) 
 

The elemental composition of materials is summarized in Table 1. The g-C3N4 prepared from 
melamine (bM) contains, besides C and N, a small amount of hydrogen and oxygen due to a thermal 
synthesis in the presence of air. The main elements of the carbonaceous material (cGL) were carbon 
and oxygen. The cGL also contained oxygen due to the synthesis by annealing glucose at 400 °C 
in the presence of oxygen. The molar ratio of C/N increased with the gradual addition of carbon 
by adding cGL to a bM and moved from 0.663 for bM up to 0.744 for bMcGL 5. 

The XRD patterns were obtained to study the structure of prepared materials and are 
demonstrated in Figure 2. The two main diffractions (100) and (002) were observed at 2θ at around 15 
and 31 degrees. These diffractions belong to the hexagonal phase of graphitic carbon nitride. The 
more intensive one (002) corresponds to an interlayer stacking of heptazine and the less intensive one 
(100) belongs to an in-plane ordering of connected heptazine units. The broad diffraction of cGL material 
at around 20 degrees belongs to an amorphous carbon [5]. The diffraction patterns of materials prepared 
from mixtures were very similar to the initial material labelled as bM. 
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Table 1 Band gap energy, specific surface area and elemental composition of prepared 
samples. Source: (own) 

Sample Eg (eV) SSA (m2/g) 
C 

(wt.%) 
H 

(wt.%) 
N 

(wt.%) 
O 

(wt.%) 
Molar ratio 

C/N 

bM 2.67 12 34.93 1.72 61.47 1.88 0.663 

cGL - 7 73.00 3.71 0.15 23.13 - 

bMcGL 0.25 2.70 13 35.00 1.84 60.70 2.46 0.673 

bMcGL 0.5 2.70 13 35.00 1.84 60.50 2.77 0.675 

bMcGL 1 2.71 12 35.20 1.73 60.30 2.77 0.681 

bMcGL 5 2.71 13 36.90 1.81 57.90 3.39 0.744 

 
The FTIR spectra of bM material and mixtures were very similar and typical for the graphitic 

carbon nitride. The obtained spectra are displayed in Figure 2. Two main regions were marked A and B 
where bands in A region are related to the stretching vibrations of N–H bonds and the bands in B region 
are attributed to the stretching vibrations of the C=N and C–N bonds of heterocyclic rings. The 
band at 806 cm-1 belongs to the breathing mode of triazine units. In the FTIR spectra of cGL the 
typical bonds of amorphous carbon structure were identified [5]. 

 

Figure 2 XRD patterns and FTIR spectra of prepared materials. Source: (own) 

 

Figure 3 Photocatalytic activity tested on Rhodamine B. Source: (own) 

 
The photocatalytic activity was tested on a model pollutant Rhodamine B. The reaction mixture 

of 150 mL with the initial concentration of 10 mg/L of Rhodamine consisted of 45 mg of prepared 
material. The reaction mixture was homogenised in the dark for 1 hour to achieve sorption-desorption 
equilibrium and then irradiated with an LED light source with a wavelength of 420 nm (intensity of 13.5 
mW/cm2) for two hours. The concentration decrease of Rhodamine B was evaluated by measuring 
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the absorbance at 554 nm. the photolysis of the model pollutant was not observed. In Figure 3, 
the photocatalytic degradation kinetics is displayed. The most active material was bMcGL 0.5, followed 
by bMcGL 0.25, bMcGL 1 and bMcGL, which implies that the optimal amount of added cGL material 
to a bM was 0.5 wt.%. The material bMcGL 5 was not very active due to a high amount of cGL 
in a mixture which decreased the efficiency of the semiconductor due to high light absorption. 

 
4. CONCLUSION 

In this paper, the possibility of photocatalytic degradation of organic pollutants using a simple 
mixture of a metal-free photocatalyst and carbonaceous material was studied. The initial materials 
for the mixtures were g-C3N4 (bM) prepared from melamine, carbonaceous material (cGL) prepared from 
glucose and was recognized as amorphous carbon. The XRD patterns and FTIR spectra of 
prepared mixtures were very similar without any visible effect of cGL addition. The SSA did not change with 
the addition of cGL and the band gap energy slightly increased from 2.67 eV to 2.71 eV. The 
material bMcGL 0.5 containing 0.5 % of cGL was the most photocatalytically active due to the 
successful separation of the charge carriers. 

In further research, new materials from different precursors will be also prepared and all 
materials will be tested on photocatalytic degradation of pharmaceutics and products of photocatalytic 
degradation will be studied. 
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Abstract 

Insect breeding produce waste: insect excrements mixed with the residue of the feed. Insect waste 
is usually used only as a plant fertilizer. To the best of the author's knowledge, the topic of using this particular type 
of waste in anaerobic fermentor is very poorly studied. The aim of this paper is to assess the possibility of 
utilizing this waste from the most commonly   bred insects (Tenebrio   molitor, Alphitobius   diaperinus and 
Zophobas morio) as another raw material for biogas plants. Methane potential test of substrates is used for basic 
assessment. 

Keywords: Waste, insect breeding, anaerobic digestion, biogas. 

 

1. INTRODUCTION 

The searching for new or alternative substrates for biogas production helps to protect the 
environment and supports the cultivation of crops primarily for food production. The research hypothesis 
assumes   that   raw   post-production   waste   from    insect    breeding (mix    of    insect excrements 
+ residue of the feed) could be a good substrate for biogas production. 

The growing interest in obtaining insect-derived proteins and lipids, as well as the growing 
interest in using insects for human consumption, are also leading to an increase in the production 
of insect breeding waste [1,2]. 

For example, Nguyen et al used direct transesterification of insect Hermetia illucens kept 
on wheat bran to produce biodiesel [3]. About 43.8 g of biodiesel was produced from 2000 larvae using 
1000 g of feed (rice straw + restaurant solid waste) [4]. Another possibility of biofuel production is 
anaerobic digestion of insects and insect waste. To the best of the author's knowledge, the topic 
of using this particular type of waste in anaerobic fermentor is very poorly studied. For this reason, three 
types of solid waste from the most commonly bred insect species in the Czech Republic were analyzed. 
These wastes were then used for the biomethane potential test (batch test), which serves for the basic 
assessment of the substrate for biogas plants. 

 
 

2. MATERIALS AND METHODS 

Substrate: Solid waste from breeding of Tenebrio molitor, Alphitobius diaperinus and Zophobas 
morio respectively (see Figure 1). Substrate samples were obtained from the biggest insect farm in The 
Czech   Republic   and   in   The   Central   Europe   –   Papek   s.r.o.   Each   material   was   formed 
by the mixture of insect excrements and residue of the feed (food waste) and residue of the insect itself. 
The basic physical and chemical parameters are given in table 1 (see Table 1). The biochemical 
methane potential test was conducted in the laboratory of the IFA BOKU Tulln University (Universität für 
Bodenkultur Wien) during the study internship. 
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Figure 1 Photograph of substrate and inoculum. (a) Alphitobius diaperinu; (b) Tenebrio molitor; 
(c) Zophobas morio; (d) anaerobic inoculum. Source: (own) 

 

Inoculum: Mix of three liquid substances: fermenting anaerobic suspension (digestate) from 
the anaerobic fermenter of the agricultural biogas plant (Stockerau – Niederösterreich); the sewage 
sludge (WWTP close to Vienna) and digestate from lab-scale mesophilic anaerobic fermentor. The 
total solid content (TS, 105 °C) in inoculum was 4.71 wt. % and the pH value was 7.89. The organic 
content in total solids (VS, 550 °C) was approx. 75 %. 

 
Table 1 Analytical parameters of insect waste. Source: (own) 

 

Parameter 
Alphitobius 
diaperinus 

Tenebrio 
molitor 

Zophobas 
morio 

pH-H2O pH - 7.23 6.53 7.88 

total solids TS % 86.53 87.78 88.81 

volatile solids VSTS %TS 91.14 88.46 92.26 

density ρ 
3 

kg/mTS 1484 1502 1407 

carbon C %TS 43.16 41.92 44.80 

hydrogen H  5.94 5.33 5.95 

nitrogen N  4.04 6.42 4.53 

oxygen O  37.92 35.50 36.57 

sulfur S  0.37 0.33 0.28 

nutrients ratio C: N  10.68 6.53 9.89 

total combustibles C %TS 91.44 89.50 92.13 

volatile combustibles V  72.69 71.58 72.58 

fixed carbon FC  18.75 17.92 19.55 

ash A  8.56 10.50 7.89 

total nitrogen (Kjeldahl) TKN g/kg 35.66 56.79 40.21 

chemical oxygen demand COD g/kg 1014.68 997.33 1136.12 
* 

Standards used [5 – 13] 

 
Batch test: Discontinuous test of mesophilic anaerobic digestion for the evaluation of 

biochemical methane potential of each substrate was performed according to the VDI 4630 and DIN 
38 414-S8 standards [14; 15]. 

The laboratory apparatus consisted of 1-liter reaction bottles for a mixture of substrate and 
inoculum (bioreactor), 1-liter glass bottles for sodium hydroxide solution, 2-liter glass bottles filled with 
hot water and 2-liter plastic bottles for volumetric reading of daily methane production (see Figure 2). To 
determine the methane production, 3 bioreactors with different substrate additions were used for each 
insect waste tested (6.5; 6.7 and 7.0 g for Alphitobius diaperinus; 6.5; 6.7 and 7.0 g for waste from 
Tenebrio molitor; 6.5, 6.7 and 7.0 g for waste from Zophobas morio). Three bioreactors were also used 
to test the endogenous CH4 production from the inoculum alone. The test was performed with a 
weight of 500 g of inoculum.  The reactors were placed in a tempered room at 38 ± 0.5 °C. 
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For 35 days, a volumetric increase in water (i.e. methane) in a plastic bottle was recorded every working 
day using a graduated cylinder. 

 

Figure 2 Biochemical methane potential test. Source: (own) 

 
 

3. CONCLUSION 
 

Solid waste from breeding of Tenebrio molitor, Alphitobius diaperinus and Zophobas morio is 
characterized by a high content of total solids (86 - 89 %) with dominating organic compounds (88 
– 92 %). The measured methane yield from each waste (see Table 2) is high enough so that the material 

can be considered as an alternative substrate for biogas production. Waste from Zophobas morio 

provided the highest CH4 yield (379.4 ± 16.03 %) Nm3/t related to organic solid. In all cumulative biogas 
samples, the CH4 content was approximately 50% vol. 
 

Table 2 Methane yield from insect wastes. Source: (own) 
 

Sample 
CH4 yield related to 
VS; V(CH4) in Nm3/t 

CH4 yield related to 
COD; V(CH4) in Nm3/t 

CH4 yield related to 
RS; V(CH4) in Nm3/t 

Zophobas morio 379.4 ± 16.03 % 273.0 ± 16.03 % 310.2 ± 16.03 % 

Alphitobius diaperinus 312.9 ± 16.03 % 242.7 ± 16.03 % 246.2 ± 16.03 % 

Tenebrio molitor 297.6 ± 16.03 % 231.4 ± 16.03 % 230.8 ± 16.03 % 

* VS – organic solid; COD – chemical oxygen demand; RS – raw sample; 
 

Figure 3 shows the course of methane production from of waste from insect Zophobas morio, 
which achieved the highest results. 

 
 

Figure 3 Methane production from waste of Zophobas morio breading. Source: (own) 
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The 35-day test of batch anaerobic digestion verified production of biogas and methane from 
three types of insect wastes. The substrates appeared to provide very good quality and can be used by 
biogas plants as additional input raw materials for biogas production. 

There is an assumption, that by mixing the tested wastes containing higher nitrogen 
concentrations with common substrates for biogas production such as maize silage, organic waste from 
maintenance of urban green areas, a separated organic fraction of municipal solid waste etc., the 
parameters of the process can be enhanced, and we can expect synergy during methane production. This 
may be the subject of further research with log-term continuous anaerobic digestion. 
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Abstract 

This paper describes the treatment of waste air from livestock buildings containing ammonia in the pilot 
plant unit. The light-driven advanced oxidation processes (AOPs) – photolytic, photooxidation and photochemical 
methods are being used for this purpose. The aim of this study is to assess the removal effectiveness of the pilot 
plant unit for ammonia removal and to compare the reaction rate of different AOPs for ammonia removal from water 
phase. Experimental results show great potential in livestock buildings waste air treatment. The technology is 
capable of nearly complete removal of ammonia. The removal rate of ammonia from water phase was significantly 
influenced by implemented AOPs – the highest rate was obtained by using a combination of UV254nm+O3. 

Keywords: Ammonia emissions, advanced oxidation processes, hydroxyl radical, ozone, hydrogen peroxide. 

 

1. INTRODUCTION 

It is not only greenhouse gas or organic compounds emissions that raise serious concerns. For 
example, nitrogen containing bases, such as ammonia, have significant impact on the atmosphere. 
Ammonia emissions are primarily associated with two environmental issues leading to ecosystem 
disruption: acidification and eutrophication [1]. Ammonia exposure is also harmful for human (and 
animal) health [2]. 

Directive on the reduction of national emissions of certain atmospheric pollutants for EU 
members came into force in 2016. The Czech Republic is obligated to reduce ammonia annual 
emissions by 7 % from 2020 and 22 % from 2030 (compared to the 2005 level) [3]. The levels of 
ammonia emissions in the Czech Republic were 170, 99 and 85 Gg per annum in 1990, 2005, and 2019, 
respectively [4]. Values of ammonia emissions in EU decreased throughout all EU countries, except 
Ireland, Luxembourg, Austria, and Spain between 1990 and 2019 [4]. However, the decrease is still 
getting slower and therefore it is necessary to find and implement innovative and effective techniques 
to meet the limits and contribute to Earth´s health. EU member states have to take into account the 
relevant Ammonia Guidance Document and have to use the best available techniques (BAT) in 

accordance with Directive 2010/75/EU, which covers also low-emission animal housing systems [3]. The 

limits for national NH3 emissions are also established and the reporting of annual emission inventories 
to demonstrate compliance is required. The relevant legislation is very comprehensive and complex. To 

mention an emission limit example: in intensive rearing of pigs with more than 2 000 places for production 

pigs (over 30 kg), the NH3 emissions shall not exceed the limit 2.6 kg NH3/animal place/year for fattening 
pigs [5]. 

Agriculture was responsible for most (94 %) of the ammonia emissions in the EU in 2019 and 
the manure management represented the main emitter of ammonia in this field [4]. The animal housing 
outlet air contains a broad mixture of pollutants (ammonia, greenhouse gases, odors, hydrogen sulfide, 
volatile organic compounds, particulate matter, and bio-aerosols including pathogenic microorganisms) 
[6]. Polluted outlet air is most often treated by various air filtration systems, especially by air scrubbers, 
biofilters and dry filters [7]. 

This work presents the usage of advanced oxidation processes (AOPs) as a possible alternative 
method for the treatment of air stream containing ammonia to imitate the exhaust of livestock building. 
AOPs use the production of powerful transitory species - highly reactive radicals (especially hydroxyl 
radicals), which are able to oxidize wide range of organic and inorganic substances. AOPs are primarily 
used in waste-air and wastewater treatment, where the hydroxyl radicals can attack harmful pollutant 
molecules and oxidatively decompose them into simple innocuous compounds (mineralization) [8, 9]. 
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2. MATERIALS AND METHODS 

The experiments were performed in two step pilot plant unit (Figure 1). The first step (R1) was 
a photolytic reactor made from stainless steel utilizing strong UV irradiation provided by 16 UV lamps 
(185/254 nm). The irradiated volume in this reactor was 2.45 · 10-1 m3. The second step (R2) was a 
continuous flow photochemical wet scrubber (UV/H2O2) with 26 UV lamps (254 nm). There was a 
storage tank (300·dm3) at the bottom of the wet scrubber with a water solution of hydrogen peroxide 
(0.1 mol·dm-3). 

 
1st step (air/VUV185/UV254) 2nd step (water/UV254/H2O2) 

 

Figure 1 Two steps pilot plant unit. Source: (own) 
 

The airstream was enriched by the ammonia vapors by driving small amount of air through a 
specially designed gas enrichment glass reactor. Concentrations of ammonia were continuously 
determined by infrared spectrometer with Fourier transformation (FT-IR) (20 m gas cuvette, Nicolet 
Antaris IGS, Nicolet CZ Ltd., Czech Republic). Concentration of ammonia ions in the hydrogen peroxide 
solution was determined by Nessler method and samples were analyzed using a photometer (PF- 
12Plus, Macherey-Nagel GmbH & Co. KG, Germany). The pH of the solution was determined using a 
pH meter (Multi 3420, WTW measuring and analytical technology, Ltd., Czech Republic) with a pH probe 
(SenTix 940–3, Xylem Inc., USA). 

The degree of conversion was chosen as a determining factor for the degradation of ammonia. 

 
3. RESULTS AND DISCUSSION 

Figure 2 shows the average conversions of ammonia (initial concentration of NH3 20 and 35 
ppmv) in three flow rates (150, 300, and 400 m3 · h-1) and after passing the first step (R1 ON) and after 
passing both steps (R1+R2 ON). 

After passing the first step (R1), the converted part of NH3 is almost fully degraded into 
nitrogen. Data from the infrared spectrometer shows only the formation of nitrous oxide and nitrogen 
dioxide, but not in a significant amount (about 0.5 – 1 ppm). No signs of nitric oxide were observed. The 
conversion of NH3 is dependent on the flow rate – the longer the residence time of the pollutant in the 
reactor, the higher degradation. The influence of the initial concentration is not that limiting, almost two 
times higher initial concentration led only to a small decrease in NH3 conversion. The kinetic data found 
in the literature and mathematical model of the photolytic reactor predict 3 main reaction pathways of 
NH3 degradation: oxidation by singlet oxygen O(1D) (formed by photolysis of emerging ozone), direct 
photolysis of NH3 by UV(185 nm) irradiation and reaction with hydroxyl radicals, which can be formed either 
by reaction of singlet oxygen with water/humidity present in the air to form two hydroxyl radicals, or by 
the direct photolysis of water under 185 nm. 

After passing both steps (R1 + R2), the conversion of NH3 reaches 90 % and more in all 
experiments. It is necessary to mention, that NH3 is readily soluble in water and thereby is easily 
absorbed into the H2O2 solution in wet scrubber. The degradation of NH3 in the water phase was 
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conducted separately so no more ammonia from gas phase is being absorbed, which would complicated 
determination of removal rate of ammonia in liquid phase. 

 

Figure 2 Average ammonia conversions after passing first step (R1 ON) and both steps (R1+R2 
ON) with initial ammonia concentration a) 20 ppmv and b) 35 ppmv. Source: (own) 

 
Several 24-hour experiments were done to examine the reaction pathways and kinetics of 

ammonia removal from the water phase. The airflow rate through the unit was 150 m3 · h-1 and the initial 
concentration of ammonia in the water phase was 20 ppm. Several experiments with different reaction 
conditions were conducted: 1) UV lamps in R2 turned on – UV254nm; 2) UV lamp in R1 turned on for 
ozone production and circulation of water in the R2 turned on for better mixing – O3; 3) UV lamps in R2 
turned on and the circulation of hydrogen peroxide solution in R2 turned on – UV254nm+H2O2; 4) UV 
lamps in R1 turned on and the circulation of water and UV lamps in R2 turned on – UV254nm+O3; 5) UV 
lamps in R1 turned on and the circulation of hydrogen peroxide solution and UV lamps in R2 turned on 
– UV254nm+H2O2+O3. 

The decrease of ammonia concentration with time was convincingly linear in case of each 
reaction condition (Figure 3). The experimental results showed, that ammonia decomposition in liquid 
phase followed zero-order reaction kinetics in all cases. The determined rate constants are presented 
in Table 1. The highest removal rate of ammonia was obtained by using a combination of UV254nm+O3. 

 

Figure 3 Time dependence of a) NH3/NH4
+ concentration and b) c/c0 for the kinetic study. 

Source: (own) 
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Table 1 Determined rate constants for each method. Source: own 

Experiment 
(-) 

k 
(mol · dm-3 · h-1) 

O3 2.67 · 10-5 

UV254nm 3.20 · 10-5 

UV254nm+H2O2 4.90 · 10-5 

UV254nm+H2O2+O3 5.97 · 10-5 

UV254nm+O3 8.33 · 10-5 

 
4. CONCLUSION 

A two-step photochemical pilot plant unit was used for the treatment of waste air from livestock 
buildings containing ammonia. The removal effectiveness of the pilot plant and the comparison of the 
reaction rate of different AOPs for ammonia removal from the liquid phase was successfully determined. 
Experimental results show great potential in ammonia purification from waste air. The technology is 
capable of nearly complete removal of ammonia from the waste air. However, majority of ammonia is 
absorbed into the liquid phase. The removal rate of ammonia from the liquid phase was determined for 
combination of different oxidation agents (AOPs) – the highest removal rate of ammonia from the liquid 
phase was obtained for a combination of UV254nm+O3, the determined rate constant was 8.33 · 10-5 
mol · dm-3 · h-1. 
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Abstract 

This work was conducted to focus on pollutant transmission between Poland and Czechia at the most 
polluted area in the Czech Republic, the Moravian Silesian region. Instrumental neutron activation analysis (INAA) 
and multivariate statistical analyses were used to determine the mass fractions of inorganic air pollutants 
accumulated on filters. Particle matters of sizes smaller than 10 _m (PM10) were collected using a high-volume 
sampler (SAM Hi 30 AUTO WIND). Pollutants PM10 were collected on Whatman QM-A Quartz Microfiber Filters of 
150 mm in diameter based on various wind conditions. These filters were irradiated by neutron flux at the 
experimental reactor IBR-2 at the Joint Institute of Nuclear Research in Dubna, RF. Irradiated samples were 
measured by gamma spectrometry techniques using HPGe detectors. In total, results are shown for 49 samples 

(from March to July 2021) and five field blank filters. The mass fractions of 24 elements (Sc, Cr, Fe, Ni, Co, Zn, Se, 
As, Br, Rb, Mo, Sb, Ba, Cs, La, Ce, Sm, Eu, Tb, Yb, Hf, Au, Th, and U) were determined. The sources of pollution 
were specified using correlation and exploratory factor analyses and including meteorological conditions. A strong 
positive correlation was shown between the elements Cr, As, Br, Co, Fe, Sc, Se, Sm, Th, La, and Ce. Elemental 
exposure to PM10 can be divided based on the factor loadings of common chemical components into three main 
pollution sources. According to the wind rose, the pollution came from the southeast/west direction; therefore, we 
can assume that the pollution most likely originated from the metallurgic complex (steel and iron production in the 
southeast, and a coking plant, metal foundry, and generation plant in the west). 

Keywords: Air pollution, PM10, neutron activation analysis, multivariate statistics, filters. 

 

1. INTRODUCTION 

In the northeast of the Czech Republic PM10, PM2,5, and benzo[a]pyrene pollutant 
concentrations exceed the annual limit value for human health protection in the Czech Republic of 40 
µg/m3, 20 µg/m3, 0.001 µg/m3 respectively. The transboundary Czech-Polish region is one of the most 
polluted areas. It is a part of the Upper Silesian Basin - a black coal basin and it always has been a coal-
mining region with heavy industry and high agglomeration density with a local heating and dense traffic 
infrastructure [1]. Air pollution concentrations in this area are strongly influenced by meteorological 
conditions, a long-range transmission of pollution, and geographical conditions [2]. Suspended particles 
are considered to be a major air pollution problem in this area, similarly to elsewhere. The chemical 
composition of particulate matter depends on many factors such as the location, topography and 
surface, meteorological conditions, as well as on season or day of the week. The harmfulness of particles 
is directly linked to their size [3]. Because of their initial gaseous origin, the fine particles (< 2.5 µm) include 
inorganic ions such as sulphate, nitrate, and ammonia as well as combustion-form carbon, organic 
aerosols, metals, and other combustion products. Coarse particles (2.5-10 µm), normally consist of finely 
divided minerals such as oxides of aluminium silicate, iron, calcium, and potassium [4]. Major 
anthropogenic sources of primary particles are industry, road traffic, power plants, combustion 
processes and domestic combustion, resuspension of road, and construction dust [5]. The aims of the 
study can be itemized as i) analyses of data obtained by instrumental neutron activation analysis of PM10 
collected on quartz filters, and ii) specifying the pollution sources in the Czech–Polish border area. 

2. MATERIALS AND METHODS 

The sampling was performed at the industrial area, located in the northeast part of the Czech 
Republic, in the city Horní Suchá [49.8051619N, 18.4706889E]. The sampling device was located at the 
top of the inactive mining tower, 86 m above the ground level. The high-volume sampler was used, 
which samples PM10 depending on wind conditions. The device uses a PM10 pre-separator for airflow 
of 30 m3/h. It is equipped with a cassette where 15 quartz filters (Ø 150 mm) are stretched in filter holders 
[6,7]. Filter holders are automatically changed to the sampling position according to actually evaluated 
wind conditions. Thus, the sampler was able to collect PM10 particles from eight basic wind directions, 
during CALM (wind speed is lower than 0.2 m/s) and during episodes with extreme air pollution, defined 
as three successive average hourly PM10 concentrations exceeding 100 g/m3. 

The gravimetric technique was used for the determination of the particulate matter in the 
atmosphere according to European standard 12341 [8]. For this study, samples from March to July 2022 
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were used and processed by the NAA group of the IREN research facility of the Frank Laboratory of 
Neutron Physics, JINR, Russian Federation. Neutron activation analysis was used to investigate the 
inorganic composition of the air deposited elements on the filters. This method is based on the 
conversion of stable nuclei into radioactive nuclei via nuclear reactions, followed by a measurement of 
the reaction products. The nuclear reactions are initiated by bombarding the samples with neutrons. 
Each radionuclide is characterized by its probability for nuclear decay in unit time and the type and 
energy of the emitted radiation. Gamma-radiation offers the best characteristics for the selective and 
simultaneous detection of radionuclides and thus of elements [9]. Samples were irradiated in channel 
No. 3 installed at the IBR-2 pulsed nuclear reactor. For the measurement, a Canberra HPGe detector 
was used. Spectra were processed in the Canberra Genie-2000 program and mass fractions were 
calculated by the CalcCon program created at FLNP JINR [10]. 

 
 

3. RESULTS 

All the statistical analyses of data and graphs were performed using the statistical software 
Rstudio. With 95% probability (p≤0.05), the Shapiro-Wilk test of normality was calculated, to investigate 
whether the concentrations of the elements are normally distributed [11]. Basic statistics were calculated 
from the 10 minutes data measured by hi-vol 86 m above the ground level. A total of 42 samples and 5 
field blank filters were analysed by instrumental neutron activation analysis and total of 24 elements 
were determined. Mass fraction in [mg/kg] was noticed to be high for zinc with a mean value of 1183.06 
and a standard error of 8855.57 mg/kg. While the minimum values were measured for ytterbium with a 
mean value of -0.0253 and a standard error of 0.06. The descending order of the elements in terms of 
mass fractions as follows: 

Zn>Ba>Mo>Rb>Cr>Ni>Fe>Br>Sb>As>Se> Ce>Co>Cs>La>Sc>Hf>Th>Sm>Eu>Au>Tb>Yb. 
The results show, based on its statistical significance level (p.value > 0.05), that the elements are not 
normally distributed except La, Ce, Sm, Tb, Hf, and U. 

 

 
Figure 1 The correlation matrix of elements measured from September filters. Source: (own) 

The relationship between the elements in PM10 were tested by Pearson correlation analysis. 
Correlation matrices were created to assess the strength of the linear dependence between the 
concentrations of elements. Positive correlations are shown in blue and negative correlations in red. 
The colour intensity and brand size are proportional to correlation coefficients. The correlation matrix of 
elements Figure 1, shows a strong positive correlation between the elements Br, As, Co, Fe, Se, Sc, 
Sm, Th, La, Ce. A positive correlation indicates similar behaviour of elements or similar source of origin. 
Correlations are ordered by hierarchical clustering with clusters outline, therefore similar variables are 
grouped together. 
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Elements in PM10 emitted from the same or similar sources are supposed to be intrinsically 
correlated. Correlated elements were identified to represent the main source contributors to PM10 
exposures using exploratory factor analysis, which may explore the hidden multivariate structure of the 
data and may clarify the links between the elements that have similar origin or subsequently develop 
similar associations of elements extracted from the correlation matrix. Prior factor analysis, scree test of 
eigenvalues was used to extract main factors, 3 main factors were chosen for the factor analysis. 
Exploratory factor analysis using MinRes (minimum residuals) with varimax rotation was used [12]. The 
elements vary in how much they load (corCrelate) with each factor as we can see in Table 1 . The first 
factor is associated with concentrations of Se, Sc, Fe, La, Co, Ce, Br, Th, As, Sm, Cs. Concentration 
values of these elements were higher during the low wind speed. Elements As, Br or Se may indicate 
coal combustion, its concentrations were measured higher during the March when the temperature is 
lower and local heating plants are reflected in the total concentrations. On the other hand, this factor 
may indicates also iron and steel work. The second factor was characterized by U, Hf, Tb, Sb, Th, and 
Mo. Concentrations of almost all elements were measured higher from the south-east direction, except 
Tb, its highest concentration was measured at the filter from the north direction. It may represent a mix 
of metallurgy and power or heat plants. The third factor is represented by Yb, Eu, Au, Zn, Rb, Cs, Ce, 
U. Concentration values of almost all elements were measured the highest from the filter from the south- 
east direction, except Zn, Rb, and Ce which were measured higher during the low wind speed. It may 
represent combination of iron and steel work and power plant [13-15]. 

 
Table 1 Factor loadings based upon correlation matrix. All variables were analyzed as mass 

fractions (μg/kg). Source: (own) 
 

Element Factor 1 Factor 2 Factor 3 

Sc 0.96 0.11 0.02 

Cr 0.18 0.17 0.02 

Fe 0.91 0.01 0.10 

Ni -0.16 -0.13 -0.16 

Co 0.67 -0.21 -0.04 

Zn -0.13 -0.08 0.11 

Se 0.92 -0.06 -0.18 

As 0.53 -0.19 -0.56 

Br 0.54 -0.41 -0.52 

Rb 0.21 -0.04 0.25 

Mo -0.13 0.25 -0.10 

Sb -0.12 0.30 -0.15 

Ba 0.06 -0.16 -0.11 

Cs 0.50 0.03 0.25 

La 0.73 -0.16 0.17 

Ce 0.73 0.02 0.34 

Sm 0.46 -0.09 -0.06 

Eu 0.08 0.33 0.51 

Tb -0.07 0.38 -0.18 

Yb 0.25 -0.31 0.82 

Hf 0.16 0.80 -0.29 

Au 0.06 -0.08 0.33 

Th 0.75 0.51 0.00 

U -0.08 0.83 0.12 
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4. CONCLUSION 

The aim of the study documented in the presented article was to contribute to a better 
understanding of the relations among emissions and pollution transport. The elemental composition of 
PM10 collected during five months on quartz filters in the industrial area was determined by INAA. The 
correlation analyses, and exploratory factor analyses including meteorological conditions were used to 
specify pollution sources in the Czech polish border area. Elements determined in filters are Sc, Cr, Fe, 
Ni, Co, Zn, Se, As, Br, Rb, Mo, Sb, Ba, Cs, La, Ce, Sm, Eu, Tb, Yb, Hf, Au, Th, U. The strong positive 
correlation is depicted between the elements Cr, As, Br, Co, Fe, Sc, Se, Sm, Th, La, and Ce. Elemental 
exposure to PM10 can be divided based on the factor loadings of common chemical components into 
metallurgy, power or heat plants, and coal combustion. According to wind rose the pollution came from 
the south-east/west direction. The pollution originated most likely from the metallurgic complex (steel 
and iron production in the south-east, coking plant, metal foundry, generation plant in the southwest 
direction, and cement plant in the west direction). 
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Abstract 

The aim of the work was to assess the aerosol transport in the industrial region (Ostravsko-karvinská 
agglomeration, Czechia) and identify the contribution of the industrial pollution. For that the aerosol (particulate 
matter < 10 µm) was collected on filters on a towertop (Horní Suchá, Czechia) for one year, subjected to chemical 
composition analysis by Neutron Activation Analysis (NAA) and further evaluated using multivariate statistical 
methods and long-range pollution transport modelling. 

Keywords: Air pollution, aerosol, particulate matter, hight volume sampler, industry, neutron activation analysis. 

 

1. INTRODUCTION 

Air pollution in the Czech-Polish border area of the Moravian-Silesian Region and the Silesian 
Voivodeship has been exceeding the limit values (LV) for a long time and thus represents a significant 
problem for human health and quality of life. The air quality in the Czech part of the region is significantly 
affected by the speed and nature of transboundary transfer of pollution along the axis of the prevailing 
wind direction (typically SW / NE), together with the inverse nature of the weather with stable 
atmospheric layering, and thus the deteriorated dispersion conditions, which significantly contribute to 
increased air pollution during the winter season. According to the available studies, the contribution of 
transboundary pollution to annual average PM values on the Czech territory can vary between 20-40% 
depending on the location within the region, emissions and meteorological conditions of a given year. 
The air quality assessment presented in this paper was carried out within the framework of the 
international project "AIR BORDER", focused particularly on the transboundary transfer of pollution from 
Poland to the Czech Republic and vice versa. Its aim was to carry out a special monitoring campaign to 
characterize the transfer of PM10 from different groups of air pollution sources specific to a given region, 
excluding the influence of local sources. This assumption was met by placing one of the monitoring 
devices on top of a tower that reaches a height of over 85 m above the ground. The unique device 
samples PM10 particles depending on the wind direction, which made it possible to investigate from 
which directions and from which sources air pollution originates and to quantify its transfer within the 
region more precisely. The overall description of experiments and complete results of these analyses 
are presented in the conclusive paper [1]. 

2. EXPERIMENTS 

The measurements in question were carried out in Horní Suchá (Moravian-Silesian region, 
Czechia) at the former mining tower in the František industrial zone. WGS 1984 49.805166N, 
18.473954E. The height of the tower allows measurements to be made almost 90 m above the ground 
(AGL), thus separating the influence of local pollution sources from the transmission over longer 
distances. For the sampling, a prototype device – high-volume sampler SAM Hi 30 AUTO WIND 
(Baghirra Ltd, Prague, Czechia) was used. [2], [3]. Employing this method, 111 PM10 samples from eight 
wind direction and calm (and extreme air pollution if occurred) were collected for each month from April 
2018 to March 2019 (total of 12 months). PM10 mass concentrations were determined following the 
guidelines of EN 12341. Particles’ samples were collected on filters for one month at a time, then 
subjected to elemental analysis using neutron activation analysis in a nuclear reactor. Complete 
information about samples irradiation, measurement and quality can be found elsewhere [1]. The 
obtained data were then statistically processed. 
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3. RESULTS AND DISCUSSION 

The values of PM10 concentrations corresponding to wind directions, calm and inversion 
situations are given in Table 1. as an annual average, average for the warm period (April to September) 
and average for the cold period (October to March) for observations from April 2018 to March 2019. 

 
Table 1 Average PM10 concentrations for the period in question. Source: (own) 

Wind conditions 
Annual Average 

(µg.m-3) 
Average warm period 

(µg.m-3) 
Z-score 

Average cold period 
(µg.m-3) 

Z- score 

Calm 23.3 19.0 -0.35 27.6 1.16 

N 22.9 14.6 -1.12 31.2 1.79 

NE 21.7 16.5 -0.79 27.0 1.05 

E 25.0 17.8 -0.56 32.3 1.97 

SE 21.1 17.5 -0.60 24.6 0.64 

S 21.9 16.9 -0.71 27.0 1.05 

SW 14.8 14.5 -1.14 15.1 -1.04 

W 21.3 23.6 0.45 19.0 -0.35 

NW 16.8 15.9 -0.89 17.8 -0.56 

 

The lowest PM10 values were observed from the SW and NW direction regardless of the season. 
Concentrations were below average in the warm part of the year, except in the west direction due to the 
high concentration in August 2018. The highest concentrations were sampled from the east and north 
in the cold season, although the prevailing wind direction was SW. The prevailing wind direction during 
the cold season was also the prevailing wind direction for the entire observation period (expressed as 
volume of air sampled). Calm was recorded for 12% of the sampling time. 

 
 

 
 

(a) 

 

 
 

(b) 

Figure 1 Average monthly PM10 concentrations for warm (a) and cold (b) periods. Source: (own) 

 
Pollution in the winter period came mainly from the north, northeast and east, as shown by the 

monthly average PM10 concentrations in Figure 1 (b). This confirms the importance of PM transfer from 
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the Polish border area. The increase in PM10 concentrations from these directions in winter is on average 14 
µg.m-3, although the prevailing flow direction in winter is the opposite. 

High concentrations of PM10 were also sampled from the south in February 2019 during the 
winter period. These concentrations were examined more closely. Meteorological data showed that the 
flow was stable (wind speed 1-2 m.s-1), coming through the Moravian Gate from the southwest, 
accompanied by a radiative inversion. This suggests that the concentration was coming from a significant 
pollution source in the southern part of the Moravian Gate, a cement factory near Hranice na Moravě as 
also suggested by the elemental composition of this sample. 

Samples were also collected during two smog events, the first on November 2018 (PM10 = 60.5 
µg.m-3), and the second on March 2019 (57.4 µg.m-3). In both cases, the temperature inversion was 
associated with a steady airflow (measured wind speed <1 m.s-1). In November, the prevailing airflow 
was from the NE, E and SE directions. This most likely represents an influx of pollution from the 
metallurgical complex to the southeast of the sampling site, as confirmed by backward trajectory 
modelling. For the March smog situation, the modelled airflow shows a direction from NE and E, 
suggesting the origin of the pollution in the Polish border region. 

The correlation of the content of the determined elements depends on the season, which 
confirms the variability of the sources and the different origin of the pollution. A strong positive correlation 
(R > 0.7) was found between As and Cr, Mn, Br in the warm season and As correlated also with La, Sm, 
Sr and U in winter. This indicates - together with the directionality of the concentrations of these elements 
- that the occurrence of As in the warm season is related to metallurgical processes, whereas its source 
in winter samples is more likely to be coal combustion. 

The elemental composition of emissions from respective sources in the region was considered 
when determining the main sources of pollution based on the elements [4]. In the warm season, Fe was 
strongly correlated with Br, Sm and Th, while in winter only with Sc. Given the direction from which the 
highest concentrations of these elements (E, NE) originate, it can be assumed that their occurrence is 
related to primary metallurgy [4, 5]. Cr correlated with As, I and Mg in the warm season too, while no 
significant correlation was found for winter samples. The highest concentrations of these elements in 
the warm season came from the west, suggesting a relation with steel and iron production [6, 7]. 
Samples collected during smog events varied significantly in their elemental composition. The PM10 

samples collected in November 2018 were characterized by high concentrations of Ba, Ce, Fe, Hf, Rb, 
Sc, Ta, Th, U and Zr (the highest of all samples), suggesting coal combustion and metallurgy [4, 7]; 
while the sample in March 2019 was characterized by high concentrations of Si, Sr, Zn and Eu. The 
origin of pollution during the second inversion is not as clear; however, the modelled airflow directed 
towards the Polish border region. 

 
 

4. CONCLUSION 

The elemental composition of the collected PM10 was determined using NAA and the origin of 
the pollution was explained based on the determined elemental composition as an indicator of pollution 
sources, statistical analyses, and meteorological models. Despite the limitations of the applied methods, 
this work confirmed that pollution in the region is influenced by specific types of pollution sources, 
including two metallurgical plants (west and southeast of the sampling site), which under certain 
meteorological conditions increase the pollution load in the region and contribute to the transfer of 
pollution in the upper atmosphere not detected by ground monitoring stations. This confirms the 
justification for locating the sampling device at 90 m above the ground surface. 

The other specific type of pollution is the transboundary transfer from Poland originating from 

the coal burning in domestic boilers during the winter season. During the cold part of the year, PM10 

concentrations originating from the Polish border region (N, NE, E) increased by almost 50%, even 
though the prevailing wind direction was the opposite. This fact has already been reported in many 
previous studies. However, measurements at the tower top showed that the prevailing flow direction 
during the cold part of the year was northeast and north, i.e., just from the Polish side. Thus, this finding 
may change the perspective on the interpretation of pollution transfer within the region. These results 
confirm again the importance of the transboundary influence on PM concentrations in the region and 
point out at the fact that this is not only a problem of the nearby border area, but of the region. 
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Abstract 

This work deals with the synthesis of NiO/TiO2 nanorods photocatalysts with p-n heterojunction in their 
structure and the study of the efficiency of photocatalytic hydrogen activity from the methanol-water mixture. These 
materials were prepared using two-step calcination technology. As it was confirmed by characterization techniques, 
the structure of the NiO/TiO2 photocatalysts shows the appearance of evenly distributed small NiO nanoparticles on 
the surface of titanium dioxide. The design and existence of the p-n heterojunction in the prepared NiO/TiO2 

nanomaterials lead to better separation of charge carriers and therefore to higher photocatalytic activity of the final 
photocatalysts. Electrochemical properties and their influence on the photocatalytic performance of synthesized 
photocatalysts were studied by using electrochemical methods such as transient photocurrent response, or ICP 
emission measurements. The highest photocatalytic activity and thus the highest photocatalytic formation of 
hydrogen (701 μmol/gcat.) was observed for the 2-NiO/TiO2 composite. This fact confirmed the results of 
photocatalytic water splitting experiments. Finally, a probable reduction mechanism of photocatalytic hydrogen 
production on NiO/TiO2 nanorods photocatalysts was also proposed. 

Keywords: NiO/TiO2, p-n heterojunction, composite photocatalysts, hydrogen production, electrochemical 
techniques. 
 

1. INTRODUCTION 

Nowadays, fossil fuels have become one of the key components that influence the functioning 
of the world economy. The annual increase in the world population and therefore the higher lifestyle 
standards of people have led to significant growth in global energy consumption, which is strongly 
related to the utilization of the mentioned fossil fuels [1]. Fossil sources account for around 90 % of the 
world’s energy [2]. In addition, it has been confirmed that fossil fuels primarily supply the transport and 
industrial sectors, which emit high levels of greenhouse gases and thus contribute to global warming 
and climate change [1, 3]. 

Hydrogen is considered the most promising replacement for existing fossil energy. It is a non- 
toxic and high calorific value form of energy [4]. An efficient way to ensure the production of hydrogen 
represents photocatalytic water splitting technology. This process is based on the oxidation of H2O 
molecules to H+ ions by holes and simultaneously on the reduction of H+ ions to gaseous H2 by electrons 
in the presence of photocatalytic active material and suitable light irradiation [5, 6]. However, the 
commercial production of H2 through photocatalytic water splitting is very limited. The main reasons 
limiting the implementation of this technology in the industry are the low utilization rate of solar energy 
and the inadequate separation of photogenerated carriers [7-9]. Hence, it is very important to design 
and prepare effective photocatalysts for photoelectric conversion. 

The creation of a heterostructure represents an ideal way to improve the photocatalytic 
performance of photocatalytic active materials and therefore the photocatalytic formation of hydrogen. 
The existence of a p-n heterojunction in the structure of photocatalysts enhances the separation of 
photoinduced pairs of electrons-holes and subsequently the photocatalytic activity of the materials. 
These facts have been confirmed by numerous studies dealing with the preparation and research of 
photocatalysts with a p-n heterojunction such as NiO/TiO2, BiOI/TiO2 or NiS/CdS [10, 11]. 

2. EXPERIMENTAL SECTION 

a. Synthesis of TiO2 nanorods 

Firstly, in a 100 ml alumina crucible with cover, the mixture of 0.25 g of TiO2 (P25), 0.25 g of 
Na2HPO4 and 1 g of NaCl was evenly spread. Then the prepared alumina crucible with the mentioned 
mixture was heated in the muffle furnace under ambient atmosphere, at the temperature of 815 °C and 
at a heating rate of 5 °C/min for 8 hours. Finally, the TiO2 nanorod samples were washed with distilled 
water and dried at 60 °C for 12 hours. 
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b. Synthesis of NiO/TiO2 composites 

Firstly, 200 mg of the prepared TiO2 nanorods were added to nickelnitrate solutions of different 
concentrations (0.05 M, 0.1 M, 0.15 M, 0.2 M). This step was carried out with constant stirring. This 
mixture was ultrasonically dispersed for 10 min. Subsequently, the homogeneneus suspension was 
centrifuged and dried at 60 °C for 12 hours. In the end, the prepared powder was transferred to a 100 
ml alumina crucible and calcinated at 500 °C at a heating rate of 5 °C/min for 2 hours. The synthesized 
samples were labelled 1-NiO/TiO2, 2-NiO/TiO2, 3-NiO/TiO2, and 4-NiO/TiO2. 

c. Photocatalytic H2 production experiments 

Photocatalytic H2 formation tests were performed in a stainless-steel batch photoreactor 
(volume = 348 ml, Figure 1). The reaction mixture of 100 ml of 50% methanol and 0.1 g of investigated 
NiO/TiO2 photocatalyst was added to the mentioned photoreactor. Then, the prepared mixture was 
saturated  with He  to purge  the air  off  the volume  of  the reactor.  An  8  W Hg  lamp  (λmax  =  254  nm; 
Ultra-Violet Products Inc.) was used as the source of irradiance. This lamp was placed on the quartz 
glass window at the top of the photoreactor in horizontal position. The photoreactor was tightly closed 
and the sample of gaseous phase was taken before the start of the irradiation (at time 0 hour) through 
a rubber septum by syringe. The gaseous phase was analyzed using a gas chromatograph (Shimadzu 
Tracera GC-2010Plus) equipped with a BID (barrier discharge ionization detector). The prepared 
reaction mixture was exposed to UVC irradiation for 3 hours. During irradiation, gaseous samples were 
taken at 1, 2 and 3 hours. All measurements were measured reproducibly. Primarily, the yields of 
hydrogen were observed. 

 

 

Figure 1 Batch photoreactor for photocatalytic H2 production using an 8 W Hg lamp as the 
source of UVC irradiation (λmax = 254 nm). Source: (Ing. M. F. Edelmannová, Ph.D.) 

 
 

3. RESULTS AND DISCUSSION 

3.1. Photocatalytic hydrogen generation over NiO/TiO2 composites 

As can be seen in Figure 2, the NiO content in the NiO/TiO2 photocatalysts has a significant 
influence on the photocatalytic formation of hydrogen. It was confirmed that hydrogen generation 
increases with increasing content of NiO in NiO/TiO2 photocatalysts. The photocatalytic efficiency of the 
prepared NiO/TiO2 materials is higher than that of pure TiO2 (P25). The highest hydrogen yields (701 
μmol/gcat.) were proved for the 2-NiO/TiO2 photocatalyst. This value was approximately 1.3 times higher 
compared to commercial TiO2 (P25). 
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Figure 2 Correlation between the yield of hydrogen and the saturated photocurrent intensity 
(SPI). Source: [12] 

 

3.2. Photocatalytic activity and proposed reduction mechanism of the studied photocatalysts 
 

Table 1 Measured values of BET specific surface area, pore volume, band gap energy (Eg), NiO 
content and saturated photocurrent intensity (SPI) of all synthesized NiO/TiO2 photocatalysts 

and pure TiO2 (P25). Source: [12] 

Sample SBET (m2/g) 
Pore volume 

(cm3/g) 
Eg (eV) NiO (wt.%) SPI (mA/cm2) 

TiO2 (P25) 3.97 0.015 3.10 0.000 0.0007 
1-NiO/TiO2 6.51 0.031 2.95 0.022 0.0010 
2-NiO/TiO2 16.51 0.061 2.93 0.031 0.0027 
3-NiO/TiO2 16.76 0.067 2.97 0.042 0.0012 
4-NiO/TiO2 11.20 0.047 2.99 0.056 0.0008 

 
Many factors can influence the photocatalytic efficiency of photocatalytic processes. For 

example, the specific surface area, the pore volume, the band gap energy, the crystallite size, or the 
doping element can be mentioned [13]. In the case of the NiO/TiO2 photocatalysts, the relation between 
photocatalytic activity and the textural parameters of materials has been observed. Specifically, the 
results confirmed that with increasing specific surface area and larger pore volume (Table 1), the 
photocatalytic activity increases, and thus photocatalytic H2 production is higher (Figure 2). Larger 
specific surface area mediated more effective contact between the photocatalysts and reactants, which 
improved the photocatalytic performance of the material. 

The enhanced photocatalytic activity of NiO/TiO2 photocatalysts can also be attributed to the 
presence of p-n heterojunction in the structure of composites. To verify this fact, the measurement of 
the saturated photocurrent intensity (SPI) was performed. Subsequently, the correlation between the 
results of photocatalytic hydrogen production and SPI (Figure 2) indicated the positive influence of the 
constructed p-n heterojunction on the photocatalytic activity of NiO/TiO2 materials and on the efficient 
separation of photogenerated charge carriers (Figure 3). 

According to the results of the transient photocurrent response measurements, a probable 

reduction mechanism of photocatalytic hydrogen generation over NiO/TiO2 composites was proposed. 
From the attached figure (Figure 3), it can be deduced that the mechanism of transfer of photoinduced 
pairs through the p-n heterojunction is based on the sharing of electron and hole particles between the 
valence and conduction bands of both semiconductors during irradiation. These facts support the 
aforementioned efficient separation of photogenerated pairs electron-holes, and hence the higher 
photocatalytic activity of the prepared NiO/TiO2 nanorods photocatalysts. The existence of p-n 
heterojunction in prepared photocatalysts simultaneously prevents unwanted recombination processes. 
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Figure 3 Proposed mechanism of photocatalytic H2 generation over NiO/TiO2 photocatalysts. 
Source: [12] 

 

4. CONCLUSION 

This work confirmed that the prepared NiO/TiO2 photocatalysts are effective and can be applied 
in photocatalytic reactions. This conclusion was supported by the results that demonstrated the higher 
photocatalytic activity of the synthesized NiO/TiO2 photocatalysts or their larger specific surface 
compared to pure TiO2 (P25). At the same time, it was verified that the presence of the p-n heterojunction 
in the structure of photocatalysts improves the separation of electrons and holes, prevents unwanted 
recombination, and promotes an increase in the photocatalytic activity of materials leading to increased 
hydrogen yields. The highest generation of H2 (701 μmol/gcat.) was determined for the 2-NiO/TiO2 sample of 
the prepared NiO/TiO2 photocatalytically active material. 
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Abstract 

Emerging contaminants include pharmaceuticals, hormones, and personal care products that appear in 
surface, ground, and drinking water. Protection of water resources is a worldwide concern due to the use of water 
for human activities. Indeed, water pollution severely limits access to drinking water for human populations and 
represents a major cause of death. During their lifetime, humans consume many pharmaceuticals that are excreted 
form the body in the urine and subsequently enter groundwaters and rivers. This work describes the development, 
implementation and validation of highly selectivity and sensitive analytical method by liquid chromatography with 
tandem mass spectrometry (LC-MS/MS) that uses sample pre-treatment by solid phase extraction (SPE). Plexa 
PCX columns (Agilent) were used for SPE. Kinetex Phenyl-Hexyl chromatography column (Phenomenex) was used 
for analytical separation of the compound. Subsequent detection was performed on a Sciex QTrap 6500+ tandem 
mass spectrometry (MS/MS) using MRM mode. Quantitative analysis was performed using the internal standard 
(IS) methods. Subsequently, the implemented method was successfully validated for 19 antiepileptics drugs. The 
limit of detection (LOD) was in the range of 0.4-250 pg/ml. The successfully valeted method was successfully 
applied to the analysis of real water sample in the vicinity of the cities Ostrava and Bílovec, Czech Republic. 

Keywords: LC-MS/MS, pharmaceuticals, antiepileptics, real water. 

 

1. INTRODUCTION 

A person consumes many pharmaceuticals drugs in his or her lifetime, which are subsequently 
excreted in the urine [1-3]. Pharmaceuticals together with hormones are classified as emerging 
contaminants in the environment, that are potentially hazardous, as many of them are ubiquitous and 
biologically active compounds [4]. Pharmaceuticals are organic compound of anthropogenic origin, that 
are consumed or excreted by humans and animals [5]. Many researchers around the world are 
interested in the issue of wastewater pollution from pharmaceuticals and personal care products [6]. 
Wastewater treatment plants are the main sources of water pollution by pharmaceuticals. 
Pharmaceuticals and illicit drugs enter the wastewater treatment plant, e.g, through human excretion 
(urine) or direct disposal into the sewage system [3, 4, 7, 8]. Some pharmaceuticals are not removed 
form wastewater by the treatment process in sewage treatment plant. As a result of non-removal, these 
compounds are subsequently found in surface water and drinking water at concentrations ranging from 
nanograms to several micrograms per litre [3, 7, 9, 10]. Due to the adverse effects of pharmaceuticals 
products in waters, it is important to identify sources of pollution and minimize the risk of pharmaceuticals 
products being released into the environment [9]. In the few years, several researchers have been 
involved in the development of an analytical method for determination of pharmaceuticals in the 
development of an analytical method for determination of pharmaceuticals and their metabolites in 
surface water and wastewater. Liquid chromatography coupled with tandem mass detection is the most 
used technique for analysis of pharmaceuticals in water, mainly because of selectivity and efficiency of 
the mentioned method [11]. 

2. MATERIALS AND METHODS 

The ClinMass-optimisation Mix antiepileptic standard with concentration 2 µg/ml from Recipe 
(Munich, Germany) were used. All chemicals used were in LC-MS purity. The chemicals were bought 
from Sigma-Aldrich (Darmstadt, Germany) and Chromservis (Prague, Czech Republic). 

Water samples were concentrated using by Plexa PCX SPE columns (Agilent, St. Clara, USA). 
Plexa PCX SPE columns, whose sorbent is composed of a non-polar polymer containing exchangeable 
cations, were used to isolate antiepileptics drugs from aqueous samples. 

Analyses were measured on an HPLC instrument form Shimadzu (Kyoto, Japan). The LC 
system consists of two LC-20AD pumps, DGZ-14A degasser, SIL-30AC autosampler and CTO-20AC 
column thermostat. The detector used was a QTRAP 6500+ with triple quadrupole mass spectrometer 
from Sciex (USA). A Kinetex Phenyl-Hexyl (2.6 µm; 150x3 mm) (Phenomenex, USA) chromatographic 
column was used for analysis. 
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For this column, a mobile phase consisting of 5 mM ammonium formate in water (B) and 5 mM 
ammonium formate in methanol (A). For this column, the gradient elution was set up and parameters of 
gradient elution you can be seen in Table 1. 

 

Table 1 Parameters of gradient elution. Source: (own) 
 

Time Concentration B [%] 

0.5 50 

7.5 5 

9.0 50 

Stop 
 

 
 

3. RESULTS 

The suitable parameters that were found for mass spectrometry for both positive and negative 
mode are summarized in Table 2. 

 
 

Table 2 Mass spectrometry parameters for both used modes. Source: (own) 
 

Parameters Value for positive mode Value for negative mode 

Curtain gas (CUR) 30.0 psi 30.0 psi 

IonSpray Voltage 5500 V -4500 V 

Temperature (TEM) 450 °C 450 °C 

Ion Source Gas (GS1) 50.0 psi 50.0 psi 

Ion Source Gas (GS2) 60.0 psi 60.0 psi 

Autosampler temperature 6 °C 6 °C 

Oven temperature 30 °C 30 °C 

 
 

Finding suitable parameters for mass spectrometry was followed by finding suitable separation 
conditions for liquid chromatography. Different types of chromatographic columns were used, but the 
Kinetex Phenyl-Hexyl column showed the best chromatographic conditions with excellent peak 
definition. The chromatographic recordings can be seen in Figure 1a for the positive charged substances and 
for negative charged substances can be seen in Figure 1b. The individual retention times that have been 
found for the studied substances can be seen in Table 3. 

 

 

Figure 1 A) Chromatogram for positive charged substances B) Chromatogram for negative 
charged substances. Source: (own) 
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Table 3 Retention times for studied substances. Source: (own) 

Name Retention time 
(minutes) 

Name Retention time 
(minutes) 

10-OH- 
Carbamezepine 

4.82 Theophyline 3.75 

Gabapentin 3.07 Carbamezepine-
epoxide 

4.98 

Perampanel 5.94 Lamotrigine 4.71 

Rufinamid 4.57 Primidone 4.48 

Carbamazepine 5.33 Retigabine 5.37 

Oxcarbazepine 4.98 Tiagabine 5.64 

Phelbamate 4.48 Stiripenthol 2.17 

PEMA 3.88 Sulthiame 4.15 

Lacosamide 4.55 Topiramate 4.90 

Levetiracetam 3.23 Valproic acid 4.83 

Pregabalin 3.00 Zonisamide 4.34 

 
The developed analytical method was successfully validated and subsequently applied to the 

analysis of real water samples. For this paper, a sample of the Ostravice river, was selected as an 
example. A total of six antiepileptic drugs were found in the Ostravice river, which are summarized in 
Table 4. Figure 2a shows the chromatogram of the measured samples and Figure 2b shows the 
chromatogram for the substance Carbamazepine only. 

 
  
 
 
 
 
 
 
 
 
 
 
 

Figure 2 A) Chromatogram of antiepileptic drugs in a water sample from the Ostravice river B) 
Chromatogram of the most higly concentred Carbamazepine in a water sample. Source: (own) 
Table 4 Retention times of detected antiepileptic drugs in a water sample from the Ostravice 

river. Source: (own) 
 

Table 4 Retention times for studied substances from Ostravice river. Source: (own) 

Name Retention time (minutes) 

Carbamazepine 5.33 

Levetiracetam 3.23 

Theophyline 3.75 

Carbamazepine epoxide 4.98 

Lamotrigine 4.71 

Valproic acid 4.83 
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4. CONCLUSION 

The developed analytical method is suitable for the determination of antiepileptics in real water 
sample and in the other matrices. A further step, to improve the developed analytical method is the 
incorporation of degradation products of individual antiepileptic drugs. 
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Abstract: 

Pyrolytic carbon is a well-known carbon material with good mechanical properties. Herein we report a new 
form of pyrolytic carbon, scrolled carbon microtubes, that are synthesized by chemical vapor deposition with 
increased pressure. The diameter of the scrolled carbon microtubes varies from 40 to 300 µm based on the 
synthesis conditions, and its length is in the range of centimetres. The synthesis methodology is based on a paper 
on colossal carbon tubes [1] that were produced from a mixture of paraffin oil and ethylene. However, under our 
conditions, no colossal carbon tubes were synthesized. Therefore, we modified the process method in terms of a 
closed CVD system with increased pressure of the precursor and inert gas atmosphere. 

Keywords: Chemical vapor deposition, carbon microtubes, pyrolytic carbon. 

 

1. INTRODUCTION 

The demand for composite filler with exceptional mechanical strength, low weight, and cheap 
production cost has recently increased due to the requirement for composite materials, particularly in 
construction, energy, and other industries to lower the cost and weight in these applications. Composites 
based on carbon fillers such as carbon fibre reinforced polymers (CFRP) are widely used in the 
commercial industry with chopped or continuous carbon fibres [2] [3]. In addition, other carbon fillers can 
be used in a small amount together with general filler for composite reinforcement to improve mechanical 
properties [4]. 

The synthesis of colossal carbon tubes (CCT) was reported in 2008. The CCT had a diameter 
of ~50 µm and a length in the range of centimetres. Outstanding mechanical properties (6.9 GPa in 
tensile strength) and extremely low density (0.116 g/cm3) of the CCT have been reported. CCT should 
be synthesized by chemical vapor deposition (CVD) of a mixture of paraffin oil and ethylene in a 
temperature range of 750-850 °C [1]. The mechanical properties of the material make it an impressive 
carbon filler for use in composites applications. Currently, to our knowledge, no additional report on CCT 
has been published. 

Yu et al. reported a different approach to the synthesis of carbon microtubes [5]. Carbon 
microtubes (CMT) were synthesized in a closed reactor with increased pressure of nitrogen and 
precursor gas. By this method, a large quantity of CMT with a diameter of ~1 µm and length in 
centimetres were obtained. Interestingly, the thickness of the microtube wall was only a few layers of 
graphene. They reported a Young modulus that was measured at 652 GPa. Moreover, the same 
scientific group fabricated N-doped CMT by the same method under slightly different conditions [6]. 

The aim of the study is to synthesize carbon material with good mechanical properties, low 
density, and low cost that could be used in composite applications. There have been several 
experiments to achieve colossal carbon tubes under our conditions, but all of them have been 
unsuccessful. Therefore, the chemical vapor deposition method was modified with increased pressure 
to obtain a new approach for the synthesis of carbon materials. 

2. EXPERIMENTAL 

As raw materials, ethylene (C2H4 3.0; SIAD) and paraffin oil light (CAS 8042-47-5; PENTA s.r.o.) 
have been used as a precursor and argon (Ar 5.0; SIAD) as an inert gas. In the recipe from the CCT 
article [1], 6 % hydrogen in a mixture with argon was used, but it has no observable effect compared to 
pure argon. 

Chemical vapor deposition is a well-known method in which thermal decomposition of the 
precursor takes place, and the product molecules are adsorbed on a suitable substrate. To synthesize 
scrolled carbon microtubes, the CVD method has been facilely modified to a closed system for increased 
pressure (see scheme 1). Before synthesis, an appropriate amount of paraffin oil was placed in a 
ceramic vessel and placed into a CVD quartz reactor. The CVD reactor was then carefully vacuumed, 
and the temperature was set at 900 or 1000 °C. After raising the temperature, the reactor was closed 
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with a valve, and ethylene coupled with argon was set at 80 and 120 sccm, respectively. When the 
pressure increased to 1.5 bar, the gas flow was closed, and the heating element was moved on the 
vessel with paraffin oil. After evaporation of the paraffin oil, the heating element was shifted back. The 
typical synthesis time is 30 minutes. The final step of the synthesis is the cooling of the system. The 
precursor atmosphere was evacuated by a vacuum pump, and a flow of argon was set. 

 

 

Figure 1: Scheme of chemical vapor deposition with increased pressure. Source: (own) 

 
For Raman spectra, the samples were measured on a Smart Raman System XploRA™ 

(HORIBA Jobin Yvon, France). The optical microscope (Olympus BX41/51) with 50× magnification was 
used to focus on the surface of the sample. The 532 nm (100 mW) laser was reduced to 10 % of the 
initial intensity. The acquisition was set to 10 seconds, and the repetition to 10 times. Each sample was 
measured at 10 different points with a 600 gr./mm grating. Spectra were normalized, and the average 
spectrum was calculated for each sample in the Origin software. 

To determine the detailed characteristics of the surface prepared structures, a JEOL scanning 
electron microscope (SEM) with an auto emission source was used, which enables the information 
available from the surfaces of the materials to be determined. The samples were scanned at an 
accelerating voltage of 3 kV using secondary electron detection. Before scanning, the samples were 
sputtered with a 20 nm layer of platinum using a sputtering device. Surface scanning was performed 
under a high vacuum. 

For general characterization, an optical microscope VHX MultiScan Keyence with Keyence VH- 
Z100R lens has been used. Images were obtained at a magnification of 100–300× with a focus on the 
surface of the samples to preserve the high resolution of figures. 

 
 

3. RESULTS AND DISCUSSION 

During the synthesis step, precursor pyrolysis is performed, and the carbon material is deposited on 
the inner wall of the CVD reactor. This synthesized carbon material can be considered a pyrolytic carbon 
[7]. Based on the cooling conditions after synthesis, the scrolled carbon microtubes were formed. For 
instance, during slow cooling conditions, no pyrolytic carbon was scrolled, or only SCMs with a large 
diameter were formed. The best results have been obtained by shifting the heating element after the 
synthesis step and evacuating the system. This way achieved quick cooling of the pyrolytic carbon and 
its scrolling mechanism into microtubes. In Figures 2a and 2b, the scrolled carbon microtube and the 
unscrolled pyrolytic carbon can be seen with an optical microscope. Detailed images of a cross-section 
of SCM and its wall were obtained by SEM in Figures 2c and 2d, respectively. 

The detailed study of SEM images of the cross-section of pyrolytic carbon and SCM can be 
seen as a combination of typical microstructures for pyrolytic carbon, such as dark laminar, rough 
laminar, smooth laminar, and isotropic microstructures [7, 8]. These structures are presented in SCM 
and can be seen in Figure 2d. 
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Figure 2: Optical microscope and SEM images: (a) detail of the scrolled carbon microtube, (b) 
pyrolytic carbon synthesized under the same conditions, (c) cross-sectional of SCM, and (d) 

detail of the SCM wall. Source: (own) 

 
Normalized average Raman spectra for both samples are shown in Fig. 3. It is evident that both 

spectra are similar, and the positions of the D and G bands are the same 1330 and 1576 cm-1, 
respectively. The assignment of the D band relates to the disorder of the sample and the G band to the 
graphitic structure of the sample, and the intensity ratio ID/IG can give information about the crystallinity 
and/or degree of defect in the structure [9]. In both cases, the ID/IG was slightly higher than one: 1.09 
and 1.02 for pyrolytic carbon and SCM, respectively. Thus, the difference in the ID/IG value in the second 
decimal place suggested the same level of disorder. The positions of the main characteristic bands are 
the same, and the level of disorder is not so different, so it can be concluded that the sample SCM is 
formed with the same type of structure as the pyrolytic carbon synthesized under the same conditions. 

 

 

Figure 3: Normalized average Raman spectra of pyrolytic carbon (black) and SCM (red). Source 
(own) 



DOI 10.31490/9788024846538 

95 

 

 

 

It is well known that pyrolytic carbon has exceptional hardness and mechanical properties 
[8][10]. This was also confirmed in the pyrolytic carbon, which forms SCM. The Vickers microhardness 
with 100 g loading was carried out on a sample of silicon with a quartz layer where pyrolytic carbon was 
synthesized. The microhardness of the sample with pyrolytic carbon was at least five times greater than 
that of bare silicon with a quartz layer [11]. 

4. CONCLUSION 

The novel method of scrolling of pyrolytic carbon into carbon microtubes was reported. Pyrolytic 
carbon was synthesized by modified chemical vapor deposition with increased pressure and, by cooling, 
was formed into microtubes with a variety of diameters. The characterization methods confirmed that 
SCM and pyrolytic carbon are the same materials. Further research must be done to obtain scrolled 
carbon microtubes with a smaller diameter and thus better mechanical properties. To better understand 
the microstructure of SCM and pyrolytic carbon, further characterization methods must be performed. 
Such material could be promising in applications for composite materials due to good mechanical 
properties of pyrolytic carbon and low weight. 
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Abstract 

Recently, spintronic terahertz emitters (STE) have taken their place among other terahertz sources and 
have completely outperformed many. This 30THz-broadband gapless source is remarkable for its low-cost, easy- 
implementable, frequency-independent excitation, and perpendicularly-given polarization to the STE’s 
magnetization. We introduce here our new approach to control the emitted polarization following Stoner–Wohlfarth 
magnetization rotation within our FeCo/TbCo2/ FeCo-based STE exploiting magnetic anisotropy. The varying 
magnetic field along the hard magnetic axis induces the magnetization rotation, performing the polarization control. 
We present full-360degree linear polarization control, not needing mechanically rotating components. This 
technique guarantees higher stability for polarimetry applications. 

Keywords: Terahertz spinorbitronics, exchange-coupled rare-earth multilayer, inverse spin hall effect, magnetic 

anisotropy, Stoner-Wohlfarth rotation, terahertz ellipsometry. 
 

1. INTRODUCTION 

Terahertz frequencies (0.1-10 THz) are a part of the electromagnetic radiation and delimit border 
between microwave and infrared spectral ranges, thus electronics and optics. Terahertz science offers 
wide spectrum of applications in medicine, non-destructive testing, and high-capacity 
telecommunications [1,2]. Moreover, terahertz waves oscillate slowly enough to be detected 
heterogeneously using pump-probe technique to obtain a time-domain signal. Such signal includes both 
amplitude and phase information. Spectroscopy technique based on this approach is called terahertz 
time-domain spectroscopy (THz-TDS) [3]. 

Although many generation and detection techniques have been developed in the terahertz 
region and some offer the polarization control (nonlinear crystals, photoconductive antennas, two colour 
plasma) [4,5], this approach is typically also implemented by mechanically rotating components 
(polarizers, waveplates, nonlinear crystals) or the polarization generation/detection is frequency 
dependent (antennas). Furthermore, the spectral range is often limited by phonon absorption, relaxation 
time, or phase matching [6], which reduces applicability of the method to given spectral region. To cover 
a wide spectral range, a recently discovered mechanism to generate terahertz waves based on 
spintronics is studied in the framework of this paper. This broadband terahertz source is called spintronic THz 
emitter (STE). The fundamental mechanism resides in conversion of spin-current to transverse charge 
current of sub-picosecond duration, which radiates at terahertz frequencies. This type of emitter is 
composed of metallic nonmagnetic and magnetized ferromagnetic layers of several nanometres typically 
in the form of a bilayer or trilayer. Moreover, the direction of the charge current depends on the 
magnetization of ferromagnetic layer, which holds therefore great potential for the polarization control 
using the magnetic field. 

Present-day, spintronic emitters are composed of isotropic ferromagnetic layers and the 
polarization control has been demonstrated using a rotating external magnet or exotic magnetic 
patterns. Such approaches affect the mechanical stability or quality of generated polarization states 
[7,8,9]. The polarization control can be induced by uniaxial magnetic anisotropy, when the external field 
is applied along the hard axis, resulting in a coherent rotation of magnetization. We have developed the 
spintronic emitters with induced magnetic anisotropy, consisting of spintronic layered structure 
W(2nm)/FeCo(0.5nm)/TbCo2(0.8nm)/FeCo(0.5nm)/Pt(2nm) prepared on a sapphire substrate [10,11]. 
The sample is designed to induce the uniaxial magnetic anisotropy by interlayer coupling between 
magnetically hard (FeCo) and soft (TbCo2) layers in the ferromagnetic heterostructure 
FeCo/TbCo2/FeCo. When the infrared pulse pumps the emitter, the emitted electric intensity is 
generated perpendicular to the magnetic moment of the ferromagnetic stack. Due to the induced 
magnetic anisotropy, the magnetization can coherently rotate in the plane of the spintronic layers 
following the Stoner-Wohlfarth behaviour, which allows linear polarization control. 

The 180° polarization rotation of terahertz waveforms controlled by a magnetic field applied 
along the hard axis of the STE is presented in Fig. 1. Moreover, the projection of waveforms onto the 
plane between vertical and horizontal coordinates clearly shows the rotation of linear polarization states. 
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The terahertz signals were measured on the adjusted terahertz time-domain spectroscopy setup using 
polarizers to obtain sensitivity to both orthogonal polarizations. 

 

 

 
Figure 1 The linear polarization control by 180° rotation of the magnetization is demonstrated 

in 3D representation of terahertz electric fields. Both horizontal and vertical signals are 
projected onto the coordinate planes and the total field is projected onto the rotation plane to 

prove the linear polarization rotation. Source: (own) 
 

The azimuth angle of the terahertz electric field during a magnetic cycle is presented in Fig. 2 
on left. The angle is determined from the terahertz polarization profile plotted in the inset, which clearly 
illustrates the coherent rotation. The measurement was performed at the maximum of terahertz signal 
to see the magnetically dependent emission. Except for the jumps caused by the magnetization 
switching due to imperfect alignment between the hard axis and the external magnetic field, the rotation 
angle follows the ideal circular rotation (grey dashed line). It proves that the proposed terahertz 
spintronic emitter allows controlling the terahertz linear polarization within of 360° by changing the 
external magnetic field along the hard axis. This approach makes it possible to obtain a stable 
polarization control inside the emitter without mechanically rotating components. 

 

Figure 2. left: It is demonstrated the linear polarization rotation (blue and red lines) during the 
magnetic cycle. The grey dashed line presents ideal circle rotation. Moreover, the inset shows 

the Stoner-Wohlfarth rotation behaviour of terahertz field compared to the ideal circle. right: 
Hysteresis loops measured using VSM (dashed lines) and THz-TDS measurements (full lines) 

at the maximal signal position are compared with each other. Source: (own) 
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To prove that the terahertz emission corresponds to the magnetic properties of the spintronic 
emitters, the hysteresis loops measured at the maximum of the terahertz signal were compared to the 
hysteresis loops obtained by the vibrating sample magnetometer (VSM). The comparison of both 
normalized vertical and horizontal hysteresis loops is plotted in Fig. 2 on right. It implies that the 
spintronic terahertz emission follows the magnetic properties of the emitter. 

2. CONCLUSION 

We present full-360degree linear polarization control using induced magnetic anisotropy of 
FeCo/TbCo2/FeCo STEs. We prove the terahertz polarization follows the magnetic hysteresis of STE. 
It offers easy polarization calibration of the emitter for terahertz experimental setups. We predict that the 
polarization-controlled STEs will find many applications covering terahertz time-domain polarimetry and 
ellipsometry, medical imaging and security detection. 
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Abstract 

This paper presents a comparison of composition biomass, namely walnut shells, and bamboo, before and 
after pyrolysis, which was performed in the absence of air at 600 °C. Chemical analyses were performed using the 
SPECTRO XEPOS energy-dispersive X-ray fluorescence spectrometer and the inductively coupled plasma atomic 
emission spectrometer (ICP-AES SPECTRO ARCOS). The prepared carbonized materials were ecologically 
friendly. 

Keywords: Porous carbon, walnut shell, bamboo, battery, biomass. 

 

1. INTRODUCTION 

More than ever, we are concerned about ecology and the environment, looking for new, natural, 
and renewable sources of energy, but also for new alternatives to store energy without harming the 
environment. [1] Lithium-sulphur batteries appear to be a suitable alternative for energy storage. These 
batteries use porous carbon as a carrier for active sulphur. Porous carbon materials are widely used in 
industry or in daily life. Examples include the facilitation of electrochemical reactions, the production of 
batteries for energy storage, or the purification of water or gas. Their greatest advantage is undoubtedly 
their large specific surface area, pore volume, which is large enough for interfacial reactions, molecule 
retention, and dispersion of active sites. [2] However, synthetically produced porous carbon is not 
environmentally friendly due to the large amount of reagents used to produce it. 

Biomass used to produce suitable carbonaceous material should have many mesopores and 
macropores of porous carbon, including pomelo, banana, and rice peels, cherry pits, leaves, grass, crop 
stems, peanut and coconut shells, or mushrooms. [2; 3; 4; 5; 6; 7] All of these biomasses are cheap, 
ubiquitous, universal, and environmentally friendly. [2; 5] Among other advantages, I would include its 
natural structure, properties, and the use of the product itself, including the ecological aspect, where a 
valuable use of biomass waste is realised and subsequently processed. [2] 

The thermochemical process called pyrolysis is becoming a very efficient and environmentally 
attractive process that converts biomass into energy products that are further used to produce fuels and 
other value-added products. [8] This method is relatively inexpensive, simple, and, most importantly, 
free of toxic products. [9] It is the decomposition of organic materials in an inert atmosphere in the 
presence of N2, Ar or Ar/H2. [3; 8] 

A suitable carbonaceous material should have many mesopores and macropores. During 
pyrolysis, the residual carbon and inorganic compounds can retain their original structure, while the 
organic components of the biomass are converted to volatiles and residual biochar during the process. 
The volatiles are divided into liquid bio-oil and non-condensable gas according to their boiling points, 
the latter being released and forming pores. These form complex networks of interconnected porous 
channels. The pores induced by pyrolysis are mainly macropores and mesopores, which can provide 
reaction sites for the activating agent. Residual biochar, specifically cellulose and hemicellulose, is first 
broken down into intermediates, levoglucosan and 1,4-anhydro-D-xylopyranose, by breaking the 
glucosidic bond and rearrangement, then the intermediates aromatize and polymerize to biochar or 
decompose to gasses, bio-oil, and tar. It is believed that lignin is pyrolyzed to form biochar, gasses, and 
bio-oil through a series of free radical reactions. [2; 10; 11] 

The properties of the pyrolysis output are influenced by the type of feedstock, the pyrolysis 
temperature, the ramp-up rate, and the duration of the maximum temperature. [12; 2] If the pyrolysis 
temperature, the ramp-up rate, and the duration of the maximum temperature are increased, the yield 
decreases and the fixed carbon and ash content increases, including a higher release of volatiles. The 
content of cellulose, lignin, and inorganic matter plays the largest role in feedstock composition. If the 
biomass has a higher lignin content, it has a higher fixed carbon content and large specific area, whereas 
with a lower lignin content the fixed carbon content is lower, and the large specific area and ash content 
increases. [2; 13] 



DOI 10.31490/9788024846538 

100 

 

 

 

Alternatively, the authors Agarkar et al. (2016) used a microwave to produce porous carbon. 
[14] Microwaves have been shown to increase the yield of products in less time and at a lower 
temperature. The surface of the carbonized material became loose and porous with numerous cracks, 
pits, holes, and molten granules being assembled and interconnected into a regular shape. [14; 15]. 

Bamboo in an article by Ademiluyi et al. (2012) was identified as a suitable material for producing 
activated carbon. In another research by Su et al. (2019) the following advantages were indicated in 
bamboo: good rate performance and excellent cycling stability; although the initial Coulomb efficiency 
was only 46,4 %, it gradually increased to 97,8 % after 100 cycles, after 500 cycles the efficiency 
decreased to 76 %. [16; 17; 3] The authors Rasheed et al. (2020) in turn points out the advantages of 
shells of walnut such as uniform pore size distribution in the matrix, preservation of battery capacity, 
operational controllability, and good electrochemical performance, but the main disadvantage is the 
same as that of bamboo, low initial Coulomb efficiency. [5; 18] With a comparison of honeysuckle by Ou 
et al. (2016), where its initial Coulomb efficiency was up to 64.7%. The authors of this paper are inclined 
to believe that such high initial efficiency is due to honeysuckle being naturally rich in nitrogen and 
sulphur heteroatoms. [19] 

In this research, bamboo and walnut shells were used as other suitable materials to produce 
porous carbon from biomass. 

2. PREPARATION OF MATERIALS AND RESULTS 

Walnut shells (W) and bamboo shells (B) from a garden near Ostrava were used to prepare the 
carbonised carbon. The W was crushed, and B was cut into 5 cm pieces. Both were filtered with 10% 
hydroxide peroxide (H2O2, 30 % p.a., Mach Chemikálie). Then W was dried at 105 °C and B was dried 
at 70 °C for 24 h. Both samples were carbonized in a tube furnace at 600 °C for 1 hour with a ramp-up 
rate of 5 °C/min at a flow rate of 30 ml/min. 

The samples before and after carbonization were analysed by X-ray fluorescence (SPECTRO 
XEPOS) and atomic emission spectrometer with inductively coupled plasma (ICP-AES SPECTRO 

ARCOS). For X-ray fluorescence analysis, samples had to be ground to particles below 60 m. The 
content of Al, Ba, Ca, K, Mg and Na in all samples was determined by AES-ICP after their dissolution 
using a mixture of acids: hydrogen fluoride (HF, 40 % Mach Chemikálie), hydrochloric acid for 
semiconductors (HCl, 36 %, Mach Chemikálie), hydrogen nitrate for semiconductors (HNO3, 65 %, 

Mach Chemikálie) and hydroxide peroxide (H2O2, 30 % p.a., Mach Chemikálie). The composition of the 

samples shows Table 1. The yield of carbonized sample B was 28.47 %, W was 27.54 %. Carbonized 
W and B mainly contain K, Na, and Ca. Carbonized B additionally contains Si more than 2.5 wt %. The 
content of toxic elements defined by the Decree on the details of waste management no. 273/2021 (As, 
Cd, Cr-total, Hg, Ni, Pb, V, Cu, Zn and Ba) are lower than limited values. 

 
Table 1 Elemental composition of walnut and bamboo shells after and before carbonization, 

measured by ICP and X-ray fluorescence. Source: own 

Parameter Composition of input and carbonized samples in mg/kg 

 W B Carbonized W Carbonized B 

Na 35.8 ± 2.9 18.6 ± 1.5 215 ± 4.6 213 ± 4 

K 4520 ± 180 343 ± 18 11 800 ± 354 1 500 ± 60 

Ca 1330 ± 54 590 ± 24 2 590 ± 104 1 770 ± 71 

Mg 109 ± 5 283 ± 12 200 ± 10 977 ± 40 

Si 238 ± 15 16 900 ± 680 296 ± 12 28 280 ± 1130 

Al 15.8 ± 0.8 24.2 ± 1.3 35.9 ± 1.8 32.5 ± 1.7 

Ti 3.1 ± 0.1 9.3 ± 0.3 1.6 ± 0.1 20 ± 0.3 

Mn < 2 16.5 ± 0.5 7.2 ± 0.2 57 ± 3 

As < 1.0 < 1.0 < 1.0 < 1.0 
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Continued Table 1 

Parameter Composition of samples in mg/kg 

 W B Carbonized W Carbonized B 

Ba 3.9 ± 0.3 8.1 ± 0.7 9.2 ± 0.8 39 ± 4 

Cd 2.1 ± 0.1 3.7 ± 0.3 2.1 ± 1.1 3.8 ± 1.9 

Co 3.3 ± 0,1 < 3.0 < 3.0 < 3.0 

Cr 1.8 ± 0.1 3.3 ± 0.1 4.3 ± 1.3 46.2 ± 13.9 

Cu 8.8 ± 0.3 4.2 ± 0.2 11.4 ± 5.7 9.5 ± 4.8 

Hg < 1.0 < 1.0 < 1.0 1.0 ± 0.5 

Ni 3.4 ± 0.1 1.7 ± 0.1 3 ± 1 4.4 ± 1.8 

Pb 0.7 ± 0.1 < 1.0 < 1.0 3.1 ± 1.6 

Sn 2.1 ± 0.1 3.3 ± 0.5 18.8 ± 9.4 < 3.0 

V < 1.0 1.4 ± 0.1 1.4 ± 0.1 3.7 ± 1.9 

Zn 4.3 ± 0.2 13.8 ± 0.2 8.3 ± 1.7 46.9 ± 9.4 

 
3. CONCLUSION 

The pyrolysis of the bamboo and walnut shells was carried out at 600 °C without air to prepared 
porous carbonized materials that can be a base of environmentally friendly material for battery making. 
The results of chemical analyses show that some elements, especially Ca, Si, K, Na, and Ca, co- 
concentrated in the pyrolyzed material. On the other hand, carbonized materials content toxic element 
in very low amount and therefore meet the requirement of ecological safety. By further investigation is 
necessary to verify the applicability of this carbon to produce Li-S battery. 
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Abstract 

Batteries with solid-state electrolytes work in high temperatures, but the electrolytes do not have good 
electrode interface for good performance. The quasi-solid-state electrolytes, which have the structural stability of a 
solid electrolyte and the wettability of a liquid electrolyte is studied. The use of inorganic fillers such as nanoclays 
into the polymer matrix improves the mechanical properties, thermal stability, and liquid uptake and retention. In our 
research, we used environmentally safe clay minerals and conductive polymer. The preliminary study contains the 
morphology observation using electron microscopy tools. 

Keywords: Ceramic-polymer solid electrolyte, clay, Quasi-solid state, morphology. 

 

1. INTRODUCTION 

The ceramics are formed using natural elements and are environmentally friendly. Hence, they 
have applications in several areas including in batteries. The structure of cordierites consists of 
tetrahedral and octahedral layers and is ideal for acting as a matrix for fillers. These ceramics have good 
high thermal properties, low thermal expansion coefficient and good surface properties. One of the 

conventional methods of preparation is by sintering raw materials such as talc ad kaolinite with MgO, Al2O3 

and SiO2 content. Ceramics consisting of α-cordierite, MgAl2O4 spinel, and cristobalite were prepared 
from talc, fly ash, fused silica, and alumina using the solid-state sintering reactions at 1350°C for 1 h. The 
ceramics prepared with different mixtures and different masses of these mixtures, influences the pore size, 

total pore area, specific surface area and porosity. These ceramics can have different mixtures and 

weight percentages of talc (3MgO·4SiO2·H2O), kaolinite (Al2O3·2SiO2·2H2O), vermiculite 
(Mg0.7(Mg,Fe,Al)6(Si,Al)8O20(OH)4·8H2O), gibbsite (Al(OH)3), and MgO.[1-4] 

From previous studies, it is found that the inclusion of vermiculite and MgO increases the 
porosity of the materials. Solid-state electrolytes can be prepared using such inorganic materials and 
polymer nanofillers and carbon materials. The most common types of ceramics for solid state batteries 
are NASICON type, perovskite type and garnet type. [5] 

The porous ceramics are very suitable for its role in solid state electrolytes. The solid-state 
electrolytes are non-flammable and are mechanically strong enough to suppress growth of lithium 
dendrites, which improves the safety. The high surface area, adjustable pores and the high functionality 
of the ceramic materials are very useful in tailoring the solid-state electrolytes as needed. [6] 

For this use as solid state electrolytes, they are prepared using sintering method and/or sol gel 
method. Several Mg- ion containing minerals have been proposed as good candidates for Solid state 
electrolytes. From many studies, it has been found that the Mg2+ ions improve the conductivity. μ- 
cordierite Mg0.6Al1.2Si1.8O6 was prepared using sol-gel method and sintering and shows good ionic 
conductivity. [7-8] 

In the study by Lauren. F. Et al, multivalent cations were studied for ion transport in inorganic 
electrolytes. It has been concluded that use of Ca2+, Mg2+, Zn2+ and Al3+ results in cost reduction and 
increase in safety. [9] 

In one of the studies, replacing Na2O with higher percentages of Li2O in glass ceramic shows 
improved ionic conductivity. [10] 

In another case, LLZTO ceramic and PAN nanofibers were blended and then filled with polymers 
showed imptroved ionic conductivity, higher lithium tranference and better mechanical strength. [11] 

NiO doped Al2O3–P2O5–Na2O nanocomposites prepared by sol gel method has its advantages 
as its use as solid state state electrolytes. The incoporation of NiO nanoparticles supported with silica 
improved the magnetic properties of the nanoporous material. [12] 

The different types of the porous ceramics prepared can be incorporated with polymers such as 
polyethylene oxide and polyvinylidene fluoride, metal organic frameworks (MOF), and covalent organic 
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frameworks and carbon materials such as graphene oxide and carbon nanotubes to name a few. They 
can be tailored with different compositions and fillers to suit our desired goal and properties. 

In this work preliminary study on morphology of ceramics for solid electrolyte matrix was 
performed. As precursors were selected safe and clean clay minerals that were mixed in to 2 different 
mixtures with the aim to find optimal preparation conditions of ceramics with tailored pores arrangement. 

2. MATERIALS AND METHODS 

Microcellular ceramics can be processed in various way: (1) solid-state sintering, (2) sol-gel 
procedures and (3) glass crystallization. 

To prepare our ceramics we decided to follow our previous studies. [1,13] 

For the preparation of the preceramic mixture were selected several precursor minerals: 
kaolinite, talc, vermiculite and MgO, details of the composition in Table 1. 

The clay minerals kaolinite, talc and vermiculite at the elevated temperatures dehydrate and 
dehydroxylate and at higher temperatures transform to the new crystalline phases. Kaolinite dehydration 
starts from 20 to 200°C. Dehydroxylation and structural changes take place in three stages: I. 450- 
700°C. Structural change to the metakaolinite: Al2O3·2SiO2·2H2O → Al2O3·2SiO2 + 2H2O II. 930-980°C. 
Recrystallization of γ-Al2O3 and metakaolinite to Si-Al spinel. III. 1200-1250°C. Crystallization of mullite 

(3Al2O3·2SiO2) and cristobalite (SiO2). Talc dehydroxylate at temperature from 800 to the 900°C and 

transforms to the enstatite and cristobalite: Mg3Si4O10(OH) → 3MgSiO3 + SiO2 + H2O. 

 
Table 1 Composition of prepared microcellular ceramics [1] 

 

Ceramics 
Mixture/mineral 

 

Talc 
% 

 

Kaolinite 
% 

 

Vermiculite 
% 

 

MgO 
% 

Conventional 40 47 - 20 

With vermiculite 30 20 30 - 

 
The sintration process was altered to the needs of properties of the solid electrolyte of batteries. 

Instead of 1300°C in Ar atmosphere both mixtures were heat treated to 900°C in Ar atmosphere for 60 
min. 

The molecular models were prepared based on theoretical knowledge using Materials Studio 
Biovia software. The model was build using Forcite, that offers molecular mechanics and dynamics 
methods for molecules and periodic systems. 

 
3. DISCUSSION 

Porous ceramics were prepared using two mixtures of clay minerals: kaolinite, talc, vermiculite 
and kaolinite, talc, and magnesium oxide. Ceramics were different in porosity, specific surface area, and 
secondary crystalline phases. Vermiculite influenced textural architecture of calcined cordierite ceramics and 
predestinated crystallization of the high-temperature hexagonal α-cordierite with secondary minerals 
enstatite, spinel, and corundum. Ceramics without vermiculite was diphase of β-cordierite and forsterite. 
Total pore area (TPA) and specific surface area (SSA) of ceramics with vermiculite exposed the pore 
size distribution in the range of 300–1000 nm. Ceramics with conventional composition retained high porosity, 
two maxima at 300–1000 nm and 50–200 nm in the pores size distribution. 
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Figure 1 Ideal molecular models of (Si-Al-Mg) O ceramics (left) and SEM images of examples 
ceramics morphology (right) Source (own) 

 
From the observation of morphology (Figure 1 right), we could see differences in the pores’ 

arrangement. The conventional mixture ceramics represents high quantity of smaller pores with thin 
borders (image on top), while ceramics with vermiculite additive is exposing larger size of pores as well 
as large grains of non-porous matter. 

Molecular model is showing ideal example of porous matter arrangement (Figure1 left). 

 
 

4. CONCLUSION 

The preliminary study of microcellular ceramics exposed several advantages of such “natural 
ceramics” for solid state electrolyte application. The pores will give place for opportunity to infiltrate 
necessary polymeric material with best possible compact arrangement to provide stable and functional 
quasi-solid composite. There is also space for decoration of the pores with functional nanoparticles, that 
will give conductive properties to ceramics. The testing of electrical parameters and further 
characterization of composite will be finalized with material models helping the prediction of functional 
properties. 
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Abstract 

We present a quick and direct-use-intended technique for polarimetric analysis of the experimental Mueller 
matrix by putting the theoretical quantities forming purity space into the context of real non-ideal samples. 

Keywords: Mueller matrix, spectroscopic ellipsometry, purity space, polarizer, retarder, waveplate. 

 

1. INTRODUCTION 

Nowadays, the Mueller matrix ellipsometry represents a cutting-edge polarimetric technique for 
non-destructive analysis of various samples ranging from thin film systems, chiral media [1] to tangled 
biological tissues [2]. The purpose of ellipsometric characterization is to put the polarimetric quantities 
into the context of real physical attributes, fully characterizing the sample. The most reliable and rigorous way 
is to connect the measured spectra with a physical model. Nonetheless, this may be terribly difficult for 
samples exhibiting depolarization, scattering events, or absorption. 

To overcome it, there have been adopted techniques based on purely mathematical approaches yet 
with physical foundations, such as Mueller matrix decompositions [3]. They are universally applicable with 
convenience but require high insight into the Mueller algebra. 

In this article, we present a mathematical and easy-to-use method of the Mueller matrix data 
treatment, which is well-known on a theoretical basis but is only of sparse use among experimentalists. 
We demonstrate the method advantages of the commercially available wire-grid polarizer and quartz 
quarter waveplate. We believe our approach may stand for a quick polarimetric analysis of samples of 
any high complexity. 

 
2. THE CONCEPT OF MUELLER MATRIX 

There are two fundamental concepts and mathematical approaches in polarimetry: Jones 
calculus and the Mueller matrix approach. As the first one bares the information about light wave 
amplitude and phase, it works impeccably in conjunction with fully coherent optical systems without any 
depolarizations. The state of the polarized light is encoded in the quantity called the Jones vector. 
Nonetheless, the depolarizations (loss of polarization) may contain a solid piece of additional 
information, especially regarding the analysis of complex samples (biological tissues, highly scattering 
specimens, etc.). Thus, in ellipsometry, we rather work with a polarized light intensity related to Stokes 
vectors, instead of Jones vectors. The Stokes vectors is then defined as 

 

𝐒 = [

𝐼𝟎 + 𝐼𝟗𝟎

𝐼𝟎 − 𝐼𝟗𝟎

𝐼𝟒𝟓 − 𝐼−𝟒𝟓

𝐼𝑳 − 𝐼𝑹

]. 

 

The vector is defined by intensities of the polarized light along the horizontal-vertical directions (𝐼0, 𝐼90), 

±45 degrees, and left and right circularly polarized light, respectively. This definition of the polarized 
light state enables for a complete description of polarized light (depolarizations included). Mueller matrix 
is, mathematically speaking, a 4 × 4 transformation matrix between two Stokes vectors (two polarized 
light states 
 

𝐒𝒐𝒖𝒕 = [

𝐼𝟎 + 𝐼𝟗𝟎

𝐼𝟎 − 𝐼𝟗𝟎

𝐼𝟒𝟓 − 𝐼−𝟒𝟓

𝐼𝑳 − 𝐼𝑹

]

𝒐𝒖𝒕

= [

𝑚𝟏𝟏 𝑚𝟏𝟐 𝑚𝟏𝟑 𝑚𝟏𝟒

𝑚𝟐𝟏 𝑚𝟐𝟐 𝑚𝟐𝟑 𝑚𝟐𝟒

𝑚𝟑𝟏 𝑚𝟑𝟐 𝑚𝟑𝟑 𝑚𝟑𝟒

𝑚𝟒𝟏 𝑚𝟒𝟐 𝑚𝟒𝟑 𝑚𝟒𝟒

] [

𝐼𝟎 + 𝐼𝟗𝟎

𝐼𝟎 − 𝐼𝟗𝟎

𝐼𝟒𝟓 − 𝐼−𝟒𝟓

𝐼𝑳 − 𝐼𝑹

]

𝒊𝒏

=  𝐌𝐒𝒊𝒏. 
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Physically speaking, the Mueller matrix records a polarization response of virtually any sample at hand. 
It makes it a particularly strong quantity worth of further investigation. 

 
3. PURITY SPACE 

In general, we can express any general Mueller matrix in terms of three fundamental 
polarization-related properties: diattenuation (intensity ratio between two orthogonal polarizations), 
depolarization, and retardation (phase difference between the orthogonal states propagating in a 
medium) [4]. Although there is a plethora of approaches to treating those attributes in different ways – 
both physical and mathematical, we will limit ourselves only to one, which works primarily with 
depolarization. 

The normalized (to 𝑚𝟏𝟏) Mueller matrix can be written in a partitioned form as 

 

𝐌 =  [1 𝑫𝑻

𝑷 𝐦
], 

 

where 𝑫 is a diattenuance vector, 𝑷 is a polarizance vector and 𝐦 is a Mueller 3 × 3 𝑠𝑢𝑏𝑚𝑎𝑡𝑟𝑖𝑥. Now, 

we can define degree of polarizance  

𝑃p
2 =

𝑃2 + 𝐷2

2
, 

and degree of spherical purity 

𝑃s
2 =

‖𝐦‖2
2

3
, 

where ‖𝐦‖2 is the Frobenius norm of 𝐦. With the help of degree of the polarimetric purity  

 

Δ2  =  
2𝑃p

2

3
+ 𝑃s

2, 

it is obvious, that 𝑃𝑝 constitutes a global contribution of 𝑫 and 𝑷 to the polarimetric purity1 and 𝑃𝑠 is a 

measure of the contribution to Δ, which is not directly connected to the diattenuation-polarizance 
properties. Without further explanation, which is beyond the scope of this article, we have taken the 
liberty to justly state, that it is particularly interesting to evaluate the Mueller matrix characteristics in the 
two- dimensional (𝑃𝑝, 𝑃𝑠) space. Due to certain physical and mathematical constraints (see Ref. [3]), 

the feasible region of the 2D purity space reduces to the hyperbole 

 

2𝑃𝑝,𝑚𝑎𝑥
2 − 3𝑃𝑠

2 = 1, 

with an additional limit given by an ellipse 
 

𝑃s
2

Δ2
+

2

3

𝑃p
2

Δ2
= 1. 

The graphical representation of the purity space is shown in Fig. 1. Different types of Mueller 
matrices exhibit a different distribution of polarimetric purity between the components of purity []. Mueller 
matrix corresponding to point A is a matrix of a total depolarizer. Any input polarization results in 
unpolarized light. Point B represents a purely retarding Mueller matrix, in other words, a non-polarizing 
matrix exhibiting only the retardation. An example of such a matrix would be an ideal phase waveplate. 
Point C stands for a total polarizer, which is self-explanatory. Only an ideal polarizer (wedge, wire-grid, 
etc.) reaches the value of 𝑃𝑝 = 1. Point D corresponds to a Mueller matrix with 𝑃𝑝 = √2⁄2, which is the 

maximum value for 𝑃𝑠 = 0. 

We have measured Agilent wire-grid polarizer designed for energies below 5 eV, and Meopta- 
produced quartz quarter waveplate by Woollam RC2-DI Mueller matrix ellipsometer (spectral range 0.73 
eV – 6.42 eV) in transmission configuration. Figure 1 shows, that all measured spectrally resolved  

 

1 Note: if a Mueller matrix is non-depolarizing, we call it a pure Mueller matrix. In this view, the contribution to the 
polarimetric purity means a contribution to the non-depolarizing properties of the Mueller matrix. 
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indices of polarimetric purity (green circles) of the waveplate lye within the edge AB. It has several 
consequences: The measured waveplate is non-polarizing retarder, however, for most spectra it is 
depolarizing. The purity space analysis does not say anything about the origin of those depolarizations, 
on the other hand, one must account for minor imperfections when using the waveplate as an optical 
component in experimental setups. The calculated indices of polarimetric purity corresponding to the 
wire-grid polarizer over the designed spectral region are shown in red colour. The red circles (detail in 
the inset of Fig. 1) are scattered in close vicinity to point C. The polarizer works at its best performance 
at the energy of 1.887 eV, which is closest to point C. The blue circles do not follow any specific trend 
or edge. The polarizer functionality fails in this spectral region, as expected. 

 

 
 

Figure 1 Graphical representation of the purity space. The spectral points were calculated from 
the ellipsometric experimental data of commercial wire-grid polarizer and quarter waveplate. 

The red points correspond to the spectral range, for which the wire-grid polarizer was 
designed. Source (own) 

 
4. CONCLUSION 

In this work, we have briefly introduced the necessary part of Mueller algebra to present the 
concept of the indices of polarimetric purity in the analysis of the real optical components by Mueller 
matrix ellipsometry. With the help of the graphical interpretation of the purity space, we have been able 
to examine the commercially available wire-grid polarizer and quartz quarter waveplate. The calculated 
quantities elucidated the spectral range of the optical component’s peak performance and revealed the 
sample’s imperfections. Although the presented approach is not based on the physical model and 
focuses only on the data processing, it may significantly help in the ellipsometric analysis of any sample 
of interest, as the method is quick, pictorial, has a direct physical interpretation, and does not require a 
high computational skill. 

 
 

ACKNOWLEDGEMENT 

This work was supported by Doctoral Grant Competition CZ.02.2.69/0.0./0.0/19\_073/0016945 under project 
DGS/TEAM/2020-030. 

 
 
 
 
 
 
 



DOI 10.31490/9788024846538 

110 

 

 

 

REFERENCES 
 

[1] VALA, Daniel, Pierre KOLEJÁK, Kamil POSTAVA, Morten KILDEMO, Pavlína PROVAZNÍKOVÁ, a Jaromír 
PIŠTORA. Effects of optical activity to Mueller matrix ellipsometry of composed waveplates. Optics Express, 
2021, 29(7), 10434-10450. 

[2] RODRÍGUEZ-NÚNEZ, Omar, Philippe SCHUCHT, Ekkehard HEWER, Tatiana NOVIKOVA, a Angelo 
PIERANGELO. Polarimetric visualization of healthy brain fiber trackts under adverse conditions: ex vivo 
studies. Biomed. Opt. Express, 2021, 12(10), 6674-6685. 

[3] GIL, José Jorge, a Razvigor OSSIKOVSKI. Polarized Light and the Mueller matrix Approach. Boca Raton: 
CRC Press, 2016. ISBN: 9781482251555. 

[4] LU, Shih-Yau, a Russell A. CHIPMAN. Interpretation of Mueller matrices based on polar decomposition. 

JOSAA, 1996, 13(5), 1106-1113. 



DOI 10.31490/9788024846538 

111 

 

 

 

EVALUATION OF g-C3N4 DEPOSITION TECHNIQUES TO 
NANOFIBROUS MEMBRANES; PHENOL DEGRADATION KINETICS 

Author: VILAMOVÁ Zuzana 

Supervisor: prof. RNDr. DVORSKÝ Richard, Ph.D. 
 

Abstract 

Over the last few decades, due to population growth and rapid industrialization, contamination such as 
organic pollutants and heavy metals increased in water resources. Fibre membrane for organic pollutants 
adsorption has attracted more attention because of its easy recovery performance. However, the adsorption 
properties of fibre membranes alone are not sufficient to degrade pollutants effectively and quickly. 

The aim of this work is to prepare photocatalytic membranes by several deposition methods of powder 
photocatalytic particles to polymeric fibrous matrix and to prove their photocatalytic and reusable properties. The 
widely used blend method seems logical and effective. Unfortunately, this method led to particle encapsulation by 
a polymer within the fibre and to a decrease in its photocatalytic activity. The thermal method led to the attachment 
of the particle to the fibre surface, enabling its significantly more effective surface action. By a combination of the 
methods mentioned above, the last blend+thermal membrane was prepared and tested with the highest 
photocatalytic activity. 

The obtained results by scanning electron microscopy analysis and photocatalytic activity study showed 
differences between deposition techniques and overall, these results indicate reusable properties of the prepared 
membranes. 

Keywords: Fibres, membrane, photocatalysis, degradation kinetics, pollutant. 
 

1. INTRODUCTION 

Photocatalysis emerged as a promising alternative for the degradation of many organic 
pollutants in the water [1–3]. However, in most studies photocatalytic samples are used in their powder 
form [1, 4] which brings disadvantage of their separation and reuse. For this reason, their use as part of 
polymer filters and films is an easy solution [5, 6]. Additionally, the use of polymer fibre membranes as 
a filter material brings an advantage of the large particle and pollutant molecules capture and their 
consequent degradation by the deposited photocatalytic particles. g-C3N4 is a representative of the so- 
called metal-free semiconductor with required properties such as thermal and chemical stability and 
visible-light-active with a bandgap of ~2.7 eV. However, the main reason for wide g-C3N4 interest is its 
proven antibacterial and non-toxic effect [7–9]. In this work, electrospinning technology to produce a 
fibrous matrix was used. Electrospinning is a process of producing fibres from several nanometres to 
several microns in diameter by electrostatic charge repulsion, stretching and dilution. On the contrary, 
the nanofibrous membranes fabricated by electrospinning are displayed an excellent filtration 
performance such as high filtration efficiency, low pressure drop compared with traditional air filtration 
membranes because of their small fibre diameter, high porosity, remarkable surface area to volume 
ratio, interconnected pore structure [10, 11]. 

The aim of this work is to prepare photocatalytic membranes by several deposition methods of 
powder photocatalytic particles to polymeric fibrous matrix and to prove reusable properties of prepared 
polyvinyl butyral (PVB) membranes. 

2. EXPERIMENTAL PART 

MEMBRANES PREPARATION 

Bulk g-C3N4 was synthetized by thermal polycondensation of melamine (≥ 99 %, Sigma-Aldrich) 
described in previous research [12] and then mill at 1200 rpm for 16 h with ZnO balls (0.5 mm) in aquatic 
enviroment. Final powder sample was obtained by freeze-drying follow by freeze-sublimation and used 
in photocatalytic membranes preparation process. 

The Nanospider NS 1WS500U (Elmarco, Czech Republic) equipment was used for membrane 
preparations. The neat PVB (Mowital 60BHH) solution was stirred over-night at room temperature at 
150 rpm in an isopropylalcohol solution to final 8 wt% concentration. The experiment was performed; at 
21 °C, 36.5 % humidity; the distance was set at 20 cm; high voltage was set at 55 kV; substrate-shift set 

at 5 mm/min. The neat membrane was obtained and label as PVDF_neat. PVDF_blend was prepared    

by    electrospinning   method   as  well.    PVB+g-C3N4  (8:1)  blend   was   prepared   in an 
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isopropylalcohol to final 8 wt% PVB concentration and stirred over-night (150 rpm) at room temperature. 
The experiment was performed at same conditions as PVDF_neat; 21°C, 36.5 % humidity; the distance 
was set at 20 cm; high voltage was set at 55 kV; substrate-shift set at 5 mm/min. The PVB_thermal 
membrane was prepared as follow: 1 g of g-C3N4 was dispersed in aquatic environment (100 ml), then 
neat membrane (PVB_neat) was added to this solution and heated for 24 hours at 40 ºC in oven. 
Membrane was than several times wash by distilled water and dried at room temperature and label as 
PVB_thermal. Last membrane PVB_blend+thermal was prepared by combination of previous mention 
methods. 

CHARACTERIZATION TECHNIQUES 

Morphology analysis was done by scanning electron microscop PHILIPS XL30 (SEM, 
Netherlands) equipped with a Robinson backscattered electron detector. 

Phenol (C6H5OH, ≥ 99%, Sigma-Aldrich) concentration to determine photocatalytic activity of 
membranes was evaluated by Shimadzu Corporation HPLC high performance liquid chromatography 
(Hitachi, Japan) equipped with a diode array detector (SPD M20A), a sample dispenser (LC-30AD) and 
a Kinetex 1.7 µm XB-C18 100 Å (100 mm × 2.1 mm) column. mm). 

PHOTOCATALYTIC ACTIVITY EXPERIMENT SET UP 

The phenol degradation was performed in a glass reactor with measured transmittance of 90%. 
The reactions were performed under UV LEDs with an emission line peaking at 412 nm, respectively 
located symmetrically from the outside at 3.5 cm from the reactor wall. The average nominal irradiance 
of LED was 31 993 a.u. A 4 × 10 cm membrane was fixed at double-wall tube, through which the water 
continuously passed and cooled whole system during experiment. The tube with membrane was placed 
in a phenol solution with an initial concentration of 5 mg·l-1 and a volume of 50 ml. The mixture was then 
stirred in the dark for 1 h and then HD LEDs were turned on. Throughout the reaction, the reaction 
mixture was stirred with a magnetic stirrer, cooled, and air was bubbled through the mixture using an air 
pump. 0.5 ml of sample was taken every 30 min with a syringe and filtered (PTFE filter 0.2 µm) into a 
vial for analysis by liquid chromatography. Each membrane was tested three times. 

3. RESULTS AND DISSCUSSION 

To confirm successful deposition of g-C3N4 to PVB membranes SEM is used, seen on Figure 1. 
PVB_neat membrane shows smooth fibres without defects such as beads. On the other hand, 
PVB_blend membranes´s fibres show defects on fibres caused by presence of huge g-C3N4 particles 
inside the fibres. SEM image of PVB_thermal confirmed presence of g-C3N4 particles on fibre´s surface 
and PVB_blend+thermal membrane SEM analysis show g-C3N4 in fibres and on their surface. 

 

 
Figure 1 SEM analysis of prepared fibrous membranes: a) PVB_neat, b) PVB_blend, 

c) PVB_thermal and d) PVB_blend+thermal. Source: (own) 
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PHOTOCATALYTIC ACTIVITY 

To further study the photocatalytic activity, the zero-order reaction kinetics of PVB_neat, 
PVB_blend, PVB_thermal and photolysis were fitted, seen on Figure 2, and all the coefficient of 
measurement (R2) were up to 0.99, which illustrated they were well fitted by the zero-order reaction 
kinetics. The k values for photolysis, without any membrane, was 0,00027. The k values for PVB_neat, 
PVB_blend,  PVB_thermal  and  PVB_blend+thermal  photolysis  were  0.00033  min−1,  0.00115 min−1, 
0.00176 min−1  and 0.00281 min−1  respectively. 

 

 

 
Figure 2 Phenol degradation kinetics of prepared fibrous membranes: PVB_neat, PVB_blend, 

PVB_thermal and PVB_blend+thermal and phenol photolysis kinetics. Source: 
(own) 

Results of photocatalytic activity are in accordance with previous morphological study. 
PVB_neat does not show any significant phenol degradation because absence of g-C3N4. PVB_blend 
has slowest degradation constant among membranes doped by g-C3N4 because photocatalytic particles 
were inside polymeric fibres which reduce their photocatalytic activity. On the other hand, thermal 
deposition allows particle attaching on surface of polymeric fibre thus g-C3N4 does not decreased its 
photocatalytic activity. Combination of both deposition techniques, PVB_blend+thermal, leads to the 
best photocatalytic degradation kinetics. 

Finally, the reusability properties of prepared membranes were confirmed by determining error 
bars after repeated reactions. 

4. CONCLUSION 

In this work, several photocatalytic membranes were prepared and evaluated. The blend 
method led to particle encapsulation by a polymer within the fibre which decreased its photocatalytic 
activity. The thermal method showed the attachment of the particle to the fibre surface, enabling its 
significantly more effective surface action and higher photocatalytic activity than PVB_blend. By a 
combination of the methods mentioned above, the last blend+thermal membrane was prepared and 
tested with the highest photocatalytic activity. 

Overall, results in this work indicate that the prepared membranes demonstrated photocatalytic 
and reusable properties and can be used for the photocatalytic degradation of pollutants. 

Nevermore, influence of deposition techniques to particle and organic pollutant molecule 
capture could be tested in the future. 
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Abstract 

Pure electric cars are a recent trend. A well-designed electric vehicle drive structure is essential for efficient 
use. Unlike other rotating machines, these electric motors have a high efficiency that must be taken into account in 
operation. From the structural design of the motor casing, both from the material side (manufacturing, application 
of forces) and from the software side (motor control - anti-slip system), and last but not least the physical properties 
(thermal loads], pulsed magnetic field). 

In this paper, we are concerned with the measurement of power consumption as a function of traction 
electric motor temperature, whose motor casing is designed and manufactured from high-strength alloy EN AW- 
2017A T451. Simulation of the driving modes, based on measured data in real operation, is carried out in the 
laboratory on a hydrodynamic engine brake. By creating a custom instrumented cooling circuit, it was possible to 
develop an algorithm for the desired engine temperature control. Significant parts of the cooling circuit were 
manufactured using 3D printing technology. Then, the effect of the power consumption was investigated for 
operating engine temperatures at constant speed and constant engine. 

Keywords: Electrical engine, electrical traction engine, cooling system, oil cooling, energy losses, power 

consumption. 
 

1. INTRODUCTION 

Electric and hybrid cars have developed strongly in the market over the last decade and their 
sales have increased drastically as they are able to meet increasingly stringent emission standards 
without any problems, have a small carbon footprint. By 2025, the production of electric traction motor 
cars is projected to reach up to 11 million units. At the same time, luxury and sports cars or SUVs also 
use two or more electric motors, so the production of these motors will increase even more. This big 
step in electromobility requires that we start to look at the technology of these electric motors from a 
different perspective. In fact, unlike in industrial applications, where there have also been significant 
shifts from the past, electric traction motors used in cars have to withstand harsh conditions in terms of 
vibration and impact, different temperature cycles and power and torque ranges. These criteria, together 
with the lifetime of electric motors, influence their design, the materials used (manufacturing, application 
of forces) and from the software side (motor control - anti-slip system [1]), and last but not least the 
physical properties (thermal loads [2], pulsed magnetic field). The electric motor has to be cooled for 
several reasons. It reduces the temperature in the insulating material of the coil, increases the maximum 
current density and prevents the output power from being reduced due to the high temperature due to 
the demagnetization of the magnetic parts of the engine. Each increase in cooling capacity results in 
less loss heat [3]. The basic three types of electric motor cooling are air [4], water [5] or oil [6]. Air cooling 
is realized in two ways, namely by internal or external fan blowing according to the type of engine 
housing construction. Water cooling is realized through the engine housing, which has a double casing 
through which coolant flows and cools the stator part of the electric motor. In our case we are dealing 
with the cooling of the electric motor with the oil circuit, which has the greatest cooling capacity. 
Therefore, it is used for the most powerful electric motors. The basic distribution is according to the 
cooled places in the electric motor, whether we are cooling the winding of stator coils, rotor shaft, cooling 
of the engine casing. 

2. EXPERIMENTAL ACTIVITIES 

By designing and manufacturing the electric motor's own high-strength alloy casing EN AW- 
2017A T451 and creating its own instrumentation cooling circuit (Figure 1), it was possible to develop 
an algorithm for the required engine temperature control. Significant parts of the cooling circuit were 
produced using 3D printing technology. Measurement of energy consumption in relation to the 
temperature of the traction electric motor is carried out in the laboratory on a hydrodynamic motor brake 
(Figure 2). Simulation of driving modes based on measured data in real operation. Subsequently, the 
effect of energy consumption for the operation of the engine temperature at constant speed and engine 
load was investigated. Two series of tests were carried out. The first test for the engine speed of 2200 
rpm (50 km/h) and steady temperatures (30, 50, 70 and 90 °C) for 1800 seconds. The graph of the  
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measured values is shown in Figure 3. The second test for the engine speed of 3950 rpm (90 km/h) and 
steady temperatures (50, 70 and 90 °C) for 1800 seconds. The graph of the measured values is shown 
in Figure 4. The engine was always revved to the required speed, and when the required temperature 
was reached a measurement started at which the engine temperature was maintained. Each 
measurement was made repeatedly. 

 

Figure 1 Measuring cooling circuit of the electric motor. Source: (own) 

 

Figure 2 Measurement on the hydrodynamic brake. Source: (own) 
 

Figure 3 Measurement of electric energy consumption depending on engine temperature for 50 
km/h. Source: (own) 

 
 
 
 
 
 
 
 
 

Figure 4 Measurement of electric energy consumption depending on engine temperature for 90 
km/h. Source: (own) 
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3. RESULTS 

On Figure 5, we can see a graph showing averaged values from the measurement of electrical 
energy consumption versus temperature for a speed of 50 km/h. The graph shows an increase in the 
electrical energy consumption required to maintain a constant load on the electric motor with increasing 
temperature. When measuring the engine at a maintained temperature of 30 °C, the average electrical 
energy consumption was 15.65 kW. When measuring the engine at a maintained temperature of 90 °C, 
the average electrical energy consumption was 16.55 kW. The difference in electrical energy 
consumption required to maintain a constant load at constant speed for temperatures of 30 °C and 90 
°C is 0.9 kW. 

On Figure 6, we can see a graph showing averaged values from the measurement of electrical 
energy consumption versus temperature for a speed of 90 km/h. The graph shows an increase in the 
electrical energy consumption required to maintain a constant load on the electric motor with increasing 
temperature. When measuring the engine at a maintained temperature of 50 °C, the average electrical 
energy consumption was 35.48 kW. When measuring an engine at a sustained temperature of 90 °C, 
the average power consumption was 36.68 kW. The difference in power consumption required to 
maintain a constant load at constant speed for temperatures of 50 °C and 90 °C is 1.2 kW. 

 

Figure 5 Averaged values of electrical energy consumption depending on engine temperature 
for speed 50 km/h. Source: (own) 

 

Figure 6 Averaged values of electrical energy consumption depending on engine temperature 
for speed 90 km/h. Source: (own) 
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CONCLUSION 

By examining the effect of electric motor temperature on electric power consumption, we created our 
own cooling circuit. In the cooling circuit, we had a flow sensor, temperature sensor before and after the 
engine, heat exchanger and a controlled pump. Using these components, in previous tests, we 
determined the optimal flow rates for efficient cooling of the engine. Based on the flow rates, we were 
able to maintain the required engine temperature throughout the entire measurement. From the driving 
tests, we derived a test plan. Two engine speeds were selected. For each speed, the hydrodynamic 
brake resistance was determined based on the driving tests. The measurements were always carried 
out under the same conditions, when the engine was brought to the required speed, temperature and 
brake resistance. Each measurement was performed repeatedly. 

The aim was to determine the increase in electric power consumption depending on the engine 
temperature. As a result of this testing, we found an increase in electric power consumption of up to 1.2 
kW. From this point of view, for example, by adjusting the temperature of a traction motor in an electric 
car, we can reduce the consumption and increase the range of the car. 

 

ACKNOWLEDGEMENT 

 

This paper was created Results were achieved thanks to the financial by the project no. SP2022/79. The 
application of 3D printing technology in prototyping components for e-mobility supported by the Ministry 
of Education, Youth and Sports, Czech Republic. 

 

REFERENCES 

[1] M. JURÁNEK, P. TOMČÍK and J. KULHÁNEK. "Protiprokluzový systém na nezávislé nápravě elektromobilu," 

2017 18th International Carpathian Control Conference (ICCC), 2017, s. 8-10, doi: 

10.1109/CarpathianCC.2017.7970362. 
[2] SU, M.-N. Material properties of normal and high strength aluminium alloys at elevated temperatures. Thin- 

Walled Structures [online]. 2019, 2019(137),463-471 [cit. 2021-7-2]. ISSN 0263-8231. Available from: 
doi:https://doi.org/10.1016/j.tws.2019.01.012. 

[3] KIM, M.-S. Numerical investigation and optimization of the thermal performance of a brushless DC motor. 
International Journal of Heat and Mass Transfer [online]. 2009, 2009(52), 1589-1599 [cit. 2021-6-20]. 
ISSN 0017-9310. Available from: doi:https://doi.org/10.1016/j.ijheatmasstransfer.2008.07.040. 

[4] HUANG, J. An Integrated Cooling System for Hybrid Electric Vehicle Motors – Design and Simulation. SAE 
International Journal of Commercial Vehicles [online]. 2013, 2018(11) [cit. 2021-6-20]. ISSN 1946-3928. 
Available from: doi:https://doi.org/10.4271/2018-01-1108. 

[5] ZHANG, Y. Optimized Design of the Cooling System for an Articulated Dump Truck's Electric Driv System. 
SAE Technical Papers [online]. 2010, 2010 [cit. 2021-6-20]. ISSN 2688-3627. Available from: 
doi:https://doi.org/10.4271/2010-01-0504. 

[6] LIM, D. H. Thermal performance of oil spray cooling system for in-wheel motor in electric vehicles. Applied 
Thermal Engineering [online]. 2014, 2014(63), 577-587 [cit. 2021-6-23]. ISSN 1359-4311. Available from: 
doi:https://doi.org/10.1016/j.applthermaleng.2013.11.057.



DOI 10.31490/9788024846538 

120 

 

 

 

PREPARATION OF SLAG-PORTLAND CEMENT COMPOSITES 

Author: FONIOK Kryštof 

Supervisor: doc. Ing. MATĚJKA Vlastimil, Ph.D. 
 

Abstract 

Large volumes of slags are formed as by-products during pig iron production and steel manufacturing. 
Generally, the steel slag (steel furnace and ladle furnace slags) contains an appreciable amount of magnetic 
substances such as metallic iron and magnetic iron oxides, and thus, they can be recycled by wet magnetic 
separation. Slag has been widely used as a successful replacement material for Portland cement, improving certain 
properties and bringing environmental and economic benefits. This work presented here investigates the possibility 
of using the non-magnetic fraction from the wet magnetic separation process as a substitute for Portland cement. 
Non-magnetic fraction obtained from furnace steel slag (FS) was used to substitute 15%, 30%, 50%, and 70%, of 
the Portland cement in pastes. Finally, the compressive strength of the slag and Portland cement pastes was tested. 

Keywords: Steel slag, cement, wet magnetic separation, composites. 

 

1. INTRODUCTION 

Waste utilization is an attractive alternative to its disposal, because the disposal cost and 
potential pollution problems are reduced, or even eliminated along with the achievement of resource 
conservation. Nevertheless, the utilization strategy must be coupled with environmental and energy 
considerations to use the available materials more efficiently. The traditional way to utilize metallurgical 
slags in cementing materials is to partially replace Portland cement [1]. Today, most metallurgical slags 
are used as aggregates for different applications, and only ground granulated blast furnace slag is used 
for a partial replacement for Portland cement. This partial replacement may decrease the early strength, 
but increase the later strength, and improve the microstructure and durability of hardened construction 
products based on Portland cement significantly [2]. 

Steel slag is a by-product of the conversion of pig iron or scrap to steel. Fifty million tons of steel 
slag per year are produced in the world [3], with the Europe contribution by nearly 12 million tons. Due 
to the intensive research work over the last 30 years, today about 65% of the steel slags produced are 
re-utilized in qualified fields of application. But the remaining 35% of these slags are still dumped [4]. 

The aim of the present research work is to investigate the possibility of using a non-magnetic 
fraction obtained during the wet magnetic separation process of steel slag, for the production of slag - 
cement composites. Regarding the wet process utilized for the separation of the magnetic fraction, the 
non-magnetic fraction is not considered to have the hydraulic or latent hydraulic properties. Samples 
with different ratio of cement/non-magnetic fraction were prepared and the evolution of the compressive 
strength of the prepared samples was studied. 

2. EXPERIMENTAL 

2.1. Studied materials 

Slag (FS), originated during the steel making process was studied and its chemical composition 
is shown in Table 1. Calcium oxide is the dominant component of slag as evident from Table 1. Slag 
contains a significant amount of iron (in Table 1 expressed as Fe2O3). 

Table 1 Chemical compositions of original slags (wt.%). Source: (own) 
 

 
Samples 

Components 

MgO Al2O3 SiO2 CaO SO3 MnO Fe2O3 

FS 3.57 1.53 9.40 47.93 0.14 4.38 29.73 

In order to liberate the metallic iron from the slag, the received slag was stepwise crushed by a 
jaw crusher (Brio s.r.o., Czech Republic) followed by grinding using the vibration mill (Testchem, 
Poland). The mild slags were then classified by a sieve with aperture sizes 100 micron. 
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2.2. Wet magnetic separation experiments 

Typically, about 5 g of the slag was put into a glass beaker and mixed with 300 mL of water. 
The obtained suspension was then stirred 5 min using mechanical overhead stirrer (Heidolph Model 
RZR 2041) operated at 250 RPM in order to homogenise the suspension. A belt of neodymium magnets 
was then placed on the outer wall of the glass baker and the suspension was next stirred for 10 minutes. 
During this process, most of the strong magnetic particles presented in slag adhered to the glass wall, 
and the nonmagnetic materials felt into a bottom part of the beaker. Subsequently, the non-magnetic 
fraction was separated by the filtration. Finally, after removing of the magnets, the magnetic fraction felt 
to the bottom of the beaker and small amount of the water was added. After that, the magnetic fraction 
was separated by the filtration. Both, magnetic and non-magnetic fractions were dried at 70 °C and 
weighed. The Yield and chemical composition of the magnetic (M) and non-magnetic (NM) fractions is 
shown in Table 2. 

2.3. Characterization 

Chemical composition of the original slags and individual fractions of the slag obtained during 
magnetic separation was analysed on wave dispersive X-ray fluorescence spectrometer Supermini 200 
(Rigaku, Japan) equipped with Pd tube (200W) and scintillation counter and F-PC detector. 

Phase composition of the samples was studied using Theta/2Theta X-ray diffractometer 
MiniFlex600 (Rigaku, Japan) equipped with Co tube (600W) and D/teX Ultra detector. Samples pressed 
in rotational holders were analysed in reflection mode. 

2.4. Material and mixed proportion 

Ordinary Portland cement (OPC) CEM I 42.5R was mixed with non-magnetic fraction from the 
wet magnetic separation process whose chemical composition is shown in Table 2. 

 
Table 2 Yield and chemical compositions of magnetic (M) and non-magnetic (NM) fractions 

obtained using wet magnetic separation. Source: (own) 

 
Samples 

 
Fraction 

 
Yield (%) 

Components (wt.%) 

MgO Al2O3 SiO2 CaO SO3 MnO Fe2O3 

 
FS 

M 26 3.79 0.95 5.21 32.85 0.13 6.73 46.17 

NM 74 2.92 1.33 8.62 47.65 0.25 4.37 29.32 

OPC - - 1.43 2.84 20.47 67.02 2.41 - 4.64 

 
Five mixes were investigated, the first one made by ordinary Portland cement and used as 

control mixture was assigned as 100% OPC. Next, mixtures were prepared with 15%, 30%, 50%, and 
70% replacement of the Portland cement with the non-magnetic fraction obtained during the magnetic 
separation process with steel furnace slag and were labelled as X% slag / Y% OPC, where X and 
represent the mass fractions of NM fraction and OPC, respectively. 

2.5. Compressive strength of the prepared samples 

In this investigation, a series of 45 cube specimens were tested. Cubes with the dimension of 
20 mm × 20 mm x 20 mm, were prepared for each batch of mixes to measure the compressive strength 
of the hydrated cubes. The compressive strength examination was performed after the 2, 7 and 28 days 
of hydration. All specimens were subjected to the compression test using universal testing machine. 
The strength values were calculated as the average of the values achieved during three measurements. 
As seen in Table 3, the reference sample labelled as 100% OPC reached the highest strength values 
than all mixes containing NM fraction. However, the compressive strength values of mixes with 15 and 
30% of OPC replacement still met the level of compressive strength of OPC grade 42.5R after 28 days 
of hydration. A mix with a 50% replacement of OPC met the strength value of OPC grade 32.5R after 
28 days of hydratation. The sample with the highest slag content (70%) did not meet any the 
requirements of any standard strength grades of OPC. 
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Table 3 The values of the compressive strength for mixes after 2,7 and 28 days of hydration. 
Source: (own) 

 
Samples 

Compressive strength [Mpa] 

2 Days 7 Days 28 Days 

100% OPC 29.9 43.8 69.0 

15% NM/ 85% OPC 30.9 31.2 48.8 

30% NM / 70% OPC 17.4 28.6 45.2 

50% NM / 50% OPC 11.2 21.6 39.0 

70% NM / 30% OPC 2.3 9.9 27.4 

 
Figure 1 shows the development of compressive strength values of mixes containing: i) 100 % 

OPC, ii) 15 % slag and 85 OPC, iii) 30 % slag and 70 % OPC, and iv) 70 % slag and 30% OPC after 
2,7 and 28 days of hydration. 
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Figure 1 The development of compressive strength of control OPC mix and mixes of OPC with 
non-magnetic fraction. Source: (own) 

 
3. CONCLUSION 

Conventional OPC cement has strength higher than all tested mixes containing slag. However, 
the pastes with 15 and 30% of OPC replacement with NM fraction still met the strength requirements of 
cement grade 42.5R after 28 days of hydration. The paste with a content of 50% of NM fraction met the 
strength requirements of cement grade 32.5R after 28 days of hydration. The sample with the highest 
slag content of 70% did not comply to any standard strength grades of slag cement. The results show 
that up to a certain amount, Portland cement can be replaced with a non-magnetic fraction obtained by 
wet magnetic separation from steel furnace slag and still meet the strength requirements for selected 
grades of (OPC). 
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Abstract 

This paper deals with the fractographic analysis of a vacuum pump rotor that was damaged during 
operation. The failure occurred at the root of the cooling blade-rotor transitions. The decisive mechanism of the 
failure was identified as fatigue. Transcrystalline ductile fracture dominated in the final fracture zone. The fracture 
surfaces of blades, that were additionally formed during investigations, were analysed for better understanding of 
rotor failure. comparison. These fracture surfaces had similar appearance. Corrective measures were proposed 
based on the results obtained. 

Keywords: Fatigue, fractography, aluminium alloy, SEM, vacuum pump rotor. 

 
1. INTRODUCTION 

A vacuum pump is a device that is used to remove air particles or gas molecules and create a 
partial or absolute vacuum [1,2]. The main function of a vacuum pump is to change the pressure in the 
closed space. Nowadays, there are many types of vacuum pumps - such as pumps that work by 
increasing or decreasing the volume of the pump chamber; pumps that aim to transport gas from the 
low pressure side to the high pressure side without changing the volume of the pump chamber, etc [1]. 
The design of the pumps is different for each type. The extraction of gas molecules or air particles from 
the enclosed space is accomplished by means of pistons, rotors, vanes, valves and other devices. 

Most of these components are subjected to cyclic stresses, which can be variable [3]. The 
fatigue damage begins with macroscopic changes and continues through crack initiation, propagation, 
and the final component failure [4]. In order to prevent the initiation and propagation of fatigue cracks, it 
is necessary to emphasize the correct choice of material and, most importantly, to create an appropriate 
design of the machine component [5]. 

For rotors, the focus is on the proper design of the cooling blades and the transitions between 
the blades and the rotor [5,6]. The transitions between the blades and the rotor, in the case of an 
incorrect design, can be prone to initiation of fatigue damage. If this machine component starts to 
develop surface micro-cracks, then this leads to a decrease in the power output of the vacuum pump or 
the machine failure. Therefore, there is a need to prevent the formation of any defects in order to extend 
the service life of components. 

 
 

2. MATERIALS AND EXPERIMENTAL TECHNIQUES 

The rotor of the vacuum pump was made of aluminium alloy 2014-17. The cooling blades on 
the rotor were manufactured by chip machining technology. The investigations included fracture surfaces 
of two originally broken blades and fracture surfaces that resulted from the additional mechanical 
breakage of two blades. Figure 1 shows a damaged vacuum pump rotor. 

The fractographic analysis was performed on a scanning electron microscope (SEM) FEI 
Quanta 450 FEG and the fracture surfaces were studied in secondary electron mode (SE). The 
measurement of the radii between the blades and the rotor was carried out on a light microscope (LM) 
Zeiss Axio Observer A1m equipped with a camera Promicam 3. The chemical composition of the 
damaged vacuum pump rotor was performed using a DELTA Professional XRF SPECTOMETER. 
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Figure 1 Damaged vacuum pump rotor. Source: (own) 

 

3. RESULTS 

Control measurements of chemical composition was carried out as part of the investigation. 
Control chemical composition results of the vacuum pump rotor are attached in Table 1. The chemical 
composition of this component corresponded to the standard. 

Table 1 The chemical composition of aluminium alloy [mass. %]. Source: (own) 
 

Al Cu Si Mg Mn Fe Zn Zr 

93.200 3.720 1.027 0.990 0.537 0.343 0.142 0.024 

 
Figure 2 documents the fracture surface of the originally broken cooling blade. The micrograph 

shows that the fracture was initiated on both sides at the root of the blade-rotor transitions. Initiation 
occurred at several locations along this transition. The cracks propagated from both surfaces by a 
fatigue mechanism. Figure 3 shows the presence of striations, which are a characteristic feature of 
fatigue. There was a relatively narrow band of the final fracture zone in the centre of the blade cross 
section. The failure micromechanism in this overload zone was different. It was identified as a ductile 
transcrystalline fracture. Dimples formed on numerous particles that were present in the metallic matrix, 
see Figure 4. 

 

 
Figure 2 Fatigue fracture that propagated 
from the blade surfaces, the central part 

represents the overload area of the fracture 
surface. Source: (own) 

 

Figure 3 Fatigue fracture with striations 
(arrows), SE. Source: (own) 
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Figure 4 Ductile transcrystalline fracture in 

the overload area, SE. Source: (own) 

 

 
Figure 5 Fatigue fracture propagated from 

the blade-rotor transition, SE. Source: (own) 

 

The character of the another fracture surface of the originally broken cooling blade was similar. 
Multiple fatigue fracture initiation occurred at the blade-rotor transitions. Along the blade surfaces, the 
fracture surface exhibited localized striations that gradually propagated towards the centre of the blade 
cross section. In the central part there was a band of the final fracture zone which corresponded to 
transcrystalline ductile fracture. Figure 5 documents the fatigue fracture initiated at the blade-rotor 
transition. 

In order to better understand the failure mechanism of the vacuum pump rotor, mechanical 
breakage of two blades was performed as part of the analysis. For the first fracture, there were localized 
bands of fatique damage along the blade-rotor transitions. Most of the fracture surface formed during 
mechanical breakage. The micromechanism of fracture corresponded to transcrystalline ductile fracture.  
Figure 6 documents a fracture surface with a local band of fatigue damage and the rest of the fracture 
surface, formed during mechanical breakage, corresponded to transcrystalline ductile fracture. 

The another fracture surface was similar. The fatigue damage was locally observed along the 
blade-rotor transitions. However, fracture surface formed during mechanical breakage extended almost 
through the whole cross section of the blade, see Figure 7. The micromechanism of fracture 
corresponded to transcrystalline ductile fracture. 

 
 

 
Figure 6 Fatigue damage along the blade- 
rotor transition, large area of mechanically 
induced fracture – transcrystalline ductile 

fracture, SE. Source: (own) 

 

Figure 7 Mechanically induced fracture over 
the entire thickness of the blade, SE. Source: 

(own) 
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As part of the analysis, measurements of the radii at the transitions between were carried out. 
The radii of curvature were 274 um and 242 um, respectively - see Figure 8. It can also be noticed that 
a micro-crack has already formed at the transition between the blade and the rotor. A detail of the micro- 
crack is shown in Figure 9. 

 

 

Figure 8 Blade and rotor cross-section with 
marked radii, LM. Source: (own) 

 
Figure 9 Microcrack at the blade-rotor 

transition, LM. Source: (own) 

 

 
4. CONCLUSION 

It is evident from the fractographic analysis that the initiation of the blade failure occurred at the 
root of the blade-rotor transitions. The decisive mechanism of the failure was identified as fatigue. The 
multiple fatigue crack initiation proved that the blade-rotor transition was a significant stress 
concentrator. The micromechanism of the final failure in the overload zone corresponded to 
transcrystalline ductile fracture. The correlation between crack initiation and possible metallurgical 
defects in the material was not found. Similar fracture behaviour was found in blades which were 
additionally mechanically broken. Also in these blades fatigue cracks were locally identified along the 
transitions between the blades and the rotor. Based on the results obtained it was recommended to re- 
design the geometry of the transition between the blades and the rotor. 
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Abstract 

This work deals with the laser pretreatment of the surface of aluminium alloy EN AW 2017A in the form of 
sheets for the construction of a sandwich bonded structure. The sandwich structures consisted of two laser 
pretreated sheets and an aluminium alloy honeycomb. They were bonded together using two types of adhesives. 
One of the adhesives was a two-component polyurethane adhesive GP 40 1-1, and the other type was VHB GPH- 
110GF adhesive film. The comparison set consisted of an industrial sandwich structure. An important part of the 
thesis is also the section dealing with the automation of the laser head movement using a CNC centre. The 
movement of the laser head in three axes was provided by manual programming. Using this, it was possible to 
precisely guarantee the focal length of the laser and its path of motion. The implementation of automation in the 
entire laser cleaning process using CNC, brings benefits in the form of speed, accuracy and repeatability. The 
experiment focused on the strength of bonded sandwich structures. The strength of the bonded joint was measured 
using a three-point bending tear-off machine. A plot of the force versus strain was recorded. The entire test progress 
was recorded using digital image correlation (DIC). The aim of this work is to evaluate the effect of laser surface 
pretreatment and the selection of different types of adhesives on the strength of the bonded sandwich structure. 

Keywords: Laser cleaning, surface pre-treatment, sandwich structure, CNC automation. 

 

1. INTRODUCTION 

Bonding technology is a very widespread and proven method of joining materials, not only in 
the automotive industry. The advantage of this type of bonding is its efficiency and economy. An 
important role in the case of bonded joints is played by the pre-treatment of the surface of the base 
material to be bonded. In the case of bonding sandwich structures, this is a crucial property affecting 
the strength and durability of the joint. This work focuses on automated laser surface pretreatment. 
During laser pre-treatment material of the adherent can be influenced with heat, like to heat affected 
zone, which caused welding technology [1]. This type of pretreatment has a positive effect on the 
strength of the bonded joint associated with high efficiency, accuracy and range of applications. 

Due to the time consuming and low consistency of manual laser pretreatment, this thesis 
focuses on automation using a CNC milling center. Automation of the process brings the need for 
rebuilding the CNC machine. Therefore, the head of the manual laser needs to be mounted in the head 
of the CNC machine so that the system is sufficiently rigid and accurate. The movement of the laser 
head is guaranteed by manual programming. 

The aim of this work was not only to automate the laser cleaning, but also to verify its use for 
surface pretreatment of sandwich structure. In the next phase, it was also intended to compare the 
strength of sandwich panels that were glued manually with different types of adhesives with a control 
set of industrial panels. 

2. MATERIALS 

Sandwich structures distribute the compressive forces over a larger area while bending to resist 
tension and compression. The material chosen for the casing is EN AW 2017-A. The thickness of the 
shell was chosen to be 1 mm. The chemical composition of the material can be seen in Table 1. The 
mechanical properties of the material can be seen in Table 2. 

Honeycomb with hexagonal meshes was used as the core of the sandwich structure. The 
thickness of the honeycomb was 8 mm as well as the diameter of one mesh. The wall thickness was 
0.1 mm. 

Table 1 Chemical composition of the material EN AW 2017-A. Source: (own) 
Element Si Fe Cu Mn Mg Cr Zn 

Min 0.2 - 3.5 0.4 0.4 - - 

Max 0.8 0.7 4.5 1 0.8 0.1 0.25 
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Table 2 The mechanical properties of the material EN AW 2017-A. Source: (own) 
Proof strenght 270 MPa 

Yield strenght 390 MPa 

Elongation A50 mm %15 

Modulus of elasticity 72 GPa 

 
As the first option for bonding the honeycomb structure, an acrylic adhesive in the form of an 

adhesive foil was chosen. Specifically, it is VHB GPH-110GF adhesive. The advantage of the adhesive 
is its long-term durability in both indoor and outdoor environments. The foil has a thickness of 1.1 mm 
and is able to conform to the material being bonded, replacing the tackiness of liquid adhesive. The 
density of the foil is 710 kg/m3. 

A two-component liquid adhesive was chosen as the second option for bonding the sandwich 
structure. Specifically, it was GP 40 1-1 adhesive. It is a two-component, polyurethane adhesive with 
excellent adhesive properties. The adhesive takes 24 hours to cure at 23 °C. 

3. AUTOMATION OF LASER CLEANING WITH CNC 

The first important step in the automation of the milling centre was to modify the design of the 
SAHOS Dynamic FC3000CNC milling centre. The simple machine design allows for relatively easy 
modularity. As a result of the overall modification, the laser head can be controlled in two axes with a 
given feed rate (See Figure 1). 

Next, the MRJ-FJC120C laser unit is mounted on a movable gantry to allow easy handling of 
the laser head and to allow as much movement of the machine in two axes as possible. The supply 
cabling to the laser head was run in a power chain. 

To ensure uniform movement of the laser head, the laser head was fixed to the machine spindle 
using a 3D printed fixture. This ensured the stability of the lasing and the possibility of programming the 
movement in two axes in the HEIDENHAIN environment. 

For safety reasons, the laser was equipped with a remote control to start and stop the laser 
pretreatment process at a safe distance. 

 

Figure 1 Design of laser automation. Source: (own) 

 
4. LASER PRE-TREATMENT AND BONDING OF SADWICH STRUCTURES 

The EN AW 2017A aluminium alloy samples were prepared for laser surface pretreatment and 
placed in position on the CNC laser machine and secured with double-sided adhesive tape. During 
lasing, impurities fell off the adherend surface and these were removed by compressed air pressure 
during lasing. Automation of the laser process ensured a uniformly cleaned surface. 
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The sandwich structure consists of two overlaying laser patterns and a honeycomb. These parts 
were bonded together using GP 40 1-1 adhesive and VHB GPH-110GF adhesive film. The adhesive 
film was bonded to the individual samples and then the honeycomb was inserted. The entire structure 
was loaded at 75 g/cm2. The loading allowed the weak-walled honeycomb to penetrate the adhesive 
film. The whole was loaded for 24 hours. The two-component adhesive bonding process was as follows. 
The adhesive was applied to the lasered samples and the honeycomb was sandwiched between them. 
The structure was loaded at 75 g/cm2 for 24 hours to cure the adhesive and achieve the desired 
strength. 

5. MECHANICAL TESTS 

Mechanical bending test was carried out on a Shimadzu AG-50kN Xplus tearing machine. The 
test was carried out in the form of a three-point bend. The test specimen was seated on two supports at 
a distance of 120 mm. The specimen was loaded with a lone force in the centre at a rate of 10 mm/min. 
This loading is characterised by a bending moment. The result was a force-displacement relationship 
graph. The results of the mechanical test can be seen in Figure 2. The entire test progress was recorded 
using digital image correlation (DIC) can be seen in Figure 3. 

Figure 2 Force-displacement relationship graph. Source: (own) 
 

Figure 3 Behaviour of an industrial sandwich and its honeycomb in a bending test. 
Source: (own) 
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6. CONCLUSION 

Industrial sandwich structures achieved the highest strength and lowest elongation. The strong 
adhesive resisted pressure until the aluminium honeycomb collapsed. The sandwich was not able to 
return to its original position even under light loads. 

The sandwich structure bonded with the polyurethane adhesive had a flexural strength u 
significantly less than the previous industrial structure. The adhesive was more flexible and was able to 
return to its original state within a certain deformation. At higher loads, slip occurred between the 
honeycomb and the base material. 

The foil bonded samples showed the lowest strength in the test. The adhesive appeared to be 
very flexible and the layers began to move together immediately after the bending test began. 

The overall results show that only industrially produced sandwich structures are suitable for 
industrial applications requiring strength properties. For applications where moderate elasticity and 
lower strength is required, a sandwich structure bonded with polyurethane adhesive would be suitable. 
Foil bonded samples could be applied due to their elasticity in environments where absroption energy 
is required. 

Automation of the lasing process resulted in great time savings and accurate, high-quality 
surface lasing. The conversion of the laser to CNC could find a place in industrial production with certain 
modifications. 
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Abstract 

This work aimed to investigate the effect of heat treatment and strain rate on the mechanical properties of 
the NiTi alloy. A NiTi sheet with a chemical composition of 56.31 wt. % Ni and 43.69 wt.% Ti and a thickness of 2 
mm was used for the experiment, from which samples were taken for metallographic analysis and tensile testing. 
The samples were subjected to solution treatment at 850 °C followed by aging at 450 °C (STA) or only aging (A) at 
the same temperature. Samples in the as-received state (AR) and after heat treatment were examined by optical 
microscopy to detect changes in the microstructure after thermal treatment. The tensile test was performed for the 

three conditions at different strain rates, namely 6.67·10-5 and 6.67·10-4 s-1. The superelastic behavior was evaluated 
in relation to the microstructure and phase content. 

Keywords: NiTi, thermal treatment, tensile test, superelasticity. 

 

1. INTRODUCTION 

The NiTi alloy, also called Nitinol, is a shape-memory alloy that can exist in three states 
(martensite, superelastic austenite capable of transformation into stress-induced martensite, and stable 
austenite) and has different properties and behavior depending on the temperature. Unlike martensitic 
steel, NiTi alloy in the martensite state is very ductile, soft, and easily plastically deformable. Stress- 
induced martensite is formed from austenite under certain stress. Upon unloading, the examined sample can 
return partially or fully to its original shape without permanent deformation. Austenite in NiTi alloy is a very 
hard and solid phase and has different mechanical features. The mechanical properties of the alloy are 
affected by the strain rate at loading, the chemical or phase composition, precipitates, and the heat 
treatment of the material [1-3]. 

Excellent mechanical and chemical properties allow for the use of NiTi alloy in biomedical 
applications. Young’s modulus of the martensitic phase of the NiTi alloy is very low and close to the 
elastic properties of human bone. Therefore, it is of great interest to find an appropriate combination of 
superelastic properties (SE) and mechanical strength that could be applied in various traumatological 
or orthopedic plates and nails [4, 5]. 

2. EXPERIMENT 

The NiTi material used for the experiments contained 56.31 Ni and 43.69 Ti (in wt. %) and was 
supplied by EdgeTech Industries LLC, USA, in the form of thin sheets with a thickness of 2 mm. The 
samples were subjected to heat treatment in a Linn HT1800 furnace in an argon atmosphere. Thermal 
treatment consisted of solution treatment (ST) at 850 °C, aging (A) at 450 °C or solution treatment at 
850 °C followed by aging at 450 °C (STA) where all steps were finished by subsequent water quenching. 
The samples in the as-received (AR) state were also examined for comparing with heat treated ones. 

Samples with dimensions of 10 x 15 mm were prepared for studying the microstructure. Samples 

were ground using SiC sandpapers with a grain size of P800-P2500 and then polished on woolen cloth 

and Al2O3 suspensions with particle sizes of 1, 0.3 and 0.05 μm. The etching of the samples was performed 
in Kroll's reagent consisting of HF, HNO3 and distilled water in a volume ratio of 3:6:91 for about 200 
seconds. The microstructure was observed using an OLYMPUS GX51 optical microscope equipped with 
an OLYMPUS DP12 camera. The SEM and EDX analyzes were realized by means of a JEOL JSM-
6490LV microscope equipped with an Oxford Inca X-act probe. 

All tensile specimens prepared from the sheet of 2 mm thickness t and with the gauge length L0 

of 25 mm were tensile tested on the Testometric M500-50CT device under two different strain rates. 
The effect of the different heat conditions of the samples on the strain rates of 6.67·10-5 and 6.67·10-4 s-1 

at tensile loading was compared with the changes in microstructure. The stress-strain diagrams were 
plotted using data obtained from the tensile test. 
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3. RESULTS AND DISCUSSION 

The microstructure feature analyzed for the different heat conditions of the samples showed 
changes. In the case of the AR specimen, the grains with a dimension of 10-40 µm were clearly visible 
in the longitudinal section. Particles that could be precipitates or oxides were also detected. The 
microstructure of the ST specimen was formed of grains of less than 50 µm and particles. Because the 
proportion of precipitates was relatively lower than in the as-received condition, it could be assumed that 
some precipitates were dissolved during solution treatment. The STA sample microstructure was 
composed of grains comparable in size to that of the solution-treated sample. The presence of 
martensite or R-phase laths was observed similarly to [6, 7]. The A sample contained a relatively larger 
number of particles of the second phases compared to the STA sample. 

Scanning electron microscope (SEM) analysis revealed the presence of oxides and precipitates 
of NiTi2 and Ni4Ti3 in the microstructure. Ni4Ti3 precipitates, with chemical composition of 52.9 at.% Ni 
and 47.1 at.% Ti, were only determined by typical light color, shape and size [7]. Due to the small 
dimensions, the EDX analysis of the white precipitates could also involve the surrounding matrix. NiTi2 

precipitates, composed of 31.9 at.% Ni and 68.1 at.% Ti, were observed in all samples, but white Ni4Ti3 

precipitates were detected only in the as-received or aged samples. The aging of the NiTi alloy at certain 
temperatures contributes to the formation of Ni4Ti3 precipitates, as was stated in [7, 9]. The appearance 
of white discs in AR samples could probably be associated with post-process annealing after the rolling 
by the manufacturer. The matrix had the following chemical composition: 50.4 at.% Ni and 49.6 at.% Ti. 

The effect of strain rate on the development of the tensile diagram at loading for different heat- 
treated states of the tensile specimens is shown in Figure 1. The strain rates of 6.67·10-5 and 6.67·10-

4 s-1 proved the same effect on the AR samples and provided similar mechanical values, which 
corresponded to the stable state of austenite. However, a higher strain rate led to higher fracture strength 
with greater strengthening. On the contrary, superelastic (SE) behavior, together with high strength and 
elongation, were determined for A samples. At a strain rate of 6.67·10-5 s-1, a stress plateau of the loading 
curve started at 4.7 % of the elongation and 338 MPa of the stress with very low stiffness. Higher 
mechanical values, specifically yield strength, fracture strength, and elongation were detected for the A 
sample at a strain rate of 6.67·10-4 s-1. However, the stress plateau related to stress-induced martensite 
formation showed a less evident development and started at a higher stress of 396 MPa. The STA 
samples showed very similar behavior at both strain rates, having comparable yield strength, but very 
little ductility and ultimate strength compared to those of the other states. For both strain rates, the SE 
plateau began to appear at higher stresses of 405 MPa and 434 MPa for the STA 6.67·10-5 and STA 
6.67·10-4 samples, respectively. The curves development showed a premature fracture of both samples, 
which corresponded to the brittle behavior. Higher brittleness may be associated with changes in 
microstructure due to thermal treatment, presence of secondary phases, or austenite/martensite phase 
ratio. Table 1 summarizes the values obtained. 
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Figure 1 Stress-strain curves of different sample conditions for two strain rates. Source: (own) 

S
tr

e
s

s
 (

M
P

a
) 

                

                

                

                

                

                

           
  

AR 6.6 7E-5    

            A 6. 67E -5  

                

            ST A 6.6 7E- 5 

           
  

AR 6.6 7E-4  
  

            A 6. 67E -4  

                

           
  

ST A 6.6 7E- 4   

 



DOI 10.31490/9788024846538 

134 

 

 

 

Table 1 Mechanical properties of tensile tested NiTi specimens. Source: (own) 

Sample σy0.2 (MPa) σfr (MPa) εfr  (%) σSE (MPa) 

AR 6.67·10-5 671 862 25.6 - 

A 6.67·10-5 295 1163 32.4 338 

STA 6.67·10-5 348 418 9.9 405 

AR 6.67·10-4 665 900 25.6 - 

A 6.67·10-4 340 1396 39.4 396 

STA 6.67·10-4 348 501 13.9 434 

 
4. CONCLUSION 

Metallographic analysis sustained the effect of heat treatment on the mechanical properties of 
the samples. The grain size and the number of precipitates were affected by thermal treatment. Some 
precipitates dissolved during solution treatment, while they were still observed in the AR and A samples. 

The SEM and EDX analyses detected the presence of oxide particles and NiTi2 precipitates in 
all samples. Ni4Ti3 precipitates were only observed in the AR and A samples. 

The mechanical properties of the samples were also affected by heat treatment and the strain 
rate of the tensile loading. The samples in the AR state corresponded to the state of stable austenite in 
terms of mechanical parameters. However, at a higher strain rate, higher fracture strength and higher 
strengthening were noted. The A specimens showed superelastic behavior at both strain rates, but for 
the higher strain rate, the plateau occurred at the higher stress and was less pronounced. Although the 
brittleness was higher due to the microstructure feature related to heat treatment, the STA samples still 
showed obvious signs of superelastic behavior. 
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Abstract 

This paper is focused on microstructure characterization of heterogeneous welds P92/HR3C after long- 
term creep rupture tests at 625 °C and 650 °C up to 20 000 hours. These welds were manufactured by TIG welding 
technology using Thermanite S617 as a filler material. The failure of the cross-weld bars during stress rupture tests 
preferentially occurred in the intercritical region of the heat affected zone of the P92 steel which exhibits a lower 
level of creep resistance than HR3C steel. Creep exposure was accompanied by intensive precipitation processes 
in all parts of heterogeneous welds. In this paper precipitation processes in both base materials are described. 

Keywords: Heterogeneous welds, precipitation, creep strength, microstructure evolution, heat affected zone. 

 

1. INTRODUCTION 

In order to increase the efficiency of thermal power plants and reduce fossil fuel consumption, 
many countries are developing Ultra-Supercritical (USC) fossil-fired power plants with steam 
temperatures above 600°C. This environment is more demanding than previous generations of power 
plants and new generations of heat-resistant materials such as HR3C austenitic steel and P92 ferritic 
steel are used. Commonly, T92 steel is used as tubes linking HR3C steel super-heaters, re-heaters and 
P92 headers, thus there is a need for dissimilar metal welded joint [1;2]. HR3C (25Cr-20Ni-Nb-N steel) 
has excellent heat-resistant properties and exhibit high resistance to oxidation in steam environments. 
In addition, they have high wear resistance and increased fatigue life due to the combination of 
complementary Nb and N alloying. Steel P92 is tungsten alloyed and boron doped to increase its heat 
resistance properties, and also exhibits high creep strength, good corrosion and oxidation resistance 
[1;3]. 

The aim of this paper is to better understand the creep behaviour in conjunction with the 
microstructure development of the heterogeneous HR3C-P92 weld joint. This paper will describe the 
microstructural changes, after long-term creep exposure, hardness profiles and characterization of 
precipitates. 

2. EXPERIMENT AND MATERIAL 

The chemical composition of the base materials P92 and HR3C is shown in Table 1 and 2. Butt 
circumferential welds of tubes 43 x 6 mm were manufactured by orbital TIG welding technology, using 
the filler metal Thermanit 617. Chemical composition of a filler is shown in Table 3. The welding was 
preheated to 180°C and the interpass temperature was up to 300°C. The welded joints were then cooled 
to 80-100°C and heat treatment was immediately carried out after welding by heating to 760°C. 

 
Table 1 Chemical composition of the P92, [wt.%]. Source: (own) 

C Si Mn P Cr Ni Mo V Nb W Al N B 

0.09 0.24 0.38 0.016 8.82 0.23 0.42 0.20 0.051 1.85 0.007 0.0043 0.003 

 
Table 2 Chemical composition of the HR3C, [wt.%]. Source: (own) 

C Si Mn P Cr Ni Nb N 

0.06 0.41 1.19 0.016 24.9 19.9 0.44 0.26 

 
Table 3 Chemical composition of the Thermanit 617, [wt.%]. Source: (own) 

C Si Mn P S Cr Mo Ni Cu Co Ti Al Fe 
0.055 0.05 0.01 0.003 0.002 22.27 8.92 55.20 0.01 10.74 0.31 1.190 0.78 

Long-term stress rupture tests were performed on welded specimens that included both HR3C 
and P92 as base materials and weld metal. The creep test was carried out in air at 625°C and 650°C at 
50-180 MPa. 
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Hardness profiles across the weld were evaluated and microstructural characterization was 
performed using a light microscope (LM, Olympus GX51), a scanning electron microscope (SEM, FEI 
Quanta 450FEG) and a transmission electron microscope (TEM, Jeol JEM 2100). 

3. RESULTS

The evaluation of the results of the creep properties of HR3C-P92 welds was performed using 
the first order parametric Larson-Miller equation: 

PLM=T(C+logtr) (1) 

Where T is the test temperature [K], C is the constant and tr is the time to fracture in hours. The 
constant C is calculated by the least squares method based on the material standard [4]. 

Figure 1 shows the comparison of the experimental results with the standardized curve for P92 steel. 
The dashed curve indicates the allowed 20% reduction from the mean creep rupture strength. From the 
plot it can be seen that some values for 650°C are below this curve. 

Figure 1 Results of stress rupture tests of the HR3C-P92 dissimilar welds compared with 
the mean standardized creep rupture strength curve for the P92 line, dashed line 

corresponds to 20% reduction of the standardized curve. Source: (own) 

After long-term creep exposure at 625 and 650 °C, the measured hardness values of the base 
materials in the HAZ did not show significant changes. However, the weld metal showed an increased 
hardness value with increasing temperature as shown in Figures 2a,b. It is evident that after exposure 
at 625 °C for 11 422 hours, the average hardness of P92 was higher than that of HR3C steel. 

Figure 2 Hardness profiles across the cross-weld specimens after stress rupture tests, a) 625 
°C for 11422 hours, b) 650 °C for 8600 hours. Source: (own) 
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Metallographic analysis revealed that the material failure occurred preferentially in the 
intercritical part of the heat-affected zone P92. This type of damage is referred to as type IV. cracking 
and is a common damage in ferritic steels in thermal power plants [5]. Figure 3a documents the 
macroetch of the creep rupture in P92 steel. The microstructure after creep exposure contained a large 
number of precipitates in both types of base material HR3C steel contained a massive amount of 
precipitate after creep exposure. The precipitates that were distributed at the grain boundaries formed 
networks along the boundary. Also, there was a large amount of fine precipitates occurring inside the 
austenitic grains. No significant changes were found in the base material P92 when studied by light 
microscopy. No defects were detected at the P92/WM interface. However, there was a redistribution of 
carbon from P92 steel to WM. This interface is documented in Figure 3b. In this image, coarsened 
particles of precipitates are visible along this interface, which probably resulted from this phenomenon. 

Microhardness measurements were performed at the P92/WM and HR3C/WM interfaces. Figure 3b 
shows the P92/WM interface, where there was a slight increase in microhardness in WM, where carbon 
enrichment from P92 steel is expected. The local differences in microhardness in the P92 steel could 
be related to the presence of carbides in the martensitic matrix. No significant changes in microhardness 
were observed in the HR3C/WM interface region [6]. 

Figure 3 a) Macroetch of the creep rupture, specimen 650°C for 8600 hours, b) Microhardness 
HV0,01 profile across the P92/WM fusion line, HV 0.01 values from the side of WM: 350, 383, 360, 

350, 336, 310 (fusion line), towards P92: 265, 290, 310, 314, 330, 625 °C for 
11422 hours. Source: [6] 

Precipitates were studied using carbon extraction replicates. Medium-coarse particles were 
identified in the HR3C sample, which was determined to be M23C6. The fine precipitate particles 
documented in Fig. 4a are secondary Z-phase particles that nucleated presumably at dislocations. The 
identification of the minor phases in P92 steel is documented in Fig. 4b. Exposure to 650°C resulted in 
the precipitation of coarse particles of the Laves phase, Fe2W type, in P92. There were also fine particles 
of precipitate in the sample, which were mainly composed of the MX phase (where M=V,Nb and X=N) 
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Figure 4 a) Fine particles of secondary Z-phase nucleated on dislocations, HR3C steel, 650 °C 
for 8600 hours, b) Coarse particles of Laves phase and medium M23C6 particles, P92 

steel, 650 °C for 8600 hours. Source: (own) 

4. CONCLUSION

The weakest part of the heterogeneous welded joint HR3C-P92 was P92 steel. It was shown 
that creep ruptures preferentially initiated in the intercritical part of the heat affected zone of P92 steel 
(type IV cracking). The hardness of both materials showed no evidence of hardening during the creep 
test. There was an increase in the hardness of WM. 

The microstructure of HR3C showed intense precipitation of σ-phase, M23C6 and Z-phase after 
exposure. While σ-phase formed networks along the austenitic grain boundaries. Z-phase nucleated 
preferentially at dislocations. The microstructure of P92 was formed by tempered martensite. Long-term 
exposure is associated with intense precipitation of the Laves phase. 
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Abstract 

The thesis deals with the thermal system of 18650 cylindrical battery cells and the implementation of crisis 
subcooling or quenching of overheated cells. A compact module equipped with thermocouples was created from 
individual battery cells. The design was fabricated on an FDM 3D printer using PETG material. Experimental 
measurements were made to determine the time histories of temperature rise in the module, where the difference 
between active cooling and no cooling was clearly shown. It is the air cooling that offers the possibili ty of 
implementing a fire extinguishing system to quickly cool or extinguish the module if necessary. The previous 
experiment was followed by another one in conjunction with a fire extinguishing system. The module was again 
loaded with an electric current. As soon as the hottest battery cell in the module reached the maximum safe 
temperature of 40 °C, the extinguishing system was triggered. The extinguishing system was able to cool the battery 
immediately, but then the temperature rose again after the valve was closed, but only to operating temperatures. 
The cooling effect of the fire extinguishing system is large and further optimisation is required with a focus on higher 
efficiency and pressure control from the fire extinguisher. This work demonstrates the potential for rapid subcooling 
that can slow/stop the temperature rise above allowable limits. 

Keywords: 18650 battery cell, fire extinguishing device, battery temperature limits. 

 

1. INTRODUCTION 

Hybrid and fully electric vehicles are increasingly an integral part of transport. These vehicles 
are motivated by the trend to reduce the carbon footprint and the related issue of climate change. A key 
parameter in the development of electric vehicles is a clean energy storage system that would provide 
the vehicle with enough energy for the longest possible range [1]. 

The source of this clean energy is currently mainly lithium-ion battery cells in either prismatic, box or 
cylinder designs [2]. This includes a battery management system that maintains the individual battery 
cells at optimum temperatures and in the desired state of charge. The operating temperature of the 
lithium-ion battery cells is in the range of -30-60 °C. Water, two-phase or air (passive and active) cooling 
is commonly used for battery systems [3]. 

When higher power is required, the battery heats up due to joule and reaction heat and therefore needs 
to be cooled [4]. On the other hand, if temperatures drop below the minimum operating temperature, the 
battery needs to be heated if necessary. 

Overheating the battery can lead to irreversible damage to the battery cell. In the worst case, 
the battery cell can catch fire and endanger the driver and his surroundings. It is therefore essential to 
prevent the battery from catching fire. Our research addresses two protection options in one system. 
The first is to cool the battery continuously. The second is to cool the battery back to ambient 
temperature as quickly as possible when the maximum temperature is exceeded, and finally to extinguish 
the battery itself. in the case of using a fire extinguisher, it is possible to both cool and possibly extinguish 
the already ignited battery cells. To determine the functionality, the module was manufactured using 20 
cells, which corresponds to the number in a powerful electric car. 

2. EXPERIMENTAL ACTIVITIES 

A compact module (see Figure 1) was formed from individual LG Lithium Ion INR18650 M36T 
12.5Wh battery cells. The structural parts were fabricated on an FDM 3D printer using PETG material. 
The cells are spaced with an axial distance of 20mm. The external dimensions of the module are 
84x66x122 mm. The front and rear sides of the module are used for the supply and exhaust of heated 
air. For temperature sensing of the cells, the individual cells were equipped with thermocouples type K. 
Only those cells marked T0-T10 were monitored (see Figure 2). To supply active cooling, the module 
was extended with an ejector to direct cooling air between the cells from the fan (see Figure 3). The fan 
used induced an air velocity at the anemometer site of 0.6 m/s, which corresponds to a volumetric flow 
rate of 2.41 l/s, considering the cross section of the measured area. 
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The module was loaded from full capacity with an electric current of 2 C, which in our case is 
7.5 A, until the hottest cell reached 40 °C. This temperature is the limiting temperature for this type of 
cell. Measurements were taken at room temperature of 23 °C. The first measurement was under current 
load and without active fan cooling. After the experiment, the module was recharged back to maximum 
capacity and allowed to cool down to room temperature spontaneously. Next, a second measurement 
was taken with the same load, but in this case with active fan cooling. The third measurement was done 
again in the same way, but when 40 °C was reached on one of the cells, the fire extinguishing system 
was activated, releasing the FM 200 extinguishing agent into the module. The duration of the extinguish 
ant discharge and any temperature reduction must be within the operating temperature tolerance of the 
cells. The schematic diagram of the hashing system can be seen on Figure 4. 

 

 

 
Figure 1 Design of the test module. Source: 

(own) 

 
Figure 2 Measured cells in the module. 

Source: (own) 

 
 

 

Figure 3 Module extended with ejector and 
fan. Source: (own) 

 

 
Figure 4 The schematic diagram of the 

hashing systém. Source: (own) 

 
 

3. RESULTS 

During warm-up without active cooling, it can be seen that the temperatures of each cell do not 
increase at the same rate (T7 is the hottest and T9 the coldest cell). This is due to the placement of the 
thermocouples on the edge and inside the module. From Figure 5 it can be seen that the first cell 
reached the limit in 322 seconds. 

The time of the second measurement was 716 seconds, which is 394 seconds more than the 
test without active cooling. This fact indicates that the time to battery overheating increases significantly 
to twice as long with active cooling. According to the slope of the T5 and T0 curves (see Figure 5), one 
would expect that the temperatures would stabilize in a short period of time. 

In Figure 6, the time course of temperature during the quenching experiment can be seen. When 
40°C was reached, the extinguishing system was activated, cooling the battery module within 8 seconds. 
The coldest cells reached a temperature of -17°C and the hottest cells reached 5.6°C. After the 
extinguishing system was shut down, the temperature rose again to values up to 30°C. 
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Within 8 seconds, a quantity of extinguishing agent weighing 1.33 kg was released from the 
extinguishing system. As a result, the cells were cooled by less than 10°C. In the case of a slower release 
of extinguishing agent into the module, lower refrigerant consumption and higher efficiency could have been 
achieved while extending the extinguishing time. 

 

Figure 5 Measurement results without and with active cooling. Source: (own) 
 

Figure 6 Measurement results with the hashing system Source: (own) 
 

4. CONCLUSION 

A scaled-down module with 20 battery cells was created to represent the large traction modules 
in electric vehicles. After successful design modifications, this module can be permanently cooled by air 
using an axial fan as well as connected to an external cooling/extinguishing system. 

From the experiment, it was found that with active air cooling, the time to reach the limiting 
temperature of the battery cells is more than double compared to passive cooling. The time without 
active cooling is 322 seconds, while with active cooling it reaches 716 seconds. The system shows signs 
of steady state. 

Furthermore, a cooling/extinguishing experiment of the developed battery module has been 
carried out using a fire extinguisher with FM 200 extinguishing agent. The aim was to verify its 
functionality and to see if this device is able to cool the individual cells in case of heating of the module. 
The result of this experiment was a momentary cooling of the battery module down to a temperature of 
-17°C. The extinguishing agent is therefore also suitable from a cooling point of view. 
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Abstract 

The aim of the paper is to compare the most commonly used aluminium honeycomb core and honeycomb 
core made of polymer material. The measurements were carried out by a 3-point bending test. During the 
measurements it was observed that the strength of the bonded joint has a major influence on the strength of the 
sandwich, therefore the experiment was carried out with different types of surface pretreatments. 

Keywords: Honeycomb sandwich; aluminium bonding; 3D printing; surface treatment. 

 

1. INTRODUCTION 

Honeycomb sandwiches made of aluminium alloys are important structural elements in vehicles. 
They are used as structural elements for most large-scale applications - for example for floors, roofs 
and walls on buses, vans, caravans and rail vehicles. Depending on the materials used, they can 
insulate well against noise and heat. The bonding technology used in the manufacture of sandwich 
elements reduces the heat affected areas created by conventional technologies such as welding [1] 
which previously caused aesthetically unsuitable curvature of large flat areas. Bonded sandwich 
structures allow the creation of large panels that are lightweight, sufficiently rigid and perfectly flat at the 
same time. Thin materials are used for the construction of the aluminium alloy sandwich panel [2, 3], 
the coating thickness is usually 0.6-1mm, the honeycomb aluminium foil filling is usually 0.06mm thick. 
The strength of the manufactured sandwich is many times higher than the individual layers separately. 
When a honeycomb core is used, the adhesive forms a corner joint between the cover plate and the foil 
core, it can be said that the adhesive has to flow up the walls of the core, see Figure 1. 

An alternative to the aluminium alloy honeycomb core is polymer honeycomb. Polymer 
honeycombs are suitable for use in moulded products because they can be made to the product's 
specifications, for example by 3d printing. The use of a polymer honeycomb core could increase rigidity 
- due to the lower density of the material, it can be produced with a greater wall thickness, while 
maintaining the same weight. 

Measurement of the strength parameters of sandwich materials is most often done by 3-point 
or 4-point bending, this test gives a clear indication of the types of failure of the sandwich structure. 
Other types of tests can be peel tests and punch tests, which express different parameters of the 
sandwich structure. 

 
 

 
Figure 1 Dimensions of the sandwich structure. Source: (own) 
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2. EXPERIMENT 

2.1 Realization of samples 

The realized samples were glued from 1mm thick coatings and 8mm thick cores, see Figure 1. 
The coating consisted of EN AW-2017-A aluminum alloy sheet with a common rolled porosity, while the 
filling of specimens 1 and 2 consisted of aluminum honeycomb with a cell size of 6mm. The filler of 
specimen 3 was a polymer honeycomb made by FDM rapid prototyping from PET-G polymer with a cell 
size of 6mm but a wall thickness of 0.6mm. See Table 1. 

 
Table 1 List of samples. Source: (own) 

 

Sample set Coating Surface treatment Core Adhesive 

1 EN AW-2017-A Laser Al hexagon 6mm Davex GP-40 

2 EN AW-2017-A Ground P240 Al hexagon 6mm Davex GP-40 

3 EN AW-2017-A Ground P240 PET-G hex 6mm Davex GP-40 

4 EN AW 3003 n/a Al hexagon 5mm n/a 

 

Sandwich boards of 200×300mm and 10mm thickness were glued together, which were then 
cut into strips of 200×30mm, 10mm thickness for 3-point bending specimens. Before gluing the 
sandwich, the surface of the coating had to be pre-treated. The set of specimens 1 was prepared using 
a laser to clean the surface of aluminium oxides and other impurities, while roughening the surface to 
Ra 4.65(±0.8) μm. The achieved roughness by laser treatment was measured using a Mitutoyo surftest 
SJ-411 roughness meter (Figure 2). However, the laser surface treatment process is time and energy 
consuming, and its effectiveness in industrial applications would be a matter of debate. Hand grinding 
with P240 grit and chemical cleaning with organic solvents was used for surface treatment of sample 
sets 2 and 3. The adhesive used, GP 40 from Davex Chemicals Ltd., is a two-component polyurethane 
adhesive with a 1:1 mixing ratio, applied with a tooth squeegee in a layer of approx. 0.8 mm. The bonded 
samples were loaded with 147 g.cm-2 and left for 24 hours to cure the adhesive. The cured sandwich 
boards were cut with a circular saw into patterns 30 mm wide and 200 mm long. 

A set of samples 4 (Table 1) from an industrial production was also included in the 
measurements, but the manufacturer was unwilling to disclose the nature of the surface treatment, as 
well as other technological parameters, naming just the adhesive used generally two-component 
polyurethane. This set serves as a benchmark for comparison with the samples of own production. 

 

Figure 2 Measuring the roughness of a laser-treated surface. Source: (own) 
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2.2 Measurement procedure 

The measurements were carried out using a 3-point bending test on a Shimadzu AG-50kN Xplus 
machine with an attached digital correlator for instantaneous image recording of the test. The 3-point 
bending test fixture applies a force to the specimen at the centre, through a 10 mm diameter roller, the 
reaction produces cylindrical supports with a 120 mm spacing of identical diameter. The specimens were 
loaded at a constant displacement of 10 mm.min-1. The test was carried out at normal temperature. 

3. RESULTS AND DISCUSION 

The measured samples showed rather elastic characteristics with significant elastic deformation, 
which could be due to the adhesive used. The following investigation revealed that the most common 
adhesion failure was between the coating and the adhesive, even in the case of laser pretreatment. The 
failure of interlayer cohesion is shown in Figure 4, and is evident in the graph Figure 3, due to the relatively 
large displacement relative to the applied force. During loading, it was noticeable when mainly elastic 
deformation of the coating occurred, and plastic deformation of the coating was preceded by visible 
interlayer slippage. The values depicted in the graph are averages, with a variance of the measured rank 
of up to ±50 N. 

 

Figure 3 Measured value graphs. Source: (own) 

 
For comparison, a sample from industrial production was also measured, and this showed more 

suitable plastic damage to the coating along with core collapse, see Figure 5. A sandwich exhibiting 
such deformation is better able to withstand stresses, as can be observed by the absence of interlayer 
slippage and lower elastic deformation. To achieve these results, a suitable combination of adhesive 
and coating finish must be found. 

 

Figure 4 Three-point bending test, sample set 1-3. Source: (own) 
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Figure 5 Plastic deformation of the industrial sample. Source: (own) 

 
4. CONCLUSION 

The experiment was aimed at comparing aluminium and polymer honeycomb cores. The aim 
was to evaluate the effect of changing the core material on the strength of the bonded sandwich. Under 
3-point bending loading, it was found that the aluminium honeycomb core exhibited higher stiffness than 
the PET-G polymer core specimens. The interlayer cohesiveness was found to be a significant effect, 
depending on the adhesive adherence to the adherends. Higher values were exhibited by sample set 1, 
where the coating surface was treated with laser before bonding. However, the deformation character 
was still elastic, which is attributed to the use of an adhesive with too high elasticity. A sample from 
industrial production was also included in the measurements to obtain comparative values. The 
deformation of the industrial sample was different and the force required to deform was significantly 
higher. The higher strength can be attributed to the use of a more suitable adhesive together with surface 
pretreatment. The area of investigation of surface treatment before bonding is suitable for further 
research on sandwich bonding technology. 
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Abstract 

This paper aims on effect of parameters change of fiber laser cleaner MRJ FL C120 on alluminium alloy 
(EN AW 5754) samples. Adjustable parameters are frequency, pulse time, cleaning area and number of spirals, 
which fill the cleaning area. These parameters also effects energy density and power density. Experimental plan is 
made to cover whole range of adjustable parameters. Surface roughness was measured in line with contact device. 
Two areas were lasered with the same parameters for minimalize effect of oxidation layer and surface roughness 
was measured several times. Lasered surface was also investigated with electron microscope. It was found from 
the measured data that by suitable setting of parameters it is possible to achieve roughness from 0.187 to 4.514 
µm. The laser trace was visible with an electron microscope. It was found that high frequency causes a smaller 
depth of the trace. 

Keywords: Laser surface treatment, laser parameters, surface roughness, EN AW 5754. 

 

1. INTRODUCTION 

In automotive industry are often needs to join different materials. There are few techniques 
which will allow us to do this. One of them is bonding. The main advantages are that the base material 
is not weakened by holes, we do not increase the weight with bolts and bonding do not create heat 
affected zones like welding [1]. But it has also some disadvantages, as a strength decrease with 
increasing temperature. Mechanical properties of bonded joints are dependent on adhesion between 
adherent and adhesive, so it is necessary to clean surface before glue application [2]. 

Laser surface cleaning is environment friendly and can be easily repeated and automated, too. 
Lasers are commonly used for many applications. For each operation is specific laser type. Our cleaning 
laser is primarily intended for surface cleaning before application of surface layers. The laser head is 
connected to the spindle of the CNC machine (Figure 1) with 3D printed parts for repeatability and 
precise placement of the laser area. Device has adjustable parameters like frequency, pulse time, 
cleaning area, number of spirals and power percentage. Aluminium alloys are commonly used in the 
construction of vehicles, among other things for body and axles. When joining aluminium alloy parts, the 
bonding method is often used. This method requires high purity and optimum roughness of the surface. 
The strength of the bonded joints determines the strength of the entire vehicle body. 

Surface contaminants such as oil or other grease can be removed by the action of a laser 
beam. However, the possibilities of this technology do not end there. When using a sufficiently powerful 
laser, it is possible to influence the properties of the aluminium itself, even to depths of more than one 
millimetre [3]. Laser devices can operate in different modes depending on the parameters set. These 
parameters influence how much energy the laser the laser beam delivers to the material and therefore 
how its surface properties change. Fiber laser cleaning device is the MRJ FL C120, whose primary 
purpose is to clean the surface of materials. It will be necessary to determine whether there are changes 
in the surface layer of the material itself and what those changes are. For this purpose, aluminium alloy 
samples will be exposed to the laser beam at different settings, then these samples will be subjected to 
surface property tests. 

 

2. EXPERIMENTAL ACTIVITIES 

The laser device has a peak power of 120 W and it has a wavelength of 1064 nm. This laser 
will be used to clean the aluminium alloy sheet from impurities (grease, rust, etc.). The energy density 
(ED) is the key variable affecting the resulting surface roughness of the material [4]. Energy density is 
the value of the radiation energy radiated to the surface of the material. This value defines the surface 
texture and the depth of penetration of the laser beam that affects the resulting roughness. Energy 
density (ED – eq. 1) and power density (PD – eq. 2) affect the properties of the surface. 
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𝐸𝐷 =  
𝐸𝑡𝑜𝑡𝑎𝑙

𝑆
=

𝑃𝑎𝑣𝑔 ∙ 𝑡

𝑆
 (1) 

𝑃𝐷 =  
𝑃𝑎𝑣𝑔

𝑆
 (2) 

 

Etotal – total energy [J], S – lasered area [m2], Pavg – average laser power [W], t – laser time [s] 

The samples dimensions are 100x25x1 mm. The samples will have a thermocouple attached to 
the back to measure heating. The laser cleaning process can be seen in Figure 2. 

 

 
Figure 1 Laser head on CNC machine 

Source: (own) 

 
Figure 2 The laser cleaning process 

Source: (own) 

 
The first set of samples (Figure 3) will be used to investigate the effect of laser pulse frequency 

and pulse length on surface roughness. Seven laser frequency settings will be tested in the range of 
100 kHz to 2000 kHz and 6 pulse length settings ranging from 50 ns to 500 ns. Two surfaces are lasered 
for each setting to minimize the effect of the oxidation layer. Lasered area has size of 40x20 mm. A 
second set of samples (Figure 4) will be needed to test the effect of energy density on surface 
roughness. Five settings of laser area size will be tested, ranging from 9 mm2 to 800 mm2. Two equal 
sized areas will be lasered on each sample with the same settings. A third set of samples will be needed 
to determine the effect of frequency and pulse length on surface microhardness. 

 

 
Figure 3 Few samples of the first set 

Source: (own) 

 
Figure 4 Few samples of the second set 

Source: (own) 
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3. RESULTS 

The highest Ra value was measured for a pulse length 400 ns and a laser frequency 100 kHz. 
In general, the Ra value decreases with increasing frequency and increases with increasing pulse 
length. However, it is interesting to note the difference between the very steep decrease in Ra with 
increasing frequency for pulse lengths of 400 and 500 ns, and the much flatter curve of Ra dropping 
with increasing frequency for pulse lengths of 100 to 200 ns. Ra values as a function of the impulse time 
and laser frequency are illustrated in a three-dimensional graph (Figure 5). 

 

Figure 5 Dependence of Ra on the frequency and impuls time 
Source: (own) 

Dependence of Ra on the energy density (Figure 6) at constant total energy and constant 
average power, the lasering time is constant, shows that the surface roughness also increases with 
increasing energy density. The graph has an exponential shape. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7 shows sample sections at the transition between the affected surface and the original 

material. In samples with low frequency and low impulse time (first, second and third) the edge of the 
affected area is very visible, which indicating that material has been removed. On the other hand, for 
samples with high frequency and high impulse time (fourth and fifth) 5 the difference is almost 
imperceptible. 

 
 
 
 
 
 
 
 
 

 
ED [J/cm2] 

Figure 6 Dependence of Ra on the Energy Density. 
Source: (own) 
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Figure 7 The transition between the affected area and original material. 

Source: (own) 

It was shown that the resulting roughness depends on the frequency and pulse length of the 
laser. The roughness increases with impulse time increasing at low frequencies. This phenomenon 
decreasing with increasing frequency. In general surface roughness decreases with increasing laser 
frequency. With a frequency between 1500 kHz and 2000 kHz is influence of impulse time practically 
negligible. The energy density has a significant effect on the resulting roughness. We can achieve 
greater roughness by reducing the lasering area. The maximum temperature reached by the samples 
also depends on the energy density. Increasing energy density leads to increasing sample temperature. 
It is also like a dependence on power density. 

4. CONCLUSION 

The first set of samples found that the low frequency of laser setting the resulting roughness is 
higher with the higher impulse time setting. When laser frequency increases, the resulting roughness 
decreases and the effect of the pulse length setting also decreases. Declining trend of roughness with 
increasing laser frequency, however, is significantly different for different impulse time settings. At higher 
values of impulse time, the resulting roughness decreases very steeply with increasing frequency, while 
at lower pulse lengths the roughness decreases more gradually. 

The second set of samples revealed that by changing lasering area, a change in the final 
achieved different energy density, with all surfaces being subjected to constant energy. These samples 
were also subjected to contact roughness measurements. The resulting surface roughness increased 
with increasing energy density, with this dependence being like the dependence on a power density. 

A third set of five samples was required to determine the effect of frequency and pulse length 
settings of the laser on the microstructure of the material. These samples were subsequently cut, 
polished, etched and the microstructure was observed. It was found that the greatest material removal 
occurs at the highest pulse length setting and the lowest laser frequency setting. The depth of material 
removal was greatest at the edge of the affected area and decreased towards the centre of the area. A 
thin layer of dust and burnt material, under which was the original material with a fine grain, like that 
after the annealing process. No plastic deformation of the material grains was observed throughout the 
material cross section. Which leads to the conclusion that the microhardness was not affected in any 
way. 
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Abstract 

This article focuses on the issue of the methodology of testing the steering knuckle of a sports car. 
Experimental measurements were performed on a multi-axis dynamic test rig, where the real reactions of the 
component to nominal loads were monitored using the DIC method, and the measured outputs were used to verify 
the FEM simulations. For the experiment, a steering knuckle from the SCX3 prototype vehicle, made of EN AW- 
7075 T6 alloy, was used. 

Keywords: Car axle, kinematics, steering knuckle, digital image corelation, displacement measurement. 

1. INTRODUCTION

In the automotive sector, the focus is on reducing vehicle weight to increase efficiency and 
reduce emissions. This leads to the increased use of low specific weight materials such as magnesium 
alloys, aluminium alloys and also composites. The use of new materials and design solutions leads to 
the necessity of verifying the strength and durability of the parts through FEM calculations, but also 
through physical experimental models. The 3D design of the steering knuckle was developed in 
SolidWorks 2021, the structural and fatigue analysis was performed in Apex 2020. To verify the results 
of the virtual analysis, an experiment was performed on a physical model [1, 2]. 

In this paper, we deal with the loading of an automotive steering knuckle made of high strength 
alloy EN AW-7075 T6, which has good corrosion resistance, machinability and dimensional stability. 
The steering knuckle is one of the unsprung masses on the vehicle and it is important to pay great 
attention to its weight. The low weight contributes to faster response and the ability to cope better with 
road irregularities. However, sufficient strength and stiffness must be maintained. It is therefore important 
to choose the right materials and manufacturing technology, taking into account the cost. In the case of 
sports cars, where every gram is important, great attention is paid to the weight of the steering knuckle. 
The higher the weight of the unsprung masses, the higher their moment of inertia and the harder it is to 
change their direction of movement. In the case of a wheel assembly, the movement is controlled by a 
system of springs and shock absorbers, whose job is to keep the tyre in continuous contact with the road 
surface, in any situation, in order to maximise the tyre's capabilities. If the moment of inertia is too great, 
the system takes more time to regenerate to a steady state, and this does not allow the driver to use the 
full capabilities of the car [2, 3]. 

The load was created by hydraulic cylinders that were connected in three independent axes. 
The most important part was the measurement of the actual strain field, for which the DIC correlation 
method was used. The measured deformations are used to validate the FEM computational model and 
predict the service life of the structural part [4, 5]. 

In order to obtain more accurate results, it is necessary to precisely optimize the loading method 
under different driving conditions and also the DIC correlator needs to be calibrated. To better 
understand and reveal the sources of errors and inaccuracies, this situation needs to be repeatedly 
measured by statistical evaluation and the results need to be compared with mathematical models [6]. 

2. Methodology of multi-axial dynamic testing of the steering knuckle

In the case of our research, it was a multi-axis dynamic testing of a front steering knuckle made 
of Al alloy EN AW-7075 T6. The EN AW-7075 T6 grade is mainly used where a combination of high 
strength and low weight is important. It is applicable e.g. in the automotive industry, machine 
manufacturing etc. It is an Al - Zn - Cu alloy and the material properties are given in Table 1. 

Table 1 Material properties. Source: [6] 

Rm 
[Mpa] 

𝑅𝑝 0,2 

[Mpa] 

Elongation 
min. [%] 

EN AW-7075 T6 540 485 6 (7) 
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No heat treatment is required for the experiment as the die was made by chip machining. If it is 
a product that will be machined extensively, it is reasonable to assume a soft annealing condition. After 
manufacture, heat treatment can be used to regain the original properties. Another option is forming 
immediately after the dissolution annealing. The time between dissolution annealing and machining 
must be very short, because EN AW-7075 alloy also hardens at low temperatures. The tested steering 
knuckle was designed and built at the university department. The model of the steering knuckle is shown 
in Figure 1. 

Figure 1 Steering knuckle. Source: (own) 

The steering knuckle were manufactured by chip machining, where the emphasis was on the 
surface roughness achieved (1.6 Ra), since especially dynamically stressed components have the 
beginnings of failure usually from the surface. A higher degree of roughness results in a lower fatigue 
strength of the functional part. 

3. FEM analysis

By means of FEM analysis, the steering knuckle was subjected to the same load as in the 
subsequent real experiment. The mathematical method is suitable for structural calculations. The results are, 
for example, the stress distributions, deformation and resistance of the complete structure or only a part 
of it. FEM analysis does not only provide approximate solutions, but also some assumptions or 
predictions about the material state and properties of the designed component. 

In the FEM analysis, the calculation of limit states was performed to verify the correct design 
and material solution. The MSC apex program was used for this purpose. As a result, the locations with 
the largest deformations, the so-called critical areas, were verified experimentally. The steering 
knuckle was loaded with nine conditions, which are shown in the Table 2. 

Table 2 Stress states of the steering knuckle. Source: (own) 

Stress state 
Z-axis force 

[N] 
X-axis force 

[N] 
Y-axis force 

[N] 

1. CLIDE STATE 4 - - 

2. BRAKING 4 2 

3. FULL FULL BRAKING 4 4 - 

4. BRAKE AND SLIGHT CURVE 4 4 2 

5. BRAKE AND FULL TURN 4 4 4 

6. SLOW TURN 4 - 2 

7. FULL TURN 4 - 4 

8. CLIDE STATE 4 - - 

9. ZERO STATE - - - 
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4. Experiment on a physical model

Part of the research work is an experimental measurement that was carried out to verify the 
FEM analysis. The implementation was carried out using a multi-axis dynamic test rig where the limit 
driving conditions were simulated. The optical DIC method in this experiment recorded the material 
responses which were converted to stress states. The loading was chosen identically to the FEM 
analysis, and identical points in the local coordinate system were also specified. 

The preparation of the experiment and its actual implementation consisted in placing the 
measured component on a dynamic test bench. Both rigid and deformable members were used to 
provide a physical model that corresponds as closely as possible to the real chassis. The axle arms and 
the bogie itself are deformable, the other members are rigid. 

The steering knuckle was loaded in three axial directions (x,y,z) and the point of application of 
the forces was determined at the point of contact between the virtual wheel and the road. To simulate a 
car wheel with the possibility of free movement and rotation, the mechanism in Figure 2. was created 
with the necessary degrees of freedom. Thus, the steering knuckle was successively loaded in three 
axes, and the response to this loading was supplemented with a time indication to allow the identification 
of a specific condition. 

Figure 2 Physical model implemented. Source: (own) 

In the first stage of the experiment preparation, the correct incoherent light and the correct 
surface of the measured object were ensured. The correct surface was ensured by spraying blue paint, 
which was then supplemented with white irregular dots to better detect surface changes. In the second 
stage, the region of interest was marked and selected based on the FEM analysis. This is the area with 
the largest proportional deformation. The Figure 3 shows the software environment and the problem 
area of the steering knuckle. 

Figure 3 DIC software and critical area. Source: (own) 
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The magnitudes of the forces (F) were the same as for the FEM analysis. This was an assumed 
force analysis of the limit states (cornering and braking). The DIC method was used to measure 
displacements and deformations as the whole video can be phased and graphically expressed. 

5. CONCLUSION 

The research work describes a methodology for testing prototype car axle parts, which can also 
be used as an aid in material selection. By experimental measurements, it has been shown that it is 
possible to replace the standard structural steel with the high strength alloy AW Al 7075 T6. 

As part of the research work, the results of the FEM analysis and the experiment were compared 
using DIC measurements. The value of the relative deformation at one of the critical points on the die 
was compared. The FEM and DIC results differed by 20.9%. The FEM analysis is more critical in terms 
of strength, thus moving on the side of safety. The difference in values may be due to the lower stiffness 
of the distribution bars for load transfer in the axes, as well as the play in the connections (FEM – no will 
- ideal connections). Subsequently, the resulting stress from the FEM analysis of the most critical 
manoeuvre was compared with the value of the contractual yield strength. The FEM analysis of the 
static load, i.e. the stress value, was compared with the contractual yield strength, as this is a practically 
normal service load. 

The experiment showed that under the most critical driving condition, the maximum stress 
reached 202 MPa, while the yield strength of the AW 7075 T6 alloy showed a value of 470 MPa. The 
fatigue limit can be very difficult to determine, therefore the term fatigue strength at a specified number 
of cycles is used. The material data sheet for the aluminium alloy gives a value of 159 MPa. The 
experimental result according to the FEM analysis for service load was 96 MPa and according to DIC 
81.7 MPa. 
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Abstract 

The paper presents the basic reasons for the introduction of automation in PPC advertising. The aim of 
this paper is to compare the basic methods and tools that are already used in PPC and find out how automation 
can be implemented in PPC. 
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1. INTRODUCTION 

PPC ads are designed to help reach your audience anytime, anywhere. It is basically a way to 
get visitors to your site rather than organically getting visitors. One of the most common forms of PPC 
is search engine advertising. Other options include advertising on the content network, shopping, and 
more. PPC campaigns require many tasks, from searching for keywords to creating the campaigns 
themselves. Thanks to PPC automation tools and their capabilities, it is possible to significantly increase 
the efficiency and performance of campaigns. PPC automation uses technology to manage and optimize PPC 
advertising campaigns and strategies. 

There are several PPC automation tools that can automate PPC research, bidding, and more 
to capture the right traffic using data and generating better conversions while saving costs. PPC stands 
for Pay Per Click and represents a payment model. PPC advertising is any pay-per-click text, 
responsive, banner, product, or video ad that appears in search engines, search engines, social 
networks, and websites that offer space for this ad [1]. 

The principle of PPC advertising is that the advertiser does not pay for the display of the ad, but 
only for the click of the ad itself. In other words, the advertiser only pays visitors to his site who were so 
attracted to the ad that they wanted to know more and clicked on the ad on the site [1]. 

2. ADVANTAGES OF USING AUTOMATION IN PPC 

Today, many companies are already using PPC in automation. Here are the main advantages 
of thinking about automation in PPC at all: 

• Save time: The company needs a lot of time to manage, especially when implementing a PPC 
campaign. One of the many things that PPC automation can offer is the amount of time that it 
saves you to improve your results. Implementing automation saves time by performing complex 
tasks such as managing bids, creating ads and copy, and creating reports. These tasks take a 
lot of time. 

• Scale PPC efforts: PPC automation gives you the opportunity to run more ads without taking up 
more of your time. 

• Ad copy optimization: It is not easy to create impressive ad copy for different ad platforms. This 
is especially true when testing a large number of ads. The data collected through PPC 
automation can help you immediately improve your ad copy. 

• Manage bids effortlessly: Managing bids is a time-consuming task. However, PPC automation 
can do the job accurately and profitably. The tools are designed to use sophisticated algorithms 
to improve your bidding strategy. 

• Turn data from multiple sources into reports: With PPC automation tools, it is possible to gather 
data from multiple sources and turn them into easy-to-read reports. With a better overview of 
your campaigns, you can analyse your data with more precision. These valuable data can be 
used to improve your campaigns. 

• Increase your return on ad investment: When properly implemented, PPC automation tools can 
optimize ad performance and increase the return on ad investment (ROAS). With automation, 
more informed decisions can be made because better quality data are available. 
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• Easy access to tools: When it comes to PPC, many advertising platforms offer built-in 
automation tools available even for small businesses. It makes it easy for any business to use 
PPC automation without a large initial investment. 

One of the main advantages is the ease of use, which is readily available. 

The types of PPC automation tools include [2]: 

• Built-in tools to help automate certain features of your campaigns, user-friendly and easy to set 
up. 

• Rule-driven automation allows you to manually configure your settings and create rules for 
automating parts of campaign management. 

• Scripts to automate PPC management 

• Third-party software for advanced PPC automation. 

• Custom PPC automation solution. 

3. STEPS TO IMPLEMENT PPC AUTOMATION 

Here are some of the ways to consider when implementing PPC automation [3]: 

• Clear goals. 

Like any other campaign, the PPC campaign must have clear goals. This is essential for choosing the 
right automation tools and tactics. 

• Exploring different automation tools and their built-in capabilities. 

With so many automation tools, it is necessary to first explore the various options and determine which 
device will best serve a particular purpose. 

Find out if you can achieve your goals with built-in tools or if you need more advanced solutions. 

Many advertisers start with Google Ads because not only is it becoming more sophisticated, but the tool 
is also scalable. 

• Automatic bid management. 

Bid management methods vary when PPC is automated. Some are a little more advanced than others. 
Google Ads Automatic Bid Management Options can be used for basic bid management. 

Here are three bidding strategies that can be found in Google Ads to increase conversions: 

Target CPA bidding: Here, you can set bids to get a substantial conversion. It is performed at a set 
target cost per acquisition (CPA). 

Target ROAS: You can increase conversions or revenue based on your target advertising ROI (ROAS). 

Improved CPC: Find ad auctions that have a better chance of converting. It will then automatically 
increase your maximum CPC 

• Layering auto bidding using relevant scripts. 

Scripts along with automatic bidding tactics can help automate bid management. Client-specific data, 
such as product-level profit margins, can be taken into account. If someone uses Google Ads, it is 
possible to determine how profitable the products are by using the custom labels feature in the Google 
Shopping data source. 

In addition, automation can help increase or decrease bids every hour to match product cost- 
effectiveness compared to average cost-effectiveness across all products. 

• Automatic error checking. 

A PPC account manager is responsible for detecting irregularities that may signal performance issues 
within an account. But it is impossible to manually search through larger accounts fast and fix all issues 
before they start to cause serious harm to ad performance. 
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Therefore, it can be used with Google Scripts such as Google's Account Anomaly Detector to spot 
general errors across accounts. Google Scripts can automatically scan an account hourly and send a 
quick email report. It can also be used with Google Scripts to check for specific errors within accounts. 

• Automatic ad copy.

It takes a long time to make a copy of the ad on a large account. Here are some ways to automate it 
and save time: 

• Using dynamic search ads: Dynamic Search Ads (DSA) automatically target and create
ads based on the content of the site.

• Using Google script: Use Google Script to create ads for larger accounts.

• Automatic PPC reporting.

Here you will find various free options for automating PPC reports. Google Sheets are a great option if 
you want to customize your report. You can customize it with Google Analytics. 

The Google Analytics Add-in lets you draw selected metrics and dimensions. You can then customize 
the data visualization using the charting feature of Google Spreadsheets. 

• Data collection and revision.

When running PPC automation campaigns, it is also important to collect data and check them regularly. 
Only then is it possible to adjust the strategies based on the findings. It is not enough to just set up and 
forget about all the automation. 

Automation tools are great for getting usable data to help you monitor and analyse your campaigns. 
Also, consider establishing processes based on an effective SEM strategy. 

4. CONCLUSION

Automation of PPC automation brings many benefits. First, start by setting clear goals and 
choosing the right automation tools to be effective. It is not a good idea to start automating campaigns 
immediately. To obtain important data, it is important to first establish and run effective ad campaigns. 
Try to achieve results without spending a lot. This is the only way to expect positive results with an 
automated Google Ads campaign. Google Ads can save time and money while generating new leads, 
revenue, and a higher return on investment in your business. 
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Abstract 

The paper shows the benefits of considering optimalization to image processing during the image capture 
stage. The optimalization process concentrates around light polarization and the effect of this change on result 
image. The primary field of use is to detect surface defects in the varnish over metallic paint in quality control 
systems of the automotive industry. Benefits are demonstrated with an accuracy test on Sobel edge detection. 
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1. INTRODUCTION 

All images start as light radiated from the light source, bounced from the subject in the scene, 
improved in the lens, and captured on the light-sensitive object (image sensor in the digital world), 
described in detail in [1]. Changes made before the light hits the sensor can enhance the images to 
make them more suitable for compute processing afterward. The primary goal is to increase the contrast 
between the glossy solid surface and defects such as holes and scratches in the metallic paint for the 
automotive industry. It is the same as getting a better SNR (Signal-to-noise ratio) in the signal processing 
field. With better-contrast images, much compute time can be saved on image processing. 

The main method used in this paper is using light polarization. The result is an image capture 
scene that includes the position of light and the right angle between elements. When the scene is 
designed properly, there is only one time modification which results in all capture images. 

Commonly way to use polarization in image capture is using a CPL (Circular polarizers) filter on 
a lens. The function is described in [2]. This result is a left-handed circularly polarized light created by 
the linear polarizer on the front of the filter. The principle of linear polarization of light is described in [2] 
and [3]. There are no big differences in most situations between different angles of polarization, as 
shown in Figure 1. The CPL filter is not perfect transparent, so there is a visible decrease of exposure. 
Some material otherwise creates polarized direct reflection. This means that light reflected from the 
surface becomes polarized light. In this situation, it is possible to suppress the mentioned reflection by 
setting the polarization filter on the right angle to the direction of the reflected light. The problem is that 
the metallic paint does not create polarized reflection. To fix this, it is possible to use a liner polarizer on 
the light source side. This change makes the reflection polarized and gives an opportunity to set the 
angle of polarization. 

There is also the condition that the above information is only applied to direct reflected light. 
That means that the light source must be positioned in the 'family of angles' with respect to the camera 
as described in [3]. This results in full direct reflection on the whole measured surface. 

 

Figure 1 Comparison image taken without the CPL filter, with CPL and both 
polarizations. Source: (own) 
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2. IMPROVING IMAGE BY LIGHT POLARIZATION 

The process starts by choosing the right light source (size depending on the size of the detecting 
surface) for this approach. To make it polarized, it is possible to use a polarization film on it. There are 
many manufacturers that offer it in different sizes. After this the camera is set with the CPL filter on the 
lens and the perpendicular angle is set. The correct angle can be easily verified during the setup stage 
with continuous light sources. When the angle gets closer to the right position, the image starts to 
darken. There is no difference between rotation CPL filter on lens or linear polarizer on light source, 
there only must be a perpendicular angle between both. Figure 2 shows the difference between both 
extreme situations. 

 

 

 

Figure 2 Comparison between the relative angle parallel and perpendicular between 
polarizers. Source: (own) 

 

 

The side effect of using perpendicular polarizers is that almost all light will be cut into the filters. 
This situation can be observable when the light source is continuous and the polarizers are getting to a 
perpendicular angle. The ideal situation is that the image will be black, and the only defect will be white. 
The reason for not cutting also light from defects is that this light is not a polarized direct reflection, but 
a diffused reflection that cannot be polarized. The difference between types of reflections is described 
in [3]. Figure 3 shows this difference in exposure. The variance in exposure is around 3 EV (exposure 
values). That is, the mean power of the light source must be increased eight times. 

 
 

 
 

Figure 3 Image with perpendicular polarizers and exposure correction. Source: (own) 
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By using this type of polarization, there is a great benefit in suppressing unwanted textures from 
the image as sown in Figure 4 which is a more detailed picture of Figure 2. This is what the result of this 
method looks like. 

Figure 4 Detail of suppressing metallic paint structure from image. Source: (own) 

All these steps make the image more suitable for the next compute processing. The image has 
much better contrast between the interesting parts and the rest. For real improvements, the resulting 
image will be tested with the Sobel edge detection algorithm described in [4] implemented in MATLAB 
r2022a. Figure 5 shows the detected mask on the source and the polarized image. This clearly shows 
that our modification makes the result much more accrued. 

Figure 5 Proof of real improvements tested on Sobel edge detection. Source: (own) 

3. CONCLUSION

The described method is useful to improve image processing (demonstrated on Sobel edge 
detection) accuracy. This is a demonstration that it is possible to optimize the image capture step with 
a significant impact on the next processing. One of the good properties is that this is only one 
modification at a time. So, after the initial scene, it can be used for static images, high-speed 
photography, continuous video validation, etc. 

This use case is the first step to using this approach in the industry automation field. There are 
other material properties that can be enhanced by single- or double-polarization. More research will be 
done on these opportunities. 
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Abstract 

Circular economy is one of the major current approaches in the field of business management. There are 
many synergies between circular economy and management approaches like Lean Manufacturing or Industry 4.0. 
The paper presents the impacts of the circular economy on Lean Manufacturing in terms of 7 MUDA and maps a 
relation between the circular economy and Industry 4.0. The aim of the paper is to make a literature review, outline 
the impacts, and build a base of this topic for further research. 

Keywords: Circular Economy, Lean Manufacturing, Industry 4.0, 7 MUDA, the fourth industrial revolution. 

1. INTRODUCTION

People face a global climate crisis in terms of global warming, water scarcity, or biodiversity 
loss. The climate crisis directly influences businesses and the global economy. Most economies 
currently operate in a linear way – it means that they consume resources, create products from them, 
the products are sold to customers and then wasted at the end of their life cycle [1]. This linear economy 
system is very demanding to nature resources and creating a huge range of negative economical 
externalities that are not treated within the system. 

One of the existing responses to the linear economy is recycling. To avoid waste creation and 
minimize negative impacts, products are collected and recycled after their end of life. During the last 30 
years there has been massive progress in recycling technologies; however, most of them are still 
downcycling ones. Downcycling refers to a recycling system where the recycling output has a lower 
added value than the original products before recycling. A nice example of downcycling could be the 
shredding of textiles for use in matrasses fillings. Although recycling prolongs the life cycles of products 
and improves their environmental footprint, it is usually not enough to eliminate negative externalities to 
a sufficient level. 

The last approach to make the global economy sustainable is called the circular economy. 
Circular economy is an economic model which completely redesigns the conventional linear systems 
into closed-loop systems and redefines a view on economic value. It is focused on the manufacture of 
products from sustainable resources and making their life cycle as long as possible by reducing 
consumption, sharing, repairing, reusing and infinite recycling [1]. The economic value is not only 
financial, but it takes into account also environmental (CO2 footprint, water footprint, …), social and  
governance aspects. The goal of circular economy is to create an ecologically and socially sustainable 
closed-loop model where a waste is a source, and an economical value considers negative externalities 
of product life cycles. 

In recent years, the circular economy has become a huge trend. Its principles influence national 
politics, regional economies, bank sector, business operations, and corporate daily life. For example, a 
large part of the European Green Deal is based on the principles of circular economy [2]. Therefore, it 
is perceived that it will be especially important for companies to put the circular economy approach in 
line with existing manufacturing approaches and models such as Lean Manufacturing and Industry 4.0. 
While Lean Manufacturing has been widely used in enterprises since the last century, Industry 4.0 and 
related digitalisation and automatization is still a new topic for many companies, which is very important 
in terms of business competitiveness. 

Can the circular economy provide enterprises with new opportunities and possibilities in areas 
of Lean Manufacturing and Industry 4.0 application? Is the focus of Lean Manufacturing and Industry 
4.0 on increasing productivity a barrier to nonfinancial goals of circular economy? 

This paper aims to outline the relation between circular economy and Lean 
Manufacturing/Industry 4.0 and describe the impacts of them on each other. Although Lean 
Manufacturing and Industry 4.0 can be seen as well-researched areas, the author of this paper sees a 
research gap in their exposure to the incoming circular economy trend. 
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2. IMPACTS OF CIRCULAR ECONOMY ON LEAN MANUFACTURING 

The process management approach and its core methodology, Lean Manufacturing, became 
widely used in the global business environment in the 1980s. Process management is a way of 
enterprise management focused on efficient implementation, description, optimization, and continuous 
improvement of internal and external company processes leading to an achievement of business 
objectives and operational excellence. In this way, an organization can achieve better flexibility against 
development dynamics of a market and be more flexible to customer requirements. Advantages of 
process management are, for example, transparent and effective process design, reducing process 
times, an organizational structure supporting right functioning of processes, significant cost saving, 
flexibility, or continuous improvement [3]. 

Lean Manufacturing is a widely used process management approach based on increasing 
production productivity and effectiveness by reducing complexity and costs by eliminating the main 
waste called 7 MUDA (defects, overproduction, waiting, transportation, inventory, motion, extra- 
processing) [4]. 

As the circular economy is related to waste management, there are the following impacts on 
7 MUDA wastes: 

1. Defects – generally, some recycled materials do not achieve the same quality properties 
as their virgin variants. This could negatively impact the number and scope of 
production defects, mainly during the implementation period. It will be necessary to 
adjust manufacturing technologies and processes to recycled forms of materials. On 
the other hand, circular economy focuses on repairing and internal recycling, which 
means that based on circular economy technologies, more defects will become 
repairable and more scrapped products will be internally recycled into new sources. 
This could lead to increased productivity and reduction of costs due to defects. 

2. Overproduction – Lean Manufacturing eliminates the overproduction which leads to 
wasted products and materials. The circular economy principle is based on the 
elimination of waste. Therefore, the goals of both in this area are identical. While Lean 
Manufacturing eliminates overproduction by tools like Kanban, VSM and others, circular 
economy brings technologies which are able to implement the overproduction back into 
the value chain. Another important aspect is legislation tools related to circular economy 
which prohibit disposal of overproduction (e.g., Circular Economy Action Plan of EU 
says that fashion brands will not be allowed to burn their clothing overproduction). In 
this way, the circular economy can help Lean Manufacturing avoid overproduction or 
use it again in manufacturing. 

3. Waiting – circular economy opens a way of recycled materials into manufacturing 
systems. The first generation of these materials (recycled PET, recycled PA 6, recycled 
PE, recycled cotton) is perceived as unstable in quality properties. Conventional 
manufacturing technologies that are designed for virgin materials are often unable to 
handle these materials effectively. Therefore, a negative impact of the circular economy 
on this MUDA waste of waiting can be seen because it is necessary to change the 
machine settings more often due to the uncertainty of recycled material. The importance of 
tools like SMED grows with this fact. This could be solved by advanced recycling 
technologies that will be able to maintain high quality standards (e.g., chemical 
recycling). 

4. Transportation - As part of Lean Manufacturing principles, there is an effort to eliminate 
all transportation that does not add value [4]. Circular economy sees this issue as even 
more crucial because it relates all transportation to the creation of negative externalities, 
mainly a CO2 footprint. This is the reason why the circular economy tries to minimize 
any transportation and make supply chains as local as possible. Companies will be 
forced to do it through carbon footprint taxes and similar instruments. This can positively 
impact this Lean Manufacturing MUDA. 

5. Inventory – Companies thoroughly plan their inventory and use Lean tools like JIT. JIT 
is very demanding for well-functioning collaborations across supply chains. Circular 
economy creates a potential for repairing, reusing, and recycling of materials, 
components, and products within internal corporate ecosystem. If these models are 
established flexibly, it provides an opportunity to maintain lower stock levels because 
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the stock could be loaded by the internal system. From the opposite point of view, there 
is a risk that if the repairing, reusing, or recycling is a mandatory way how to deal with 
production scrap, it could lead to increased inventory. For companies, it will be important 
to connect the internal recycling models with their own needs on production input as 
well as needs of external subjects. 

6. Motion - It is presumed that worker movements will not be affected by circular economy.

7. Extra processing - Lean manufacturing and Six Sigma ensure that all processing that
does not create a value perceived by the customer should be missed. In early stages of
circular economy adaptation, many customers do not perceive values of lower carbon
footprint, recycled content, or local production of products. Therefore, the impact of the
circular economy on this MUDA waste is negative because it leads to extra processing.
However, this situation is influenced by new legislative of EU Green Deal which creates
new requirements needed to be fulfilled by customers (responsibility for products end- 
of-life), new motivations to use recycled materials, and also new taxes and fees for
products which are not environmentally friendly to the environment. Based on that, it is
presumed that extra-processing due to circular economy will be minimized together with
increased value perception of market.

Circular economy creates impacts on Lean Manufacturing. While some of the aspects of Lean 
Manufacturing are positively influenced by the circular economy, others are challenged by new 
perspectives and trends. 

3. IMPACTS OF CIRCULAR ECONOMY ON INDUSTRY 4.0

'The fourth industrial revolution' is a designation of the Industry 4.0 manufacturing system based 
on the utilization of cyber-physical systems and related automatization and digitalization in order to 
create a mass customization and mass personalization function characterized by adaptability, efficiency, 
flexibility and high involvement of customers and other business partners [5]. In comparison with the 
previous industrial revolutions which were a result of some technical progress (mechanization, 
electricity, IT), the new industrial revolution stands on Internet and social market aspects as 
personalization, customization, social computing, or wisdom in manufacturing, while the technical 
progress (cyber-physical systems) is just an essential tool for its feasibility, but it is not a focus of the 
revolution. 

An economic perspective of the revolution is the creation of an ideal production system where 
personalized/customized individual demands are fulfilled by smart manufacturing and 3D printing in a 
maximally effective way, reducing inventory, forecasting risk, costs, and response time, increasing 
product fitness, variety, customer involvement, personalization and creating self-expression, 
uniqueness, and continuous design evolution [5]. The ideal production system connects the advantages 
of economies of scale and economies of scope and facilitates low volumes of different products for a 
wide range of different target groups with increasing profits. 

Regarding the nomenclature of the new industrial revolution, the 'Industry 4.0' has emerged from 
the German Federal Government´s high-tech national innovation strategy, which was an impulse for 
similar national government strategies in the USA, Japan, Taiwan, or Republic of Korea [6] and also in 
the Czech Republic [7]. The author of this paper sees the following impacts of circular economy on 
Industry 4.0: 

1. Digitalization - The digitalization aspect of Industry 4.0 can be advanced by the circular
economy, as digitalization leads to reduction of the CO2 footprint and waste elimination
(paper documents, drawings, invoices, …). Circular economy is also related to traceability
of materials in a closed-loop system. This traceability needs to be digitalised and Circular
Economy Action Plan issued by European Commission creates requirements for digital
passes for products. Digitalization and circular economy are very interconnected areas, and
circular economy can speed the digitalization processes up.

2. Automatization - Automatization is often conditioned by stable process inputs. As was
already mentioned in this paper, the first generation of recycled materials does not achieve
stable quality properties, which could lead to issues of technological automatization. On the
other hand, the circular economy creates new opportunities for automatization in fields of
waste sorting and waste collection which are crucial for the proper functioning of circular
models.
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3. Mass personalization and customization - The core of Industry 4.0 is to build manufacturing
systems that are able to deliver highly customized products on the mass level without losing
efficiency [5]. Personalization and customization are related to waste elimination because
products are manufactured according to concrete demand. Based on that, there are
significant synergies between Industry 4.0 and circular economy which help each other.

Impacts of circular economy on Industry 4.0 are seen in all main areas as digitalization, 
automatization, as well as mass personalization. Although automatization can be negatively influenced 
by the circular economy, impacts on other areas are positive. 

4. CONCLUSION

The paper introduced the circular economy and outlined its relation to Lean Manufacturing and 
Industry 4.0. Impacts of circular economy on lean manufacturing were described through determination 
of the impacts on particular 7 MUDA. Circular economy was found to have significant impacts on Lean 
Manufacturing MUDAs: most of them are positive, several are negative, and the impact on Motion MUDA can 
be perceived as neutral. 

Impacts of circular economy on Industry 4.0 were found in areas of digitalization, automatization, and 
mass personalization. While there are some negative impacts on automatization, the rest of areas is 
influenced positively. The paper provides elementary research of this topic which will be followed by 
further research activities. 

ACKNOWLEDGEMENT 

The work was supported by the Ministry of Education, Youth and Sports, Czech Republic under specific 
Grant SP2021/71, which has been solved at the Faculty of Materials Science and Technology, VŠB-TUO. 

REFERENCES 

[1] BIRGOVAN, A., VATCA, D., BACALI, L. et al. Enabling the Circular Economy Transition in Organizations: A 
Moderated Mediation Model [online]. Int. J. Environ. Res. Public Health, 2022 [cit. 2022-09-01]. Available from: 
https://doi.org/10.3390/ijerph19020677 

[2] LAKATOS, E., YONG, G., SZILAGYJ, A. et al. Conceptualizing Core Aspects on Circular Economy in Cities 
[online]. Sustainability, 2021 [cit. 2022-09-01]. Available from: https://doi.org/10.3390/su13147549 

[3] TUČEK, D., HRABAL, M. and TRČKA, L. Procesní řízení v praxi podniků a vysokých škol. Praha: Wolters 
Kluwer, 2014. ISBN 978-80-7478-674-7. 

[4] KÜPPER, D., HEIDEMANN, A., STRÖHLE, J. et al. When Lean Meets Industry 4.0: The Next Level of 
Operational Excellence [online]. Boston Consulting Group, 2017 [cit. 2021-11-14]. Available from: 
https://www.bcg.com/publications/2017/lean-meets-industry-4.0.aspx 

[5] YAO, X., LIN, Y. Emerging manufacturing paradigm shifts for the incoming industrial revolution [online]. 
Springer, 2015 [cit. 25.10.2019]. Available from: https://link.springer.com/article/10.1007/s00170-015-8076-0 

[6] SHYU, J., KUO, Ch., DING, K. Industrial revitalization via industry 4.0 – A comparative policy analysis among 
China, Germany, and the USA [online]. Elsevier B.V., 2019 [cit. 25.10.2019]. Available from: 
https://www.sciencedirect.com/science/article/pii/S2589791819300039 

[7] MAŘÍK, V., Průmysl 4.0: výzva pro Českou republiku. Praha: Management Press, 2016. 

http://www.bcg.com/publications/2017/lean-meets-industry-4.0.aspx
http://www.bcg.com/publications/2017/lean-meets-industry-4.0.aspx
http://www.sciencedirect.com/science/article/pii/S2589791819300039
http://www.sciencedirect.com/science/article/pii/S2589791819300039


DOI 10.31490/9788024846538 

167 

CONTROL OF A STIRLING ENGINE USED AS AN ALTERNATIVE 
POWER SOURCE 

Author: KRÁTKÝ Jan 

Supervisor: doc. Ing. HEGER Milan, CSc. 

Abstract 

This thesis deals with the design and control of a Stirling engine that uses solar and solid fuel energy as 
an alternative source of electricity for households. It also deals with the optimization of power generation in order to 
optimize the whole microgeneration process. Efficiency gains are achieved by using four hydraulic circuits that 
supply or extract energy to the Stirling engine. 

Furthermore, efficiency can be increased by using a variator that is connected between the Stirling engine 
and the alternator. The control is implemented by means of a microprocessor and control elements such as valves 
and taps. Shear pin and brake are used as safety elements. These safety elements function to prevent damage to 
valuable parts due to high mechanical stress. The energy produced in this way could be used to power low-power 
household appliances, lighting, and, in summer, to air-condition living spaces. The objective of this work is to design 
the control of a Stirling engine that is used as a power generator that uses solar energy and solid fuel energy. 

Keywords: Stirling engine, generator, waste heat, regulation. 

1. INTRODUCTION

In these times of rising energy prices, homeowners are reaching for alternative energy sources 
such as heat pumps, solar panels, and solar collectors. These sources have some drawbacks, such as 
cost, efficiency, and failure rates. For this reason, it would be advisable to propose other alternative 
solutions for energy self-sufficiency. This solution could be a Stirling engine which would use the waste 
heat from a solid fuel boiler in the winter months and convert the energy of the waste heat into electricity. 
In the summer months, solar energy could be used to supply power to the engine. 

The Stirling engine uses solar energy as a power source during the summer months. This 
energy is obtained with the help of a parabolic mirror that concentrates the light rays into a single point 
heater. The heater then transfers the energy to the hydraulic circuit, which is filled with a fluid with high 
thermal conductivity and a higher boiling point than water. The other end of the heater circuit is 
connected to the hot cylinder of the Stirling engine. Cooling of the cold end of the engine is taken care 
of by the cooling circuit, which consists of a radiator, fan, coolant, pipes, and pump. A fan is connected 
to the radiator to increase the cooling efficiency. In the fan, the coolant is cooled and is conveyed to the 
cold end of the Stirling engine by the pump. 

In both periods, the cooling circuit is the same. The Stirling engine is connected by a shear 
clutch and variator to an alternator that converts rotational energy into electrical energy. The electrical 
energy produced in this way is stored in batteries to balance the production and consumption of energy. 
Resistance thermometers, a speedometer, and a vane flow meter are used as measuring elements. 
Control elements used are two-way valves and ball valves. A microcontroller is used as a control unit to 
ensure optimal operation of the generator and to collect data for further evaluation. 

The Stirling engine is a thermal machine working on the principle of cyclic compression and 
expansion of gas. The working gas is compressed in the cold cylinder Figure 1 of the engine and 
expands in the hot cylinder, where it increases its volume due to thermal expansion. In this way, thermal 
energy is converted into mechanical work. The working gas is in a closed circuit, which means that there 
is no exchange of the working gas, but only a transfer of energy. The Stirling engine features a 
regenerator, which is a heat exchanger that stores thermal energy between the compression and 
expansion of the gas. A heater and a cooler are required to supply the energy. The heater is designed 
to supply energy to the hot cylinder of the engine, and the cooler is designed to cool the cold cylinder of 
the engine. 

The Stirling engine was invented as a competitor to the steam engine in 1816, but its use was 
limited to situations where high power was not needed. The efficiency of the Stirling engine is up to 40%, 
which is higher than that of a steam engine. This type of engine is known for its quiet operation and its 
ability to use any heat source. For this reason, it is currently suitable as an alternative renewable energy 
source, for example in microgeneration [1,3,4,5]. 
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Figure 1 Schematic of the Stirling function. Source: [6]. 

 
 

2. TECHNICAL SOLUTION 
 

 

 

Figure 2 Stirling engine cooling and heating scheme. Source: (own) 

 
1. Heater 
2. Circulation pump 
3. Stirling engine 
4. Circulation pump 
5. Cooler 

Heating is realized in a closed hydraulic circuit by means of a heating element and a circulating 
pump Figure 2, which allows heat transfer by convection. The circuit consists of a heat exchanger into 
which the fluid is fed by a circulating pump. This fluid then flows into the hot cylinder of the Stirling engine 
where it supplies energy to the hot cylinder of the engine. The cold engine cylinder must be cooled in 
order for the engine to run. The cooling process is provided by the cooling circuit, which consists of a 
radiator, a fan, and a circulation pump. The circulator delivers fluid to the cooling section of the cylinder, 
where it extracts energy from the cold cylinder and delivers it to the radiator, which transfers this energy 
to the radiator surroundings. The cooler may also include a fan to increase the efficiency of the cooler. 
In the summer months, solar energy will be used as an energy source. using a parabolic mirror, the 
sun's rays will be concentrated at one point and will heat the heat exchanger. In winter, the waste heat 
energy from the solid fuel boiler will be used. 
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Figure 3 block diagram of the generator principle. Source: (own) 

1. Fuel
2. Heat
3. Rotational energy
4. Voltage

A microcontroller will be used to control the entire generator, which will control the entire 
process. So, we are talking about In-line control that means the microcontroller controls the whole 
process.[2] Once the desired temperature difference is reached at the heater and cooler, a signal is sent 
to the circulators which will transfer the energy to the working cylinders of the engine. If the engine does 
not start up on its own, the microcontroller sends a signal to the starter, which turns the crankshaft of 
the engine and starts the engine. The crankshaft of the Stirling engine is connected with a controlled 
variator, which is set to the highest gear ratio at start-up. The gear ratio is controlled according to the 
load on the alternator and the crankshaft speed to prevent the engine from stalling. 

Resistance thermometers are used to measure the temperatures in the heater, radiator and both 
engine cylinders. Depending on the measured temperatures, the flow in both hydraulic circuits is 
regulated to achieve the best heat transfer. Speed is measured using a magnetic tachometer, and 
depending on the magnitude of the crankshaft speed, a variator is set to increase the rotor speed of the 
alternator. 

3. CONCLUSION

In this paper, a control has been proposed for a Stirling engine that uses solar energy in the summer
months and waste heat energy from the flue gases of a solid fuel boiler in the winter months. 
Furthermore, a control for the whole system that feeds energy to the Stirling engine was proposed. This 
solution could be used in houses equipped with a solid fuel boiler to reduce the cost of running the 
house. This generated electricity could be used to power low-consumption appliances and for lighting. 
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Abstract 

The article presents the main indicators and factors for the introduction of research activities in the industry. 
The purpose of the article is to study and present modern responses and solutions to current challenges and the 
interest of a potential market in the implementation of intellectual property research activities in the chemical industry 
and metallurgy in the context of the economic crisis. 

Keywords: Commercialization of research results, patent research, introducing innovations, technology 
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1. INTRODUCTION

In the modern world, we use daily the results of research activities and intellectual property of 
scientists from different countries in various fields of science and technology. Scientific developments in 
the chemical industry and metallurgy can find practical application. Innovative developments have 
become a part of our daily life and a strong incentive to compete in the market, with the subsequent 
formation of the economic growth of the industry. The chemical industry and metallurgy are one of the 
key and dependent sectors of the economy of any country. Industrial enterprises are struggling within 
the framework of market relations and are trying to develop and increase capitalization. 

During the crisis, the chemical industry and the metallurgical industry are experiencing global 
difficulties; the study of the possibilities of introducing and implementing intellectual property projects 
will help to form relevant and important decisions about the future prospects of the enterprise and the 
industry. 

The analysis of the profitability and efficiency of the introduction of research developments into 
industry is an important part of scientific and technological progress in crisis situations and the creation 
and reform of high-tech production, which forms the prerequisites for the stabilization of the country's 
economy and in the future leads to an increase in its efficiency. A correct and stable strategy can 
overcome all crisis situations and strengthen its structure. 

2. TOPIC RELEVANCE

The relevance of the topic is determined by the acute economic need for modern solutions and
approaches to confronting crisis situations that are increasingly emerging in the economy. In the 
chemical and metallurgical industries, there are many issues on the agenda for studying and reducing 
risks in the work and prospects of industry enterprises. The profitability of the implementation of 
intellectual property projects in crisis situations and in the current state of economic development is 
becoming a very topical issue. Not only the creation of a new product, but also the profitability of bringing 
the product to the consumer. 

The global financial crisis has forced many companies to address the efficiency of all business 
processes [1]. In the realities of the world economy, companies in the chemical and metallurgical 
industries register the results of intellectual property for further internal use as part of the modernization 
or expansion of production capacities. 

Rights holders continue to face many barriers to market access in economies around the world. It 
is necessary to use the principles of structural analysis for an objective assessment of the influence of 
factors that affect the object of the intellectual property results in the chemical and metallurgical 
industries [2]. 
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Table 1 The main factors influencing the result of intellectual property. Source: (own) 
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To regulate the rights to the results of intellectual property, the Agreement on Trade-Related 

Aspects of Intellectual Property Rights (TRIPS) is an international legal agreement between all the 
member nations of the World Trade Organization (WTO). It establishes minimum standards for the 
regulation by national governments of different forms of intellectual property (IP) as applied to nationals 
of other WTO member nations. TRIPS was negotiated at the end of the Uruguay Round of the General 
Agreement on Tariffs and Trade (GATT) between 1989 and 1990 [3] and is administered by the WTO. 

In 2020, the level of patent applications worldwide returned to the growth zone (+1.6%), in 
quantitative terms, the number of patent applications filed in the world amounted to 3.3 million, for 
registration of industrial designs - 1.4 million, where the chemical industry accounted for about 319 000 
applications, and for metallurgy 74 000. The number of applications for registration of utility models, a 
special kind of patent rights, increased by 28.1% and reached 3 million [4]. 
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Figure 1 Percentage of the Top 5 Offices in Total Patent Applications in 2020. Source: [4] 
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In 2020, approximately 1.1 million industrial design applications were filed worldwide. The number 
of designs listed increased by 2% to 1.4 million. In 2020, three-quarters (nearly 76%) of all industrial 
design applications filed globally, measured by the number of designs, were accounted for by the top 
five offices, with 55.5% of the global volume received by the Office of China. Chemical industry 338 000 
and metallurgy 66 000 [4]. 

3. CONCLUSION

In this way we can understand the importance of intellectual property, especially in the chemical and
metallurgical industries, the problems, and difficulties of implementation to the consumer, and all 
possible influencing factors. Financial support for these sectors by the state or by other means is 
extremely important. 
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Abstract 

This paper describes a methodological framework for obtaining key data for a successful laser cutting cost 
estimate on a selected type of CNC laser. The essential highlight of the article is the identification of the inputs 
required for the calculation, the process of obtaining numerical data affecting the price and establishing the 
dependencies between the variables and machine parameters that enter the calculation. The aim of the article is to 
establish the concept of the approximation of the calculation of the costs of the laser cutting technological operation, 
as part of an automated approach to the calculation of tender calculations in the production of sheet metal parts 
and welded structures through the Aurendi web application. 

Keywords: Laser cutting, methodology, metal sheet parts, bid calculation. 

1. INTRODUCTION

The issue of calculating tender calculations is focused on small and medium-sized industrial 
enterprises. The position of small and medium-sized enterprises in the market is currently not easy. 
Current development trends, such as the concentration and dominance of large companies, 
accompanied by the globalization of the market on the demand and supply side, threaten them. In a 
strong competitive environment, which is characteristic of the process of globalization, it is necessary to 
acquire customers and keep them in such a way that this relationship brings good economic results to 
the company. [1] The current state of the market requires constant search and creation of opportunities 
to deepen relationships with customers, satisfy them, keep surprising them and continue to deepen their 
loyalty. This means constantly offering customers more value than the competition, which means 
designing modern strategies that on the one hand ensure the company's success and on the other hand 
led to an increase in the company's profit. [2,3] Market trends are gradually leading to digitization, the 
use of technology and the transformation of businesses in the era called Industry 4.0. The most 
important aspect of any company's success is a satisfied customer. The business environment is 
changing year by year and marketing and business practices are witnessing an ever-increasing 
tendency to focus on the customer and their needs. [4,5] Global competition forces industrial companies 
to accurately monitor production costs throughout the design process phase. However, it is difficult for 
a company to determine the best technology to ensure its profitability. [6,7] The ability to predict part 
manufacturing costs is therefore considered a critical factor in the commercial success of products. [8] 
Successful estimation and optimization of product costs also requires knowledge of various 
manufacturing processes and materials. [9] Due to the fact that demand tendering usually takes place 
with very limited information availability and short time frames, the cost estimates on which the tenders 
are built and calculated are imprecise and pose a risk to the supplier. For a product to succeed in a 
competitive manufacturer's business, it should have an accurate estimate of design, development and 
manufacturing costs. [10] In this regard, it is necessary to quickly and reliably calculate the production 
costs of finished products. [11] 

Laser cutting processes have found wider and wider application in recent decades, and new 
applications are still emerging. The laser cutting process is flexible, fast and precise. Process 
parameters must be carefully selected for each application to achieve optimized results. One of the main 
advantages of the laser as a material processing tool is the good ability to control and monitor the 
process. This control is carried out by the correct selection of laser processing parameters to achieve 
the desired quality. Laser cutting is a thermal process that removes material through phase changes. 
[12] 
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2. METHODOLOGY

The aim of the methodology is to establish a procedure to achieve an approximation of the cost 
price for the technological operation of laser cutting. The partial steps leading to obtaining the necessary 
documents for the final estimate of the calculation of the offer price for the laser cutting operation will be 
gradually clarified. 

Input conditions 

In order to correctly process the methodology of the approximation of the cost price calculation 
for the laser cutting operation, it is first necessary to define the research subject by determining the input 
conditions. The input conditions must be set so that the constants and variables entering the calculation 
process are clearly defined. At the same time, it is also necessary to take into account the chemical 
composition of sheet metal sheets as an input semi-finished product and to conduct the experiment only 
with selected material quality. Since this is a practical experiment in a manufacturing company, it is 
necessary to consider input metal sheets from one supplier of steel materials. The machine settings 
must also remain uniform and ensure its regular maintenance before starting the experiment. The 
following factors must be taken into account when determining entry conditions: 

Machine - In order to obtain correct data, it is necessary to consider only one type of machine from one 
manufacturer due to the difference in machine parameters. Machines from many manufacturers are 
available on the market, which use different cutting technologies, so it is necessary to choose a specific 
type of machine, which will ensure the immutability of the parameters entering into the calculation. The 
key factor is the machine's hourly rate. 

Drawing documentation - For drawing documentation, it is necessary to consider a uniform input file 
format. The standardized .step format is preferred. At the same time, it is necessary to consider the 
drawing documentation of specific samples of different shapes in the total number of at least fifty 
different samples. 

Dimension of the metal sheet - From the point of view of the dimensions of the metal sheet (sheet length 
and width), it is not necessary to limit the format of the sheet. The dimensions of the input sheet formats 
do not affect the cutting conditions indicated by the machine parameters of the selected machine. 

Material of the metal sheet - In order to minimize the difference in input parameters, it is necessary to 
consider only one type of input material. The material of the same type and chemical composition should 
be selected in order to reduce the diversity of the time scale in the laser cutting process. 

Surface treatment and packaging of the metal sheet - The choice of surface treatment of the metal sheet 
does not play a role in terms of changing the difficulty of the work operation, if the surface of the incoming 
metal sheet is brushed, polished or without treatment. What is, however, a key factor that must be 
determined is the packaging of the sheet, primarily the so-called laser foil, which is used in practice as 
a prevention against damage to the sheet. As part of the experiment, it is necessary to consider plans 
with laser foil or without laser foil. 

Metal sheet thickness - In order to be able to reliably determine the dependence of machine parameters 
on sheet parameters, it is necessary to consider the selection of all standardized thicknesses of metal 
sheets for which the measurement experiment will be performed. For each material thickness selected, 
the same experiment will need to be performed in order to determine the cutting time and the cost price 
for the laser cutting operation. 

Machine hour rate - The calculation of the cost price for a laser cutting operation is based on the 
calculation of the time required for the production of a specific part. For this reason, it is necessary to 
know the hour rate of the machine and calculate the given value as one of the input conditions entering 
the calculation process. 

Identification of dependent parameters 

CNC laser cutting is performed during the processing of metal sheet products. Thus, the input 
documentation is converted to a 2D layout of the part by unfolding it‘s shape. The conversion of the 
documentation into a suitable file is ensured through the laser software. Thus, three key parameters are 
distinguished, which are the X-Axis (length), the Y-Axis (width) and the Z-Axis, which characterizes the 
thickness of the material. The surface laser works at two basic speeds, i.e., the working speed during 
cutting and the speed during non-working time. The crossing speed is determined by the manufacturer 
and the type of machine itself. It is adjustable within the machine; however, it is not dependent on the 
parameters of the final products. Cutting speed is a parameter that depends on the cutting trajectory, 
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material thickness, laser foil and material quality. As the thickness of the material increases, the cutting 
speed naturally decreases. The second machine parameter depending on the thickness, quality of the 
material and possibly on the laser foil is the burn-through time value. The burn-through time indicates 
the time frame required for the beam to burn through the full thickness of the material being cut. The 
same rule applies here too, when the time required to overcome its entire value, i.e., the burn-through 
time, increases with the increasing value of the thickness of the material. 

Procedure for obtaining key dependencies from an experiment 

With appropriately determined input conditions and awareness of the dependencies between 
machine parameters and attributes of the input sample, it is possible to proceed to the experiment. The 
experiment is understood as the practical production of sample parts on the machine, the output, it 
means the real machine reports, on which specific values of speeds and times for specific samples in 
specified thicknesses will be indicated.2 The course of the experiment itself is defined by the start of 
production of selected samples from the drawing documentation for all defined material thicknesses. 
Thus, the production of the same sample pieces will be carried out, which will differ in the thickness of 
the material. When selecting samples, attention must be paid to defining a suitable trajectory that the 
laser will be able to produce in all required material thicknesses. To achieve the best possible results, it 
is recommended to repeat the same procedure of measurements of different samples in a minimum 
number of fifty pieces. The experiment is quite expensive in terms of time and finances, as it will be 
necessary to produce at least fifty different shapes of samples for all defined material thicknesses. The 
output of the experiment will be machine reports of the work that the laser has actually done. It will be 
possible to subtract the parameters from the given reports – cutting speed and burn-through time for 
each thickness. The specified parameters will need to be subtracted, written down and their average 
values calculated depending on the number of sample drawings. 

Calculation of the approximation of the cost price for cutting 

It is possible to work with the resulting values simply by subtracting two parameters from the 
drawing documentation, which are the number of burn-throughs and the total length of the cut. The 
number of burn-throughs indicates the total number of trajectories of closed entities, including the 
trajectory of the part outline. The total length of the cut is a parameter indicating the sum of all trajectories 
that the laser must perform in the work process. Equation 1 shows the calculation of the production time 
of the laser using the achieved parameters. Equation 2 then calculates the cost price using the machine 
hour rate parameter. 

 

𝑋 = (

𝐴
1000

𝐵
60

) + (𝐶 ∙ 𝐷) (1) 

𝑍 = (
𝐸

60
) ∙ (𝑋 ∙ 60) (2) 

60 
 

Where: 
A – total length of the cut (m) 
B – cutting speed (m/min) 
C – number of burn-throughs 
D – burn-through time (s) 
E – hour rate of the machine (€/hod) 

 
3. CONCLUSION 

The aim of the paper was to establish a methodology with the goal to obtain the required 
parameters of dependencies with respect to a specific type of machine in order to determine the cost 
estimate of the production of a sheet metal part. The obtained data can be used for practical use in the 
area of calculation of tender calculations. The result of the established methodology is a formula for 
calculating the estimated cost price. The calculation of the cost price estimate reflects the production 
time depending on the input parameters. At the same time, it is necessary to point out that it does not 

 

2 This procedure was determined after a thorough investigation of several machines from different 
manufacturers, finding that the required parameters values for each thickness and type of the material could 
not be found within the machine system. 
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include the non-production times of the laser, which are negligible for the purpose of the tender 
calculation. Possible research that could follow up on this article could deal with the comparison of the 
methodical procedure of estimating the cost price and real machine costs with the aim of expressing the 
percentage deviation of the estimate and actual production costs. 
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Abstract 

Machine vision is the use of computer vision in industrial operations and production. While computer vision 
is a general set of methods that allow computers to see, the field of interest of machine vision as an engineering 
field is digital input and output devices, as well as computer networks to control industrial equipment, such as robotic 
manipulators or devices for removing defective parts. 

For this purpose machine vision systems use digital or smart camera views and special software that can 
process images to perform similar checks. They are programmed for highly specialized tasks such as counting 
objects on conveyors, reading serial numbers or looking for surface defects. 

This article describes the VisionLab system in the Control Web environment. The main purpose of this 
article is to demonstrate the use of digital imaging methods for product defect detection processes. 

Keywords: Machine vision, VisionLab, Control Web, edge detection, geometric matching. 

 

1. INTRODUCTION 

Searching for geometric shapes in the source image according to a predefined pattern is one of 
the frequent requirements of a machine vision system. It is designed for pattern searches that are 
characterized by distinctive geometric shapes. The principle is based on creating a description of the 
search object using a set of basic geometric primitives and their spatial relations. To search for geometric 
shapes, VisionLab offers the geometric_matching step. 

2. GEOMETRIC SHAPES SEARCHING 

Searching for geometric shapes (geometric matching) according to a predefined pattern 
(template) is one of the frequent requirements of a machine vision system. Geometric shape search 
methods focus on finding patterns that are characterized by distinctive geometric shapes and is 
designed to work with black and white images., 

In order to use the geometric shape search mechanism, you must first create a template (see 
Figure 1) with an image of the geometric shape to be searched. This template is then searched by the 
machine vision system in the source image (see Figure 2 and Figure 3). The search in the source image 
is performed regardless of its brightness, sharpness, or noise level. The search is not affected by any 
geometric transformations (displacement, rotation, scale) of the searched pattern in the image. 
Searching using geometric shapes enables detection of an object even in the negative of the source 
image or in a situation where the object in the input image is not isolated but is adjacent to (or partially 
overlapped by) other objects. 

 
 

Figure 1 Template image. Source: (own) 
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Figure 2 Source image without defects. Source: (own) 

Figure 3 Source image with defect. Source: (own) 

Geometric shape search can be used, for example, to locate the search object or to detect 
whether a test product conforms to a required tolerance. It can be used to detect simple defects on the 
product (scratches, cracks) or to detect whether the object is in the correct position and orientation 
relative to a specified reference point. 

The principle of finding geometric shapes is based on the creation of a "description" of the 
model. This description consists of a set of basic geometric elements (primitives) contained in the 
template (line, circle, circular arcs, etc.) and of their mutual spatial relations. This set is then compared 
with a similar description, obtained from the source image, and based on their similarity, a decision is 
made to find a match or similarity between the images. 

The geometric shape retrieval procedure consists of two phases: 

• The "learning" phase - in this phase, the algorithm extracts basic geometric features from the
template image and memorizes these features and their mutual spatial relationships for the retrieval
phase.

• The Search phase - in this phase, the algorithm searches the source image for occurrences of
patterns whose shape matches the description obtained in the learning phase.

3. THE LEARNING PHASE

The learning phase can be divided into three steps: 

• detection of boundary curves in the template image

• decomposing them into basic geometric elements

• creating a description of their spatial relationships

The shape of the template is usually defined by its external shape and can be further structured 
internally, in particular by holes of different shapes (circular, square, etc.). Detecting boundaries in the 
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image of the template means finding all the curves describing the external and internal contours of the 
template. 

The search for each such curve starts by finding the starting point. From there, the tracing of the 
curve starts. To be considered as a starting point, the point must meet two conditions: it must not be part 
of an existing curve and the contrast of the point must be greater than a user-defined threshold (the 
gradient threshold parameter of the geometric_matching step). The contrast of a point is calculated as 
a function of the intensity of the point and the intensity of adjacent points. To speed up the curve 
detection process, the algorithm does not look at all points of the template, but only a limited subset of 
points. The number of points viewed depends on the settings of the parameters number of horizontal 
pattern search lines and number of vertical pattern search lines of the geometric_matching step. The 
smaller the value of these parameters, the faster the search is, but also increases the risk that some 
geometric features will not be found. The number of search lines should be set so that at least one 
search line intersects each geometric feature of the template. The algorithm first looks at the points of 
the template lying on the horizontal search lines. For each such point, its contrast value is calculated. 

If the contrast is greater than a set threshold value, and if the point is not part of any curve 
detected during the previous run of the algorithm, the point is considered as the default and the curve is 
traced from it. Otherwise, the algorithm analyses the next point lying on the search line until the last 
point of the line. After the analysis of all points lying on all horizontal search lines is completed, the 
analysis of points lying on vertical search lines is performed. 

After finding the starting point, the algorithm starts the search (tracing) of the curve. Tracing is the 
process of analyzing points adjacent to the most recently classified curve point. From these, the point 
with the highest contrast is included in the curve. This must, of course, be higher than a specified 
threshold value. The process is repeated until a point is found which meets the conditions for inclusion 
in the curve. The algorithm then returns to the starting point and the tracing process continues in the 
opposite direction. 

The basic geometric elements are then extracted from the found curves: lines, quadrilaterals, 
circles, etc. The set of these elements is complemented by spatial constraints that describe their 
distribution in the image of the template. The set of basic geometric elements thus obtained with their 
spatial distribution forms the description of the template, which is then used in the search phase. 

4. THE SEARCH PHASE

In the search phase, the algorithm looks at the source image and detects the presence of 
patterns matching the description of the template created in the learning phase. 

The first step of the search phase corresponds to the procedures described and used in the 
learning phase. In the source image, the boundary curves of the displayed objects are detected, these 
are decomposed into basic geometric elements and descriptions of each object are created in the same 
way as the description of the template was created. Detection of the starting points of the object 
boundary curves is performed along the search lines, as in the learning phase. Their number is given 
by the respective parameters number of horizontal image search lines and number of vertical image 
search lines. 

The descriptions of the found objects are then compared with the description of the template. 
The comparison takes into account that the input image may not correspond to the master image in 
terms of geometric parameters. For example, the objects may be displayed at a different scale, rotated 
differently, or taken under different lighting conditions. 

If the description of the master image is the same as the description of the object, the object of 
the input image may be referred to as a found occurrence of the template image. However, a 100% 
match between the description of the object and the description of the image is an ideal situation that 
may not always occur in practice. Therefore, the so-called match rate of the input image description to 
the description of the template is calculated during template matching. An object is then declared to 
match the master if the calculated match rate is greater than the minimum match rate required by the 
user (geometric_matching step precision parameter). 
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5. CONCLUSION 

In the future, the use of VisionLab's camera system and artificial intelligence tools in Control 
Web can facilitate and optimize the production process and quality control of technological processes. 
By using a camera system with image post-processing, it will be possible to easily evaluate product 
defects and improve the final quality of products. 
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Abstract 

The article introduces hydroponics cultivation, the advantages of this cultivation and the possibilities of use 
for everyone will be presented. The aim of this article is to introduce hydroponics as a way of growing not only in 
large quantities but also in homes, this whole growing process will be automatically controlled, for example, light 
and temperature control. 

Keywords: Hydroponic, growing the future, ecology. 

1. INTRODUCTION

The word hydroponics is composed of two Greek words: hydro – water and ponos – to work, 
literally translated as water work. Hydroponics was already practiced by the ancient Egyptians; the 
modern spirit of hydroponics began in the 1930s. It is a method of growing plants only in nourishing 
water, without soil. There is no need to grow plants only in the soil and amend this soil several times a 
year for cultivation. All you need to do is take a seedling plant and place it in the planting hole. This is a 
revolution in vegetable growing in particular and brings great benefits [1] 

In today's world, there is increasing pressure for global food sustainability; due to the ever- 
growing population, conventional food growing and production is slowly reaching its maximum and a 
new way needs to be found. One of the ways to change this issue is hydroponics; it is one of the new 
ways that we can manage the food needs. In the United States or Australia, these farms are already 
operating today, supplying fresh vegetables to local markets. In Europe, the first projects of this 
revolutionary way of growing are only now beginning to emerge. For the reasons described above, it is 
clear that hydroponics has a great future, particularly in Europe, where it is still in its infancy. Forbes 
magazine has highlighted the advantages of hydroponics, especially its economic returns and 
environmental friendliness, and has ranked hydroponics among the top ten careers of the current 
millennium. [1, 2] 

2. DIVISION OF HYDROPONIC SYSTEM.

A hydroponic system can be passive or active. In a passive system, the water is driven by gravity 
and pressure; in an active system, the water is already driven by pumps. Another division refers to 
whether the system is open or closed. In an open system, the nourished water flows from the tank to 
the waste, and they are close to the processes in nature where new water is constantly flowing in and 
the original solution is consumed or drains away. The disadvantage of this design is the high 
consumption of water and nutrients. In a closed system, on the other hand, the nutrient water is not 
discharged into the waste but is allowed to circulate through the system, i.e., the water that flows out of 
the tank flows back into the tank. The advantage is the rapid reduction of water and nutrient consumption, 
resulting in less economic and environmental impact. Figure 1 shows a constructed closed hydroponic 
outdoor system. [3] 



DOI 10.31490/9788024846538 

182 

Figure 1 Closed outdoor hydroponic system. Source:(own) 

3. GROWING PROCESS

The first thing to realise is that, essentially, perfectly normal natural processes are being 
mimicked, and what takes nature from autumn to spring can be managed in a matter of days/weeks. 
We are, of course, talking about mimicking the natural life of a seed that has fallen from a plant in the 
autumn in order to guarantee the propagation of the next generation of successors in the spring. 

The first step is the germination of the plant. Before sowing, it is recommended to place the 
seeds in a cool room, preferably in the refrigerator for a few days. The seeds that are chilled have a 
higher germination rate, and then the seeds should be removed and allowed to soak in water for at least 
one day. The seeds will then be placed in the prepared planting cubes. During germination, it is a good 
idea to shine a light on the seedlings, which is referred to as "full spectrum". Once the seedlings 
germinated, they can be transferred (transplanted) into cups that are inserted directly into the hydroponic 
system. It is necessary to check that the roots are in water and at the same time the root part must not 
be submerged, due to the oxygen supply. 

Once this step has been completed, the duration of 3 weeks to a few months, depending on 
what plant is being grown, is when, by simulating the daily cycle of nature, the harvest will occur. There 
are some parameters that are important for proper plant growth, such as EC and pH. EC is electrical 
conductivity, through which we can see how water is nourished, whether there is too little, too much, or 
just enough fertilizer. The PH factor determines the acidity or alkalinity of the water, in order for the plant 
to take up nutrients in the best way possible it is necessary to have the right pH. Another important factor 
is the height of the water level, not only because of a lack of water or, in contrast, an excess where 
overflow would occur, but also for the proper growth of the plant. Every plant has roots and they need 
access to oxygen, so if the water level is above the root level, the plant will rot. Some of these parameters  
can be measured and automatically regulated. 

In one practical example, a PH module for Arduino was used to measure pH, this module is an 
input for Arduino having a probe E201 which allows to measure pH in the range of 0 - 14. The module 
has two trimmers; one of them is used for calibration, which is important. After uploading the written 
code to Arduino, it is a clever idea to do this calibration. Thanks to the serial monitor, it is possible to 
see the actual values that the probe measures in a given liquid, and with the help of the trimmer, it is 
possible to adjust these values precisely. It is recommended to calibrate in several different liquids to 
verify that the probe is measuring correctly. It should be borne in mind that the probe does not have a 
measurement rate as accurate as the machines costing tens of thousands of Czech crowns, but for this 
process it is perfectly sufficient. For this example, the pH was measured in lemon juice (pH 2.5), water 
(pH 7) and soapy water (pH 9.5). The program can be used to set the desired pH value and if this value 
is different, the LED will light up. 
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A Milwaukee CD611 EC meter probe was used to measure electrical conductivity. This module 
has been purchased, and so far only manual measurements and readings have been taken. 

Light and temperature control. For the proper growth of any plant, it is necessary to simulate the 
environment as faithfully as possible, especially the real sun and the light and radiation from which the 
plant gets its heat. For hydroponics, there are special lights called "full spectrum", which have a red and 
a blue component. The first is to ensure proper root growth and the latter is for the rest of the plant. This 
light is connected to a time relay which can be set to perfectly simulate day and night. In Figure 2 you 
can see a photo of the light used; it does not always have to be a purple light; there are already "full 
spectrum" lights that shine white to the human eye. Why is this so? This is simply because humans are 
not used to violet light, and after a while it makes them sick. 

 
 

Figure 2 Light used for hydroponics. Source:(own) 

 
This whole hydroponic farm is designed for the home; it is a kind of closed cabinet in which 

hydroponic vegetables can be grown. Temperature sensors will monitor the actual temperature and 
deviations will be dealt with either by heating it up with electric heating or by ventilating it with fans. 
Temperature control is automatic, but fans or electric heating can be turned on independently by a 
human, without a control program. 

4. BENEFITS OF HYDROPONICS 

Unlike conventional cultivation, hydroponics has many advantages, some of which will be 
presented later. 

• Independence from the weather - hydroponic farms are fully productive regardless of the 
season or its fertility. They have their own climate, which allows for voluminous harvests 
and yields throughout the year. 

• Environmental friendliness - it is a purely natural food origin. Farms can operate with minimal 
water and energy consumption. 

• Self-sufficiency - almost all vegetables can be grown at home, so one does not have to 
depend on supermarkets. 

• Less susceptibility to diseases - since soil is omitted in this type of cultivation, plant diseases 
caused by soil and soil pests are minimized to the maximum here. 

• Faster growth - by simulating ideal conditions, faster plant growth and fruit ripening can be 
achieved. 



DOI 10.31490/9788024846538 

184 

• More distinctive taste of vegetables - hydroponic fertilizer contains all the necessary
substances for the proper growth of plants and their fruits. The plant is supplied with the
optimal amount of fertiliser, so it is not wasted, and the taste of the fruit and the leaf of the
individual vegetable is more pronounced.

• High efficiency - these greenhouses can grow far more plants/greens than in nature. Almost
all seeds germinate and grow to harvest.

• Multi-year harvest - unlike conventional growing, there is a multi-year harvest. Because
plants do not depend on natural outdoor conditions and there are virtually no seasons,
vegetables can be grown in both the summer and winter months with exactly the same
efficiency.

• Lower water consumption - although it may not seem like it at first sight, it is after all growing
in water; paradoxically up to 90% water can be saved. It is, of course, a closed system,
where water is circulated around and around. [4]

5. CONCLUSION

Hydroponics has a huge future; the number of people on this planet is increasing and the 
growing area is decreasing. That is why it is important to begin to address this issue. Feeding the 
population is an increasingly challenging task, and this could be the key to success. However, people 
cannot only think of themselves but also of their home, their planet Earth. Due to the ecological 
advantages over conventional cultivation, there is not as much water consumption. 

But hydroponics does not have to be just about growing plants for a living, it can also be used 
to cool cities by building green roofs and walls on urban buildings, for example. Due to the benefits, 
especially water conservation, these cities can be enriched with greenery that will improve the climatic 
conditions. Hydroponics can also be used where water is scarce. 

But it does not have to end with growing plants. A hydroponic greenhouse can be connected to 
a water tank where fish are bred or to its water, to create a so-called Aquaponia. Unlike hydroponics, 
this also keeps fish and does not use any artificial fertiliser; the fish provides the natural fertilizer. Of 
course, this hydroponic greenhouse can be further improved, and more things can be automated so that 
a human only does the work of planting the plant and then only harvesting it. 
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Abstract 

Employees are the heart of companies because without them, companies would not exist and work. It is 
important to keep skilled employees who can do their job as best as possible. But sometimes it can be quite difficult 
to find employees with the required qualification. Companies can make it on their own, share the offer of job via the 
internet or they can utilize other options like agent employment. There are many of them in the Czech Republic. 
They can help with a lack of employees and reduce worries about administrative stuff. On the other hand, companies 
can face the problem of employees who want to go abroad, mostly to Germany or Austria. These countries also 
apply agent employment, so Czech people can also be hired in Austria this way. Are there differences in agent 
employment conditions between the Czech Republic and Austria? The article compares conditions and discusses 
possible advantages and disadvantages in both countries. 

Keywords: Agent employment, employee, work conditions, period of work, social security. 

 

1. INTRODUCTION 

In some of the countries, agent employment is more common than in Czechia. These 
possibilities of employment help companies find employees first, and then unemployment is decreasing. 
For the employer, it might be a great advantage because when they will get an unexpected contract, 
they can utilize the agency offer without having to search for new employees and they do not solve some 
new conditions, which relate to the new employee and generally get one. The most needed are 
employees for hard labor or physical requirements because these types of work are a lack of manpower. 
These employees are more valued because they may be from third-world countries affected by war or 
an unstable government. Workers have a lot of experience, but lack knowledge of the national language.  
Lastly, it is possible to count with employees from agencies in our capital society for the future, because 
it is foundation for some companies to be able to grow and find employees when they need them for 
short period of time. 

2. AGENT EMPLOYMENT 

Agent employment means rent of work labour, and its principle is creating a trilateral relationship 
between the employee, the employment agency as an employment, and the user, which is every natural 
and legal person renting an employee. The agency allocates employees for determine period to 
individual users to make a work, which user needs and required a work labor for that. The agency and 
the users have an employment contract with each other. Even the agency and employee have some 
contract between them, but the employee and the user do not have any common contract. 

For agent employment, the general rules are written by the European Union - Convention of 
International Labor Organization Convection (ILO) – Private Employment Agencies No. 181. These 
documents were adopted on June 19, 1997, in Geneva, and are valid from May 10, 2020 [1]. For every 
country of the European Union, there are the same significant rules connected with agent employment, 
but in every country there exist differences in this field. Now, some of the common rules according to 
Convention No. 181. 

For this Convection, the term 'Private Employment Agency' means any natural or legal person, 
independent of the public authorities, who provides one or more labor market services, for example, 
services to match offers and applications for employment, services consisting of employing workers with 
the aim of making them available to a third party, or other services related to job seeking. 

Measures must be taken to ensure that workers recruited by private employment agencies 
providing services are not denied the right to freedom of association and the right to bargain collectively. 

To promote equality of opportunity and treatment in access to employment and to particular occupations, 
a member shall ensure that private employment agencies treat workers without discrimination based on 
race, colour, sex, religion, political opinion, national extraction, social origin, or any other form of 
discrimination covered by national law and practice, such as age or disability. Employment agencies 
cannot use or provide child labour. 
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Processing of personal data of workers by private employment agencies shall be done in a 
manner that protects these data and ensures respect for worker privacy in accordance with national law 
and practice and also shall be limited to matters related to the qualifications and professional experience 
of the workers concerned and any other directly relevant information. 

Private employment agencies shall not charge directly or indirectly, in whole or in part, any fees 
or costs to workers. But there are some exceptions after consulting the most representative 
organizations of employers and workers. A member who has authorized expectations in its reports 
provides information on such exceptions and gives the reasons for such exceptions. 

These rules written above are one of them, which countries, more exactly members of the 
European Union, cannot change and have to allow. Additionally, there are some rules that members 
can adapt according to the working conditions of their country. Every country has different requirements 
and labor market, so the European Union is not so strict and does not make one common rule in this 
field. 

AGENT EMPLOYMENT IN CZECHIA 

In Czechia, a new amendment was made on August 2, 2021, which is a reaction to practice in 
agent employment. There are now sanctions of up to ten million Czech crowns (CZK). This sanction 
threatens those who rent employees and do not meet the conditions in accordance with the rules on 
agency employment. For example, a natural or legal person renting an employee without authorization 
from the General Directorate of the Labor Office, does not take out liability insurance, do not deposit a 
deposit in the amount of 500 000 CZK, and is outside the quite strict conditions of the classic 
employment agency, that is, the typical trilateral relationship [2]. In primary, it is possible to check 
whether an entity is an employment agency in the relevant public register of employment agencies under the 
Labour Office. Agent employment is very recent, so that is why rules and novels get another change, which 
comes from practice. 

Now for the purpose of subsequent comparison, some rules from Czech novel about agency 
employment will be written. The main rules are the same for all countries. These rules are written above 
and will not be written again. Only some of them, which can be different for significant member of 
European Union. 

For an opportunity, it is important to assign an employee temporarily to perform work for the 
user based on an agreement on the temporary assignment concluded between the agency and the user, 
which must be concluded in writing. There are a lot of necessary and required items, e.g., general 
information about the employee, the type of work to be carried out by such an employee, the 
determination of a period for which the employee will be assigned to work for the user, the place of 
performance of work, the date when the assigned employee will start to work for the user, information 
on the working conditions and remuneration, etc. 

The employment agency must ensure that the working and wage conditions of an employee are 
not worse than the conditions of the user’s comparable employee. The employment agency may not 
temporarily assign the same employee for work performance to the same user for a period longer than 
12 consecutive calendar months. 

The Labour Code expressly stipulates the user's obligation to ensure occupational health and 
safety, but, at the same time, does not relieve the employment agency of this obligation. Therefore, it is 
assumed that the agency is generally responsible for occupational safety and health. 

AGENT EMPLOYMENT IN AUSTRIA 

Austria, like other members of the European Union, follows the rules by the Private Employment 
Agencies Convention No. 181. Employment of agency workers is firstly regulated by international 
standards and then by a specific Temporary Employment Act (AÜG) and a sector-specific collective 
agreement. The employment agency has to be in accordance with the Act on Public Employment 
Services 21 (AMSG), Federal Act No. 313/1994 Coll. Nevertheless, not only employment agencies offer 
rental of employees. In Austria there exist other subjects which are allowed for renting. There are subject 
like Employment Department, Subjects of interest groups, professional associations of collective 
bargaining, and Charitable institutions. When some of these subjects do not follow the rules, one can 
get a sanction from 724 EUR to 3 600 EUR. 

The agreement between the employee and the employer (Employment agency, Employment 
Department, etc) has to be concluded in writing with all conditions of allocations. There are designated 
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individuals for the employer to whom the employee is to be assigned, the day of commencement, the 
basic salary, accession to the collective agreement, job description, and approximate period of 
assignment. 

The agency employee must have the same work and wage conditions as the user's comparable 
employee. The maximum period for renting an employee for the performance of work to the same user, 
according to the Temporary Employment Act (AÜG), is currently 18 months. However, the parties to the 
collective bargaining agreement in the assignment sector can set a longer period than the maximum 
that deviates from the statutory regulation. 

The employment agency or other subject renting a work labor must apply for full social security of the 
employee. It is an obligation to give an employee copy of document where is written amount of deposit. 

COMPARING AGENT EMPLOYMENT IN AUSTRIA 

The same general rules written by the European Union, Austria, and Czech law for the 
employment agency are very similar. For example, items of agreement, equal work and wage conditions 
for the agency and the comparable user employee, and the obligation to pay the insurance to the 
employee by the employment agency. 

But here are some differences that are possible in basic regulation. One of them is about 
different possibilities of provider agency employment. In Czechia only an employment agency can rent 
an employee, but in Austria not only agencies can do that. Also, Employment Department, Subjects of 
interest groups and professional associations of collective bargaining and Charitable institutions. 
Naturally, in both countries, all of them must meet the conditions which are valid for that country. 

Typically, when some of the rules are broken, there are some sanctions for that. There are 
differences in every country in the amount of that. Every country has its own currency for that. 

The other difference is the period of rental. In Czechia, the maximum period is a half year, while in 
Austria it is longer, 18 months [3]. But it is possible to make some exception thanks to common 
agreement between the user and the employer and make a longer period of rental employment. 

3. CONCLUSION 

Agent employment is increased due to the fact that there is now a shortage of employees. This 
lack is visible especially in manual jobs, so that is the reason why agent employment focuses on this 
kind of job. In Czechia, agent employment is not as typical as in Austria. It will take some time, when 
Czech laws get property rules, because practice in these fields is not so common. In Austria, they have 
very liberal laws, but a lot of people want to work in Austria, so it might be one of the reasons. On the 
other hand, there are many similarities in laws about agency employment, because the European Union 
makes one general rule about that, but every country can adapt that according to their practice. 
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Abstract 

With increasing emphasis on the environment, the question arises as to how to assess the impact of 
products and services, considering the complexity of their entire production cycle, from primary extraction, transport, 
processing, to final disposal or recycling. The internationally agreed Life Cycle Assessment (LCA) methodology 
provides not only general recommendations on how to assess these impacts, but also direct results if appropriate 
software and sufficient data are used. Due to its versatility and versatility, it is used in many industries, including the 
production and recycling of materials. Using it, when comparing primary-source earthenware and recycled 
earthenware, it was found that the use of earthenware made from construction waste reduces greenhouse gas 
emissions by 65 % and saves 58 % of non-renewable energy. LCA can also help map different options with respect 
to various indicators, such as human health, greenhouse gas emissions, water consumption, fossil resources, and 
more, and select the most appropriate option based on the results. The aim of this article is to map the current 
benefits and uses of the LCA methodology to produce various materials and existing results [1–5]. 

Keywords: Life cycle assessment, material, recycling. 

 

1. INTRODUCTION 

In today's world, an increased emphasis is placed on environmental protection and the use of 
recycling in all sectors. With the growing world population, the problem of how to manage municipal 
waste sustainably arises. Different countries deal with this problem in many ways, as shown in Fig. 1. 

 
 

Figure 1 Municipal waste by treatment operation in 2020. Source: [6] 

 
Within the waste management hierarchy, waste utilization is among the most basic optimal 

options. However, it is necessary to find a way to assess the environmental impact of the use, both of 
various wastes and processes, and to determine how these results can be quantified and clearly 
described. The LCA methodology appears to be a suitable tool. 
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The LCA (Life cycle assessment) methodology is widely used to compare, analyse, and highlight the 
environmental impacts of services, products, and processes throughout their entire life cycle, so- called 
from cradle to grave. The LCA approach includes a wide range of indicators that can be used to evaluate 
the life cycle or its parts, such as human toxicity, greenhouse gas emissions, eutrophication, resource 
depletion, and others [1, 2, 4, 7–10]. 

Using individual indicators, it is possible to assess how much energy savings, the amount of 
emissions, or other impacts will be obtained when changing raw materials, related processes, products, 
and others. LCA is slowly but surely beginning to be used in the evaluation of a wide range of materials, 
be it construction materials or raw materials for the production of biofuels. 

In general, achieving sustainability in product manufacturing requires a redesign / modification of 
production processes, efficient use of resources, and waste management. Using fewer primary 
materials and more renewable resources (e.g. renewable energy) or waste materials leads to reduced 
environmental impacts [2]. 

In addition to all the advantages that this methodology brings, it also contains several 
disadvantages. Besides the need for a suitable program for your focus (SimaPro, GaBi, Ecochain, 
openLCA, Mobius, oneclicklca, Umberto+, etc.), which can be awfully expensive, another challenge is 
choosing the right database. Different databases come from different continents and focus on different 
industries, so it is necessary to choose the ones that match the local location, focus, and circumstances 
in order to get the most accurate results. However, the applicability of these databases may vary 
depending on the type of data, industry, or region we need. Below is a list of the most widely used and 
well-known databases for use in the construction industry [11]: 

• Europe 

o Ecoinvent is a database developed by the Swiss competence centre Ecoinvent Centre, involving 
Swiss federal institutions (e.g., Swiss Federal Institute of Technology in Zurich and Lausanne, 
and EAWAG, PSI, etc.). This database is the most used in Europe and contains more than 4 
000 different processes, including more than 120 different building materials [8, 12]. 

o The GaBi LCA Database is one of the largest databases on the market today. It offers more 
than 17 000 processes and models, regionalized land and water use data, and covers most 
industries, including construction, plastics, textiles, energy and services, and more. More than 
200 LCA experts from the parent company sphera help with the data update [12, 13]. 

o PlasticsEurope Eco-Profiles is a free LCA database specialized in plastic materials. It was first 
developed by PlasticsEurope in 1991 and has been continuously updated since then [12]. 

• America 

o The Athena database contains data on manufacturing processes, building materials, energy, 
transportation, construction, and demolition processes, maintenance, repair, and waste disposal in 
Canada and the United States [12, 14]. 

o U.S. Life Cycle Inventory Database was developed in 2001 by the National Renewable Energy 
Laboratory of the US Department of Energy. The data follows different models and consider 
different input and output raw materials exclusively for the United States. This database focuses 
on metals, wood materials, and plastics, which account for approximately 80 of the total 600 
processes included in the entire database [12, 15]. 

• Other databases 

o Base Carbone provides data on CO2 emission factors for France and its islands. It is a free 
database with data on construction materials, metals, glass, and plastics [12, 16]. 

o BEDEC database is a Spanish database created by the Institute of Technology of Construction 
in Catalonia and contains economic and environmental information for a wide range of 
construction materials [12] 

o ProBas is a free database available only in Germany that contains more than 700 construction 
materials and 30 000 processes [12]. 
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2. THE BENEFITS OF MATERIAL RECYCLING AND WASTE UTILIZATION

One of the main contributors to environmental degradation and the depletion of natural 
resources is the construction sector, which even accounts for one third of total greenhouse gas 
emissions. Due to the increase in urban population and the increase in construction activities around 
the world, a significant amount of construction waste and other types of waste are generated. For 
example, in Hong Kong, the amount of construction waste produced was six times greater than the 
amount of municipal waste. Landfilling this construction waste is not a sustainable solution due to the 
lack of landfills and their environmental consequences. Therefore, the question arises as to how to deal 
with this construction waste. One of the possibilities of using construction waste is the production of 
recycled aggregate, both coarse and fine. It was found that the production of recycled coarse aggregate 
compared to natural aggregate from primary sources reduced greenhouse gas emissions by 65% with 
a total savings of 58% nonrenewable energy. Similar results were compared to river sand fine aggregate, 

where the production of recycled fine aggregate saved 54% of energy consumption and 61% of 

greenhouse gases and 46% of SO2 emissions [1, 8]. 

Another example of the use of waste materials and the associated reduction of environmental 
impacts can be the cement industry. Its adverse environmental impacts, such as a 5-10% share of the 
world‘s production of anthropogenic emissions and a 12-15% share of the total industrial energy 
consumption, can be mitigated, for example, using waste glass powder, fly ash, or biofuels. Using these 
alternatives, the total emission of greenhouse gases can be reduced by 12% and energy consumption 
by 15% [2]. 

Other commodities in demand include biofuels. Therefore, new raw materials are constantly 
sought, ideally waste materials that can be used for biorefineries. One possibility is agricultural and plant 
residues, generally lignocellulosic residues. Existing research has shown that this residue-based 
biorefinery concept is capable of reducing greenhouse gas emissions by up to 50% and saving more 
than 80% of nonrenewable energy sources.[9]. 

3. CONCLUSION

In conclusion, it must be stated that although the LCA methodology still has some disadvantages and 
obstacles, on a comprehensive scale it is an irreplaceable helper that gives clear and comprehensible 
results on current issues, whether it is biofuels, building materials, or the use of waste materials in various 
industries. 
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Abstract 

This article provides a justification for the need to improve the operating modes of modern equipment for 
the production of metal powder of various alloys based on the analytical processing and sorting of the results 
obtained. The analysis is carried out based on the influence of the type of equipment, consumables for the 
substances produced in powder metallurgy, as well as the use of information management tools to optimize process 
management in the metallurgical space. The combination of modern technologies and information management 
products helps to create an efficient functioning production system. This, in turn, not only improves the quality of 
powder material as a raw material for further use in the field of additive technology and metal pressing by hot 
isostatic pressing, but also creates increased competitiveness in the market. The analytical collection and 
substantiation of the concept of improving the operating modes of equipment in the direction of powder metallurgy 
take place on the example of spherical granules made of heat-resistant nickel alloys. The concept of a cost-effective 
mode selection algorithm based on a drop-in technology mathematical model is presented. The conclusions are 
presented based on a comparative analysis of the material. As a conceptual description of the process, the article 
presents illustrations, tables, and flowcharts. 

Keywords: Additive manufacturing, powder metallurgy, algorithm, management, comparative analysis. 

1. INTRODUCTION

The modern world is based on great scientific and technological progress, including in the field 
of aviation and mechanical engineering. The main components of these areas are metal products. 
Modern details should provide a significant improvement in promising aviation and automotive 
performance. This is supposed to be achieved by increasing the parameters of the workflow and 
reducing the weight of the structure. The development of modern technology requires the creation of 
products with improved performance under conditions of complex high-temperature loading, exposure 
to an aggressive environment, and wear, which can be obtained very effectively by powder metallurgy 
methods. But, also with the development of technology, labor costs also increase significantly. 
Therefore, the issues of saving resources become especially important and relevant. Since the 
manufacture of metal powder material allows you to create products of complex configuration with 
minimal mechanical processing, this reduces the consumption of valuable charge materials by 2-3 times, 
reduces the labor intensity of manufacturing parts by 1.5-3.0 times and, consequently, reduces the cost 
of finished products [1,10]. 

Metal powder can be obtained in several ways in various installations, and the main mechanism 
to create a granule is drop formation [2]. Because this is a physical process, it can be described by 
mathematical formulas, allowing the system to select the required powder size to be flexible. 

The task of further development of powder metallurgy is recognized as relevant in various countries. 
With the growth and development of technology, an improvement in the powder material is obtained, 
which in turn leads to intense competition. Therefore, it is necessary not only to improve technological 
issues, but also to apply modern methods of production management [3]. 

2. MAIN PART

Metal powder is a building material for additive manufacturing processes and a material for 
forming products by hot isostatic pressing. For these processes, powder of various configurations is 
used. It is important to pay attention not only to the range of diameters suitable for this or that equipment 
but also to the geometry and smoothness of the particle coating. Despite modern high-precision 
equipment in the form of electron beam melting and a gun or pressing material under high pressure and 
temperature, the quality of the powder resource should not be neglected [4]. When a smooth particle is 
used with a perfectly spherical shape, internal defects are minimized. 

Modern units allow one not only to produce a large number of various materials but also to 
subject them to various processing [9]. Modern digital selection methods allow you to choose the best 
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result for a particular production. As mentioned earlier, to avoid the possibility of internal defects, it is 
necessary to obtain a particle close to an ideal spherical shape. The best solution to solve this problem 
is the centrifugal atomization method. The best solution to solve this problem is the centrifugal 
atomization method. A comparison of particles obtained by several methods is shown in Figure 1-2 and 
Table 1. An important advantage of this method is the production of dense, gas-free spherical particles 
[8]. A comparison of particles obtained by several methods is shown in Figure 1-2 and Table 1. An 
important advantage of this method is the production of dense, gas-free spherical particles [5]. The 
mechanism of droplet formation [6] includes: the formation of a thin film of molten metal 20–50 µm in 
size at the end of the electrode due to plasma exposure; the movement of liquid metal to the peripheral 
region of the electrode and the formation of a crown; overflow of the melt into spherical heads formed 
on the crown; detachment of particles from the crown, when the centrifugal acceleration forces exceed 
the surface tension forces. 

Figure 1 Appearance of the granules, 
income from centrifugal atomization 
Source: [created by the author D. Strapolova 
under a microscope] 

Figure 2 Appearance of the granules 
obtained by gas jet spraying Source: 

[created by the author D. Strapolova under a 
microscope] 

Table 1 Comparative Characteristics of Gas Atomization Porosity (GA) and Rotary Electrode 
Plasma Melting (PREP). Source: (own) 

Sample Powder volume, mm2 Pore volume, mm2 Porosity, % 

GA 3,877 0,002117 0,055 

PREP 2,329 0,000399 0,017 

Based on the mathematical model of the formation of a metal droplet and subsequently a particle, it is 
possible to create simple programs for calculating the best mode of equipment operation. Thus, based 
on the final formula of the dependence, it can be concluded that at a given frequency of rotation of the 
workpiece, it is possible to predict the diameter of the resulting particle. 

The dependence of the particle diameter on the specified speed of the workpiece: 

𝑑 ≥ 23,39
(

6𝜎𝜂
𝜌𝑅

)
0.5

𝑛
⁄

 
(1) 

where: 
d – particle diameter,  
𝜎 – surface coating coefficient melt tension, 

𝜂 – tensile holding force (0,8-1,0) 
ρ – density, 
R – workpiece radius, 
n – workpiece speed. 

In addition to the technological part, any production operates based on modern management 
techniques. This is a cumulative and systemic impact on the company and production to ensure the 
planned result [7]. One of the factors of the modern management system is digitalization. In addition to 
logistics and creating a database, it is also necessary to build internal process dependency algorithms. 
An example of a selection algorithm is shown in Figure 3. 
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Figure 3 Model selection algorithm in the form of a block diagram Source: [created by the author 
D. Strapolova in the program app.creately] 

If this algorithm is created in a single database in an enterprise in the direction of powder 
metallurgy and its products, then this will significantly reduce time and energy costs. This automation 
can have a positive impact on economic performance because it does not require labor, which reduces 
costs. 

3. CONCLUSION

Technological parameters are especially important to obtain an excellent product. The proposed 
scheme is a conceptual project that allows organizing a full-fledged selection of material and its 
subsequent processing within the framework of the software package and the completed databases. In 
addition, the proposed scheme includes optimization of the logistics flows of raw materials, 
consumables, and processes to improve quality and reduce the cost of products. The system is based 
on simplifying not only the logistics chain but also the simplified selection of products. Calculating the 
purchase of a specific product makes it possible to choose not only the technological mode but also the 
equipment. 
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Abstract 

The paper includes basic information about one of the methods of digital image processing — edge 
detection. The main purpose of the article is to compare the performance of commonly used edge detection 
algorithms with an example of the algorithm itself in the MATLAB software environment on the example of a billet 
photo for rolling production. 

Keywords: Edge detection, Image Processing, MatLab. 

1. INTRODUCTION

Image processing algorithms allow automated systems of graphic information processing to be 
realized, which can be used in process control systems, in video surveillance systems, in systems of 
modeling of objects or environment. Computer vision systems solve the main tasks such as object 
detection, tracking, classification, and identification, as well as situation recognition. 

One of the main directions in image processing at present is the detection of edges, which is 
widely used for solving problems in a wide variety of areas. One of the most important tasks in which 
edge detection systems are applied is the problem of detecting the position and defects of various 
objects in industrial production. 

Edge detection is the process of detecting precise brightness gaps in an image. Gaps are abrupt 
changes in a group of pixels that are the edges of objects. It is a process that outlines the objects, thus 
gaining some knowledge about the image. 

2. EDGE DETECTION TECHNIQUES

The edges of objects in the image greatly reduce the amount of data that needs to be processed 
and at the same time preserve important information about the objects in the image, their shape, size, 
and quantity. The main feature of edge detection techniques is the ability to extract an accurate line with 
good orientation. 

Such algorithms convert the input image into an image with outlines of objects, mostly in gray 
tones. In image processing, especially in computer vision systems, edge detection is used to consider 
significant changes in the brightness level in the image, physical, and geometric parameters of the object 
in the scene. There are a lot of mathematical methods for edge detection. But all of these methods are 
based on one of the basic properties of a brightness signal, discontinuity. Besides, practically all 
methods can be formally divided into two categories: searching for maxima; searching for zeros. With 
the help of edges, we can get a basic understanding of the image. 

Many contour and edge detection algorithms are described in the technical literature. This article  
discusses the most popular methods. These include Robert, Sobel, Prewitt operators and the Canny 
algorithm. [2] 

Principle 

The most common way to find gaps is to process an image using a sliding mask, also called a 
filter, kernel, window, or pattern, which is a square matrix corresponding to a specified group of pixels 
in the source image. The matrix elements are usually called coefficients. Operation of such a matrix in 
any local transformation is called filtering or spatial filtering. 

The process is based on a simple movement of the filter mask from point to point of the image; 
at each point (x, y) the filter response is calculated using pre-defined relations. In the case of linear 
spatial filtering, the response is given by the sum of the product of the filter coefficients by the 
corresponding pixel values in the area covered by the filter mask. [1] 
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Operators 

Roberts 
This algorithm performs simple and fast calculations of the two-dimensional spatial dimension 

in the image. This method emphasizes areas of high spatial frequency, which often correspond to the 
edges of objects. A grayscale image is fed to the operator's input. The pixel value of the output image 
at each point implies some value of the spatial gradient of the input image at the same point. The masks 
used by the Roberts operator are shown in Figure 1. 

Gx    Gy 

Figure 1 Robert’s operator masks. Source: (own) 

Sobel 
This method of edge detection uses a derivative approximation. This allows for edge detection 

where the gradient is highest. This method detects the number of gradients in the image, highlighting 
areas with high spatial frequency that correspond to edges. This operator consists of two 3×3 matrices. 
The second matrix differs from the first one only in that it is rotated 90 degrees (see Figure 2). 

-1 -2 -1 

0 0 0 

+1 +2 +1 

Gx    Gy 
Figure 2 Sobel operator masks. Source: (own) 

Prewitt 
The proper direction in this algorithm is to estimate the size and orientation of the edge. Although 

edge detection is a very time-consuming task, this approach gives exceptionally good results. This 
algorithm is based on the use of 3 x 3 masks (see Figure 3), which consider eight possible directions, 
but straight directions give the best results. 

-1 -1 -1 

0 0 0 

+1 +1 +1 

Gx    Gy 
Figure 3 Prewitt operator masks. Source: (own) 

Canny 

The Canny algorithm is one of the most popular edge detection algorithms. A crucial step in this 
algorithm is to eliminate noise on the edges, which can significantly affect the result, while maintaining 
the edges as much as possible. This requires careful selection of the threshold value when processing 
this method. The algorithm consists of several steps: 

1. Smoothing. Blurring the image to remove noise.
2. Finding gradients. Edges are marked where the image gradient gets the maximum value.
3. Suppression of non-maxima. Only local maxima are marked as edges.
4. Double threshold filtering. Potential edges are defined by thresholds.
5. Tracing ambiguity region. The final edges are determined by suppressing all edges not related

to the defined (strong) edges. [3]

-1 0 +1 

-2 0 +2 

-1 0 +1 

-1 0 +1 

-1 0 +1 

-1 0 +1 

-1 0 

0 +1 
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3. EXPERIMENTAL RESULTS 

This section presents the results of the algorithms described above to detect the edges of 
objects in the image. The paper considers methods of edge detection using an image of a billet for rolling 
as an example. 

All algorithms have been applied in the MATLAB software environment using the Image 
Processing package and tested on the image with a billet for rolling. The goal of the experiment is to 
obtain a processed image with perfectly separated contours. The original image is shown in Figure 4, 
and the processed images are shown in Figures 5,6. 

 

Figure 4 Source image. Source: (own) 
 
 

Figure 5 Processed images with methods Sobel, Canny, Prewit, and Roberts. Source: 
(own) 

 

Figure 6 Algorithm developed for edge detection in industrial environment. Source: 
(own) 

 

In the operational environment, it is necessary to process real images, gathered from industrial 
cameras under various light conditions. It is obvious that standard edge detection methods, Figure 5, 
are not so much successful. In the example in Figure 4, it is an image of the billet with embossed 



DOI 10.31490/9788024846538 

199 

numbers specifying all the necessary information about the billet. The main problem, which is nearly 
impossible to solve by standard edge detection algorithms, is the scratches caused by the saw. The 
task is to read embossed numbers by a machine and avoid human interaction because of possible 
faults. The standard edge detection algorithms are well described. Our research is focused on these 
conditions, which are common in operation in industry. The algorithm in Figure 6 consists of 
differentiation in the X and Y axes and combining both results into one picture. The area is then extracted and 
introduced to AI for OCR recognition. 

4. CONCLUSION

Analysis of image processing results in the MATLAB software environment showed that such 
methods as Sobel and Prewitt give almost the same results. The best results with the standard edge 
detection algorithms were obtained with Canny's algorithm, although under other conditions the other 
method may be the best. Compared to the others, our algorithm almost ideally removes saw scratches 
and reveals areas with numbers. Qualitative border extraction always depends on many factors that 
influence the result. Unfortunately, not always could be used standard, time-proved algorithm and it is 
necessary to develop new, tailored algorithms for given, specific situation. 
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Abstract 

The detection of wood log is a challenging task in computer vision. Depending on weather conditions, the 
wood log could be poorly captured by the industrial camera. In addition, the tree trunk is painted with numbers. As 
our research is focused on the cut log detection, this could lead to distortion. The approaches to wood log detection 
could be split into three categories. First, solutions based on traditional approaches, such as graph cuts. However, 
it is not suitable for an outdoor scene where the lighting conditions change. The second category consists of 
Convolutional Neural Networks (CNN). They represent a powerful technique in computer vision to recognize objects 
in the scene. They have not been outperformed for many years. However, these days, researchers are discussing 
the competitive architecture called Transformers. The last category represents that new architecture. In this work, 
transformers are introduced and applied to the problem of automatic wood log detection. 

Keywords: Computer Vision, Vision Transformers, wood log detection. 

1. INTRODUCTION

Computer vision is a scientific field that helps us understand images or videos captured by a 
camera. Our daily life is surrounded by applications based on image analyses. In healthcare to assist 
doctors and plan operations. Radiologists create a 3D model of the human body using computed 
tomography (CT) or magnetic resonance imaging (MRI). In the food industry, to do better quality 
inspection. Autonomous vehicles are based on computer vision. The camera captures the scene around 
the car and software evaluates the surroundings of the car. It makes cars intelligent. The challenging 
task in industry is a bin picking where a robot can remove components from production line or compose 
ware only with a robotic arm and a 3D camera. In general, computer vision replaces human eyes and 
enables computers to see and understand the content of the image. Therefore, the algorithm can 
recognize things or even estimate the position of the object in the image. More advanced image 
processing methods enable for semantic or instance segmentation. 

Computer vision is part of machine vision systems. Computer vision focuses mainly on software 
solutions. However, machine vision consists of a whole pipeline. It starts with a camera placed on a 
production line that captures images of components. Of course, the production line must be well lighted. 
Hence, the software can precisely detect damages such as scratches and ridges. It also controls shape 
and dimensions. It can also read serial numbers or expiration dates. Most of these systems run every 
day, 24 hours, 365 days. The human worker is tired after a few hours and can make mistakes. Machine 
vision systems can run without interruption even in unsatisfactory conditions such as a noisy and dusty 
workplace. The industrial camera does not care about temperature or water, so it can be used outside 
the factory [1]. 

The above-mentioned situation describes our case. The camera is placed in the yard of the 
woodworking company and captures wooden logs. The camera runs in any weather conditions. 
Typically, the machine that processes the wooden logs is controlled by a human. It costs a lot of money. 
Hence, we proposed a solution that replaces the human worker and alerts the operator in case of 
problems. The problem appears when two or more wooden logs are processed in the machine at one 
time. Ideally, only one wooden log must be processed. In the case of more wooden logs, they can fly 
out of the machine and injure workers around them. 

The solution we propose is based on machine learning techniques and is part of Artificial Intelligence 
(AI). Artificial intelligence is a state-of-the-art approach. Deep learning and Convolutional Neural 
Networks (CNN) have been a powerful tool for many years. It enables one to solve many challenging 
tasks where classical approaches, such as graph cuts, failed or achieved very less accuracy. For 
example, our case, where the lighting conditions change quite often. The workers start early in the 
morning, so the outside scene is still in the dark. Some days are rainy or foggy, so the scene is not very 
visible. Extreme cases occur in winter, where the wooden logs are covered by snow. This will be solved 
in the future by a multispectral camera. However, CNNs achieve high accuracy, they are slowly replaced 
by Vision Transformers these days. This new approach promises a revolution for image processing 
tasks. It is also based on machine learning, so the transformers are learnt from images which are given 
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to the network. The researchers have already proved that transformers achieve higher accuracy; 
however, they need a large dataset. It is still in the experimental phase. Hence, we decided to test the 
architecture of pure vision transformers. 

2. PROPOSED METHOD 

The proposed method is based on Transformers. The architecture of transformers was 
introduced in 2017 by Alexey Dosovitskiy et al. They applied this approach to the object detection tasks 
for the first time. Originally, the transformers were developed for the Natural Language Processing (NLP) 
problem such as language translation. It was a great success. Over the years, transformers have been 
applied to a variety of challenging tasks in the field of computer vision. These days transformers slowly 
replacing Convolutional Neural Networks (CNN) to solve some problems. Researchers are still 
experimenting with different architectures of transformers and compare them with standard CNN. 

The architectures which are focused on processing of images and videos are called Vision 
Transformers (ViT). They were introduced recently in a paper called An Image is Worth 16*16 Words: 
Transformers for Image Recognition at Scale” in 2021 [2]. 

What is the difference between CNN and Vision Transformers? CNN does not care about the 
position of the pixels in the image. Transformers are based on the idea that pixels depend on its 
neighbouring pixels. Calculate the positional vectors to determine where the pixel is in the image. On 
the other hand, CNNs only apply convolutional filters to enhance edges and extract features from the 
patch. It does not know anything about the context. The CNN model learns only the necessary features 
from the image, and not how the pixels correspond to each other. 

 

 

Figure 1 Difference between CNNs and Vision Transformers. Source: [5] 

 
As you can see from image 1, the picture is split by the grid into regular cells. As you can see, 

the transformers do not compute the position of each pixel. This would be time-consuming and memory- 
consuming. Hence, the input image is split into patches as the first step. And the position is calculated 
for the whole patch. These vectors are called positional embeddings. The calculation of positional 
vectors is not straightforward. It is not represented by an index. The computation is based on the sine 
and cosine functions. In other words, different positions at different frequencies create different 
embeddings. The question is how important positional embeddings are. Without them, both images 
would be the same even for transformers. Their role is very important. 

The backbone of ViT is also based on image embeddings. These vectors represent individual 
patches created by a grid. Patches with a similar colour or pattern will have a similar representation. 
These vectors represent what is captured in the picture. Both the vectors mentioned above, positional 
embeddings, and image embeddings are used as input to the transformer encoder [3]. 

 

𝐴𝑡𝑡𝑒𝑛𝑡𝑖𝑜𝑛(𝑄, 𝐾, 𝑉) = 𝑠𝑜𝑓𝑡𝑚𝑎𝑥 (
𝑄𝐾𝑇

√𝑑𝑘

) 𝑉 (1) 

 

The main advantage of transformers is a quadratic operation called self-attention (Eq. 1). The 
operation is calculated by multiplication of the matrix and the softmax function. The first matrix is 
represented by Q. The parameter is represented by input embeddings. The matrix K represents the 
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keys that are transposed input embeddings. The last matrix is V which represents the values. In the first 
step, the scalar product (dot) is calculated for every possible pair between queries and keys. Then, the 
values obtained are scaled down to avoid large values. This is done by dividing the scalar value by the 
size of the input embedding vector. Scaled values are passed through the softmax function. It also does 
normalization. [4] Then each column is summed to one. The architecture of Vision Transformers is 
shown in Figure 2. 

 

 
Figure 2 The architecture of the Vision Transformer. Source: [2] 

 
3. EXPERIMENTAL PART 

To implement Vision Transformer to the object detection tasks, libraries such as Tensorflow and 
Keras are used. We implemented a pure transformer architecture without convolutional layers or other 
modifications. 

Dataset 

The data set shows the wood log cuts captured by a company in the wood processing industry. 
The dataset consists of a few hundred samples. The wooden logs have different sizes and shapes. The 
cuts do not regularly circle. Also, many of them are damaged by ridges and coloured inscriptions. The 
next problem is the visibility of the wooden logs. They were captured on sunny and rainy days. As well 
as in the summer and winter months. Some of the samples are quite dark, because the scene was 
captured in the morning when it was still dark. In Figure 3 are shown samples. The wood logs are 
captured on the woodworking machine. We manually created annotations for all training and testing 
images. 

 

Figure 3 Samples of wood log cuts 
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Results 

As mentioned above, transformers need significantly more data than neural networks. This is 
probably the main reason why the accuracy is around 57%. The You Only Live Once (YOLO) architecture 
was able to reach more than 90% accuracy. To compute accuracy, we used the Intersection Over Union 
(IoU) approach. 

4. CONCLUSION

This paper introduces a state-of-the-art approach called the Vision Transformer. There are 
described differences and advantages compared to traditional methods and Convolutional Neural 
Networks. CNN does not know the position of the image patches. It is only interested in the current 
patch. On the other hand, the transformers take into consideration the position of the patch in the image. 
They know the context of the image. This is the biggest advantage of transformers. 

However, due to the published papers and their results, we expected better results. Pure vision 
transformer achieved only 57% accuracy. Compared to the YOLO, which achieves more than 90% 
accuracy, vision transformers are not good enough. However, the failure is probably caused by a small 
dataset. On the other hand, hyperparameters could also be optimized. Our research on vision 
transformers will continue. We will implement modified architectures and fine-tune our models. 
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Abstract 

The article presents the reasons for determining the criteria for cooling steel parts during their refinement. 
It points out the difficulty of evaluating the cooling process in order to achieve the appropriate steel structure. The 
aim of the paper is to compare the possibilities of parameterization of the cooling curve and to find a suitable 
algorithm for determining the onset of phase transformations in steel. 

Keywords: Cooling rate, phase transformation, detection, algorithm. 

1. INTRODUCTION

Heat treatment means the deliberate use of phase and structural transformations in the solid 
state to obtain the desired mechanical, technological or other properties of products or semi-finished 
products. The principle of heat treatment consists of heating at a cert in rate to a desired temperature, 
holding at that temperature and cooling at a certain rate. The desired properties and changes in structure are 
therefore achieved by controlled changes in temperature. If the chemical composition of the surface 
layers changes due to the action of a suitable environment at elevated temperatures, we speak of 
chemical-thermal processing. Procedures which use using temperature changes and plastic 
deformation are referred to as thermo-mechanical processing [1-3]. 

There are several types of heat treatment. If the objective is to achieve equilibrium structural 
state, then it is annealing. On the other hand, a strongly non-equilibrium state due to bainitic or 
martensitic transformation occurs in quenching. The degree of non-equilibrium of the quenched state 
decreases by tempering [2]. 

A. PARAMETERIZATION OF THE COOLING CURVE AND DETERMINATION OF THE 
BEGINNING OF THE PHASE TRANSFORMATION 

For the purpose of assigning defined parameters to the surface of steel parts surface 
temperature versus time curve, which is needed for statistical evaluation together with the material 
hardness values, the ways to determine them must be looked for. 

To calculate the onset of the phase transformation, it is needed to evaluate the changes in the cooling 
rate over time. 

These issues will be addressed in the following text. 

B. REPRESENTATION OF THE TEMPERATURE WAVEFORM BY A BROKEN LINE 

Different types of regression curves can be chosen to mathematically describe the time course 
of temperatures. The most robust is the straight line replacement, it usually has the smallest value of 
the determination, which gives a good fit between the original data and its approximation, as it has quite 
a good extrapolability, which means that the course of values outside the interval of the original data 
can be predicted. 

There is a high agreement between the original data and its curve replacement with polynomials of 
higher orders, in our case a replacement with a polynomial of at least the sixth degree would be 
necessary. These polynomial magnitudes substitute well for the waveform in the interval of the original 

values, their use for extrapolation is quite inappropriate. 

For the purpose of describing the cooling process by suitable parameters, one of the applicable options 
is to replace the process by a piecewise linear dependence, the broken line. 
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Figure 1 Replacement by a broken line with 
five vertices. Source: (own) 

Figure 2 Substitution of a broken line with 
ten vertices. Source: (own) 

The figures 1, 2 show that the replacement by a broken line with ten vertices is better than the 
simplified version with five vertices. 

Each line segment is defined by its extreme points and the parameters of the line can be easily 
calculated on which the line segment lies. 

The parameters for the replacement by four segments are given in the following table 1. 

Table 1 Knots coordinates (5 knots). Source: (own) 
X: 0 39 79 118 157 

Y: 723 614 594 553 511 

Determination coefficient R2. 0.9950 

The parameters for the replacement by nine segments are given in the following table 2. 

Table 2 Knots coordinates (10 knots). Source: (own) 
X: 0 17 34 52 69 87 104 122 139 157 

Y: 732 668 618 615 560.62 582 566 550 530 510 

Determination coefficient R2: 0.9998 

C. CALCULATION OF THE ONSET OF TRANSFORMATION OF MARTENSITE TO PEARLITE 

If it were an ideal waveform given, for example, by a functional dependence, then finding the 
first and second derivatives would determine the extremes of the function. The first derivative would be 
close to zero, while the second derivative determines whether it is a maximum or minimum according 
to its sign. 

D. DETERMINATION OF THE BEGINNING OF THE PHASE TRANSFORMATION 

Since we do not have a functional dependence but a displacement of the time-temperature pair, 
the first and second derivatives cannot be calculated directly, but the first and second differentials 
instead must be used. 

In the software of the cooling device the first backward differential was used. To calculate the 
second differential, the second central differential was used. 

The course of temperature and its first derivative with respect to time, i.e. cooling, can be seen 
in the figure 3. 
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Figure 3 Temperature and cooling history. Source: (own) 

 
It is clear from the graph that the cooling values extend only slightly below the x-axis. If there is 

no increase in surface temperature during recrystallization, the cooling does not cross the x-axis at all. 
Then changes in the cooling rate would only have to be evaluated, which is problematic, as the graph 
in Figure 3 shows. 

To achieve a smoother cooling change, it is proposed to use a different calculation of the 
differentials, either by the vice-point formula or by calculating the derivative from the filtered temperature 
waveform. The values of the first differential were calculated from the filtered value of a moving average 
of three to ten samples. 

Another possibility seems to be to use the calculation of the temperature and cooling process 
by determining the parameters of the line that passes through the given points. 

The first method is based on taking samples at a distance of three to ten time steps, while the 
second method is based on calculating a regression line calculated from three to ten points. The results 
are shown in Figures 4 and 5. 

  
Figure 4 Waveform of k parameter values. Source: 

(own) 

 

Figure 5 Waveform of q parameter values . Source: 
(own) 
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The detection can be based on the evaluation of the directive of the line k, which simultaneously 
determines the cooling, or together with the value of q, which determines at what value the given line 
crosses the y-axis at time 0 s. For the latter, the region of the beginning of the phase transformation can 
then be evaluated when the value of q drops below the critical temperature of the beginning of the 
austenite to pearlite transformation and then changes the decreasing trend to an increasing one in the 
next course, which can be calculated by its first difference. 

2. CONCLUSION 

Heat treatment is important to ensure the material properties of steel products. The cooling rate 
affects the structure of materials, its strength, hardness, toughness, etc. Therefore, a simple and 
sufficiently robust controlled cooling process in the form of a broken line is important. To achieve the 
desired properties, it is necessary to develop a sufficiently accurate algorithm to detect the onset of 
phase transformations in steel [4, 5]. 
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Abstract 

The automotive sector has recently moved from internal combustion engines to electric vehicles. In 2020, 
Europe overcame China and became the largest market in the world. Europe has surpassed China in terms of both 
the sold electric vehicles and its share of electric vehicles in total car sales. Although total car sales in Europe fell, 
electric vehicle registrations more than doubled to 1.4 million, reaching 10 % of the market. In China, these 
indicators reached 6 % and in the US 2 %. [1] This trend continued in 2021 and electric vehicles reached 15 % of 
accumulated sales in May 2021. This means for Europe a comfortable world lead in the share of electric vehicles. 
[2-4]. 

Electromobility is also a much-discussed topic in the Czech Republic due to the Council of European Union 
regulation requiring a reduction in CO2 emissions from new passenger cars in 2030 compared to 2021 by an average 
of 37.5 %. [5] In the Czech Republic, this issue is enshrined in the National Action Plan for Clean Mobility, which 
deals, among other things, with the development of electromobility on our territory. [6] 

The paper is focused on the comparison of initial and operating costs of comparable cars with electric and 
internal combustion engines, considering the above strategic documents. This comparison includes the costs of 
purchase, operating, and the possibility of drawing subsidies. 

Keywords: Electric vehicles, electromobility, costs, drawing subsidies for electromobility. 

 

1. INTRODUCTION 

Electromobility is a hotly debated topic these days. The European Union is setting increasingly 
strict limits to reduce CO2 emissions, and electromobility can be a tool to meet these limits. 

In 2020, the number of newly registered electric cars in Europe increased significantly. In 2019, the 
number of new registrations was 550 000, in 2020 there were 1 325 000 new registrations of electric 
cars. This means an increase from 3.5 % to 11 % of the total number of new vehicle registrations in 1 
year. There is also an increase in electric cars in the Czech Republic. Figure 1 shows the increase in 
the number of BEVs (Battery Electric Vehicles) from 2009 to 2020. 

 

Figure 1 Register of M1 category vehicles by year of manufacture. Source: [7] 
 

2. COMPARISON OF THE COSTS OF AN ELECTRIC VEHICLE WITH A COMBUSTION ENGINE 
VEHICLE 

The article compares the acquisition and operation costs of comparable cars with an electric 
motor and a combustion engine. For the purposes of the paper, two models were chosen, Škoda ENYAQ 
iV60 and Škoda KODIAQ 2.0 TDI. They are comparable in size, power, and target customer group. 
These are cars of a domestic automotive producer, which has the largest market share in the Czech 
Republic. 
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The highest purchase cost is the price of a new car. The main operating cost is energy and fuel 
consumption. In the case of a combustion engine, it is the purchase of diesel; in the case of an electric 
motor, it is the cost of electricity. 

Table 1 compares the acquisition and operation costs of vehicles that have comparable power 
and equipment with electric motor and combustion engine. The data was obtained from the producer's 
website. [8-9]. Combined consumption is determined by the WLTP standard (Worldwide Harmonized 
Light-Duty Vehicles Test Procedure), according to which fuel consumption values are obtained. [10] 

Table 1 Comparison of the costs of acquisition and operation of a car with an electric motor 
and a combustion engine. Source: (own) 

ENYAQ iV 60 KODIAQ 2,0 TDI 

electric motor combustion engine 

combined consumption WLPT 16,0 kWh/100 km 5,4 l/100 km 

power 132 kW 110 kW 

curb weight of vehicle 1992 kg 1709 kg 

range 404 km 

tank volume 60 l 

drive 4 x 2 back 4 x 2 front 

charging speed 

DC fast charging from 10% 

to 80% in 35 min 

battery capacity 58 kWh 

purchase price 1 124 900 CZK 1 033 900 CZK 

Calculation of consumption costs per 1 km of vehicle operation 

ENYAQ IV60 

The price of electricity in DC charging stations is 15 CZK per 1 kWh. [11] 

Cost of 1 km in CZK: 

𝑁 =
𝑆𝑝∙𝐶

100
=

16∙15

100
= 2.40   (1) 

where: 

N – cost of 1 km (CZK) 

Sp – consumption per 100 km (kWh) 

C – price per 1 kWh (CZK) 

As of July 1, 2022, prices for 1 kWh increased by 50% for unregistered customers compared to the 
beginning of 2022. [12] Equation (1) shows that the consumption cost of the ENYAQ car per 1 km is 
2.40 CZK. 

KODIAQ 2,0 TDI 

The average price of diesel on 5 July 2022 was 47.76 CZK per liter. [13] 

Cost of 1 km in CZK: 

𝑁 =
𝑆𝑝∙𝐶

100
=

5.4∙47.76

100
= 2.58   (2) 

https://www.eea.europa.eu/ims/new-registrations-of-electric-vehicles
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where: 

N – cost of 1 km (CZK) 

Sp - diesel consumption per 100 km (l) 

C – price per liter of diesel (CZK) 

Equation (2) shows that the consumption cost of the KODIAQ car per 1 km is 2.40 CZK. 

Benefits for electric cars that reduce operational costs 

Electromobility is preferred at the European Union and the Czech Republic government level. 
Therefore, electric car owners can use the benefits that come from owning an electric car. For example, 
they can charge cars for free in some places. Some retail chains offer their customers a free recharge 
as a bonus during a purchase in their store. In the case of a fast-charging station, charging from 10% to 
80% takes 35 minutes. See Table 1. This is the time that electric car owners can comfortably shop and 
then drive away with a charged battery. 

Another advantage and cost reduction for electric car owners is the possibility of owning a 
special registration plate for their vehicle, which allows them to park for free in parking zones. Especially 
if the car owner lives or works in such an area, he will save on parking costs. Owners of this special 
registration plate also do not have to pay motorway tolls. And thanks to this registration plate, which has 
international validity, electric car owners can also enjoy benefits abroad. [14] 

Subsidies for electromobility 

An important factor when deciding on the purchase of an electric car is the possibility of a subsidy 
for the purchase of an electric car. This subsidy in the Czech Republic is provided by the Ministry of 
Environment through the State Environmental Fund of the Czech Republic. The name of the call, within 
which it is possible to apply for a subsidy, is Call No. 3/2022: Ecomobility. 

The subsidy applies to the purchase of a vehicle and the acquisition of so-called smart non- 
public charging stations. Municipalities, regions, state or national enterprises and contribution 
organizations, public law institutions, registered churches, etc. can apply for this subsidy. The request 
can be submitted from 6/6/2022 to 15/12/2023 and 600 million CZK are allocated to them. 

Support takes the form of a fixed subsidy with a maximum percentage limit of 50 %. For example, for a 
personal electric car category M1, the maximum subsidy is 300 000 CZK. [15] 

3. CONCLUSION

The paper compared the costs of acquisition and operation of vehicles an electric car and a car 
with a combustion engine. The purchase price of an electric car is higher. Operating costs are lower 
with an electric car, but due to the rising prices of electricity, they are approaching the prices for diesel 
consumption. Both items are growing rapidly at this time. 

For our purposes, energy consumption, which makes up the largest part of operating costs, is 
considered as an operating cost. For a more detailed comparison, other criteria must also be considered. 

However, electromobility is highly preferred, so there are advantages to electric cars that reduce 
the cost of acquisition and operation. Owners can receive subsidies for the purchase of an electric car, 
free charging, or benefits associated with a special registration plate for electric cars. 

Given that the world economy is headed for a crisis, it is not clear how the situation around 
electromobility will develop further. It will also certainly be interesting to see if and how the crisis will 
change preferences in the area of development and support of electromobility. 
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Abstract 

The aim of the paper is to present data analysis methods suitable for quality assessment in the context of 
Industry 4.0. The paper presents basic reasons for using advanced data analysis methods and suggests the use of 
selected methods in the analysis of data from automotive industry. 
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1. INTRODUCTION

The progressive transformation of industries in the context of digitization and the use of new 
technologies brought about by Industry 4.0 also calls for appropriate approaches to quality assessment. 
The deployment of cyber-physical systems composed of physical production components controlled or 
monitored by computer algorithms, the Internet of Things providing interconnectivity and interaction 
between elements, and the integration of systems lead to the acquisition of large volumes of data as 
well as a greater number of quality characteristics than was previously common. As new trends also 
bring new challenges, besides providing appropriate data collection tools and storage technologies, it is 
also essential to identify suitable data analysis methods for quality assessment. In the area of data 
analysis, these challenges are mainly posed by unstructured data of large volumes, high dimensionality 
of data, and the acquisition of data from multiple locations on the product, in which case individual quality  
characteristics may be dependent. The following section of the paper therefore presents data analysis 
methods suitable for quality assessment in the context of Industry 4.0. 

2. DATA ANALYSIS METHODS SUITABLE FOR QUALITY ASSESSMENT IN INDUSTRY 4.0

In general, due to changes in the production environment and new data collection possibilities, 
it can be expected that multivariate methods, which allow large volumes of data to be simplified and 
help to reveal relationships and dependencies, will play an important role. The following are some of the 
methods that can be considered useful for this purpose. 

• principal component analysis,

• data mining,

• profile monitoring,

• multivariate statistical process control charts.

As a result of digitization and the growing number of sensor devices in production processes,
the amount of data generated is increasing rapidly in the era of Industry 4.0. In connection with the 
analysis of large volumes of data, quality assessment not only requires the need to analyse multiple 
quality characteristics simultaneously, but it is also necessary to reduce the high dimensionality of the 
evaluated data. In this respect, projection-based methods, especially principal component analysis 
(PCA) and partial least squares regression (PLS), find application [1]. For cases where the observed 
characteristics are nonlinearly dependent, do not have a normal distribution or when the processes are 
dynamic, the use of dynamic PCA or generalized PCA is suggested [2]. Principal component analysis 
is used in order to reduce the dimensions, and thus the number of variables, while retaining a substantial 
amount of information. The advantages of principal component analysis include the possibility of 
analysing several uncorrelated principal components instead of analysing in detail a large number of 
original variables. On the other hand, a disadvantage of this method is the impossibility of using it in the 
case of categorical data (except for categorical variables which consist of just two categories and can 
therefore be handled as binary variables). 

Large amounts of unstructured data may contain potentially useful information that might not be 
identified using conventional data analysis methods. Data mining and machine learning methods are 
used to find previously hidden, new information in large data sets. In the context of Industry 4.0, data 
mining methods can be used in both big data analysis and data stream analysis, as well as in process  
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monitoring, e.g., in real-time process monitoring, where the obtained values of quality characteristics 
are often autocorrelated. The use of learning algorithms, specifically their application to the residuals of 
a time series model, has been proposed for these cases, but future development of these methods 
should also focus on monitoring autocorrelated data in cases where the time series model is unknown 
[3]. 

Although the most commonly applied quality assessment tools in practice, such as Shewhart 
control charts, consider the quality characteristics being monitored as a single variable, in the case of 
some manufacturing processes, the quality of the product or process being monitored can be better 
described using the relationship between several variables. In such cases, a group of variables is 
monitored, which when represented forms a profile, and profile monitoring methods are applied for 
quality assessment. The purpose of profile monitoring is to monitor a profile that represents the 
functional dependence between one dependent variable and at least one independent (explanatory) 
variable. Independent variables often express the position at which the measurement was made on the 
product. In contrast to obtaining a single value on each product or unit, the obtained values of quality 
characteristics are recorded as a set of data points, and this set may form a line, a curve or a surface - 
generally a profile [4]. A profile can take many forms depending on the regression model that can be 
used to express the profile, for example: linear, non-linear, generalized linear models (GLM), geometric, 
unaligned or nonparametric profile [5]. Multivariate control charts are widely used in profile monitoring. 

As the possibilities for monitoring production processes increase, so does the number of quality 
characteristics that need to be monitored on each product [6]. A possible solution is to assess quality 
through classical Shewhart control charts, constructing a separate control chart for each quality 
characteristic. However, a prerequisite for this solution is the uncorrelation of quality characteristics. In 
the case of correlated quality characteristics, the use of Shewhart control charts may lead to incorrect 
conclusions about the statistical stability of the monitored process. A suitable tool for assessing the 
statistical stability of a process with the correlated quality characteristics is multivariate control charts, 
e.g., MCUSUM (multivariate cumulative sum), MEWMA (multivariate exponentially moving average) and
Hoteling chart based on the T2 statistic. The construction of these charts is more complicated and 
requires the use of specialized statistical software, but compared to classical Shewhart control charts, 
multivariate control charts allow to detect not only changes in the process due to the effect of assignable 
causes of variability on individual quality characteristics, but also changes due to the combination of 
values of correlated quality characteristics. A proposed use of a multivariate control chart in the analysis 
of data from automotive industry is described in the next part of the paper. 

3. PRACTICAL APPLICATION

An example of the use of a multivariate control chart is demonstrated using data from the 
automotive industry. Automobiles, as well as their parts, are products with a wide range of quality 
characteristics whose measurement and quality assessment are required. In this case, the quality 
characteristics of a recliner, that is a part of seat structure, were monitored. Although it is a relatively 
small component, its quality has a high impact on the safety of the seat. As this product is highly safety- 
relevant, various testing and quality assessment of each production equipment set-up and batch is 
required. In addition to other tests, the quality of the weld seams of the product is assessed in regular 
intervals by destructive methods, a metallographic cross-cut, to evaluate the weld seams at the material 
level. Data from the evaluation of weld seams were used to analyse and propose an appropriate quality 
assessment method. The dataset with the results of the weld seams evaluation consists of the values 
of both, the measurable quality characteristics (mainly the characteristics of the weld seams - such as 
the width of weld seam or the weld penetration into the base material) and the overall quality assessment 
of each weld in the form of an attributive variable with OK/NOK values. 

The initial analysis of the dataset showed that the variables contain a number of outliers, the 
variability of individual quality characteristics is high, and the proportion of non-conforming welds is 
extremely high and unsatisfactory. These findings led to an analysis of the causes of the high proportion 
of NOK welds. The analysis was carried out by a multidisciplinary team, which identified the root cause 
as the laser welding method used, in which the laser beam moves in a straight line. 

After consulting with welding technology specialists, the unsatisfactory welding method was 
changed. Classical laser welding was replaced by the wobbling method. Wobble laser welding differs 
from the original method in the way the laser beam circulates, which results in a deeper and wider weld. 
After the implementation of the new welding method, the number of non-conforming results in the 
measurement of quality characteristics has decreased significantly and it was possible to propose a 
suitable method for further quality assessment. 
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For further analyses, attention was focused on selected quality characteristics (QC 1-3), which 
were identified through Pareto analysis as a vital few contributing significantly to unsatisfactory results 
of weld seam evaluation. For quality assessment of these quality characteristics, statistical process 
control (SPC) was proposed. First, the assumptions of the classical Shewhart control charts were 
verified. The assumption of a normal distribution was tested using the Shapiro-Wilk test. The hypothesis 
of a normal distribution was rejected for QC 1 (with an alpha level of 0.05). For QC 2 and QC 3 the 
hypothesis of a normal distribution was not rejected. Furthermore, a corelation was found between QC 
2 and QC 3 (r = 0.36). This correlation is not strong, but rather a moderate correlation, but still statistically 
significant (p < 0.05). As a result of the correlation between quality characteristics, the use of classical 
Shewhart control charts for SPC can lead to incorrect conclusions about the statistical stability of the 
process. 

In the case of quality characteristics QC 2 and QC 3, the control charts for the mean do not 
signal any influence of assignable causes of variability, and thus it could be concluded that the process 
is statistically stable. However, due to the observed correlation between quality characteristics, a 
multivariate control chart, specifically the Hotelling chart, was also constructed (see Figure 1). 

 

Figure 1 Hotelling chart. Source: (own) 

The Hotelling chart shows that one value exceeds a control limit, which is a significant deviation. 
As a result of the analysis of the Hotelling chart, the monitored process cannot be considered statistically  
stable, and this conclusion is contrary to the conclusion of the analysis of the separate Shewhart control 
charts. Therefore, for further quality assessment, it was proposed to conduct both individual Shewhart 
control charts for each quality characteristic and Hotelling control charts that can detect changes due to 
the combination of values of correlated quality characteristics. 

4. CONCLUSION 

Industry 4.0 brings not only new opportunities, but also new challenges. In the area of quality 
assessment, the changing character of the quality characteristics being monitored is a major challenge. 
As a result of the implementation of numerous sensor devices, effective methods must be found to 
analyse unstructured data of large volumes, reduce dimensionality of data, and assess quality of 
interdependent variables. 

In the first part of the paper, data analysis methods suitable for quality assessment in the context 
of Industry 4.0 were presented: principal component analysis, data mining, profile monitoring, and 
multivariate statistical process control charts. A practical example demonstrated the use of a multivariate 
control chart - Hotelling chart. The Hotelling chart is one of the useful tools to control correlated quality 
characteristics, where monitoring individual characteristics separately may incorrectly indicate statistical 
stability of the process. Taking into consideration the interaction of quality characteristics can also, as 
shown in the practical application, lead to the identification of the effects of assignable causes of 
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variability in cases where conventional control charts would lead to erroneous conclusions about the 
statistical stability of the process. 

Further research will be focused on other multivariate control charts - possibilities of their use, 
their limitations, and a comparison of their performance under various conditions. 
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Abstract 

The paper presents modern cost management tools with a focus on the Activity-Based Costing (ABC) 
calculation method and its application in the field of custom foundry production. The aim of the paper is to present 
the implementation of the ABC method through a case study in a selected industrial enterprise. The individual 
implementation steps of the calculation method will be presented while an expense sheet for quantifying the 
expenditures of the cost object will be created as the final output. 

Keywords: Activity-Based Costing, cost management, calculation methods, metallurgy. 

1. INTRODUCTION

The acceleration of economic cycles and globalization of the market are placing ever-increasing 
pressure on the competitiveness of companies. Therefore, it is necessary to systematically build 
a competitive advantage in the area of cost management. Traditional costing concepts based on the 
relationship between cost and volume may not necessarily provide the right signal for resource 
allocation, pricing and product selection. With the exception of direct production costs, the traditional 
calculation system does not create the correct scheduling basis for the allocation of overhead costs. The 
criteria of traditional systems were satisfactory in the 1960s, when direct costs (labour, wages, direct  
overheads) were key forces in business. The instability of the business environment has led to changes 
in the structure of production output consistent with the nature of costs. The decrease in direct labour 
costs compared to the costs of production and support activities, which are not volume-dependent and 
therefore more difficult to quantify, means that serious distortions in the system of calculations may 
arise. A need arose to focus on cost developments in a broader context, and following the example of 
Japanese companies, to extend their interest and knowledge beyond the closed cost point to the 
enterprise as a whole [1]. These ideas are the conceptual basis of the Activity Based Costing (ABC) 
calculation method, which is based on the approach that the majority of the company’s normal activities 
exist to support production, marketing and delivery of the product to the customer. Adopting an 
accounting concept based on the product life cycle leads to the conclusion that all costs should be 
attributed to the product which generated them. The method seeks to determine the true cause of costs 
and transforms the logical relationships between costs and outputs of the company into a calculation 
system [2]. 

This paper presents the use of the modern ABC calculation method in foundry production 
through a case study. The aim of the paper is to describe the individual steps in implementation of the 
method in a selected foundry with the intention of determining the structure of a cost sheet for quantifying the 
costs of a cost object. 

2. THE ABC MODEL CONCEPT

The basic philosophy of the calculation is to assign costs according to activities. The essence 
of the ABC calculation is the allocation of indirect costs to individual activities through which they are 
assigned to cost objects based on the causal relationship between the financial source and the cost 
object. From a methodological point of view, this is a full cost calculation (the so-called absorption 
method), which can be combined with the non-absorption method. Implementation of the method was 
divided into three basic phases (see Figure 1). In the first phase, the reasons for implementation were 
defined, and the structure of the ABC model was then determined. In the next step, an analysis of the 
implementation costs was performed, and the expected outputs of the system were defined. The second 
phase was creation of the model, which included implementation of the individual steps of creating the 
ABC system. In the third phase, the system was put into operation, and automated data acquisition and 
processing was addressed to ensure its complexity [3]. 
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Figure 1 Methodology of implementation of the method ABC.  Source: (own) 

3. IMPLEMENTATION OF THE ABC METHOD IN METALLURGY

The aim of the case study was to describe the implementation of the ABC method in foundry 
production. The study was performed at a foundry company, which is among the "small enterprises", 
based on the criteria for assessing the size of a company (according to Recommendation 2003/361/EC). The 
foundry’s production programme is focused on piece and small series production of steel castings 
(unalloyed, low-alloyed), flake graphite cast iron (FG, Grey Iron), spheroidal graphite cast iron (SG Iron) 
and non-ferrous metals (aluminium and copper alloys). Products are manufactured on the basis of 
customer demand. The above production programme implies the complexity of the relationships and 
causes of costs. The growth of cost differentiation showed that the traditional calculation method has 
insufficient informative value for cost allocation, and therefore the use of the modern ABC calculation 
method was proposed [4]. 

In the first phase, the reasons for implementation were defined, and the structure of the ABC 
model was then determined. A strategic model was chosen – characterized by a lesser number of 
activities – to which are assigned the costs incurred over a longer period. In the next step, an analysis 
of the implementation costs was performed, and the expected outputs of the system were defined. 

The second phase was creation of the model, which included implementation of the individual 
steps of creating the ABC system. Prior to the commencement of work on creating the model, an 
adjustment of accounting data was performed. Adjustment of the accounting data is necessitated by the 
difference between the financial and managerial concept of costs. 

In the third phase, the system was put into operation, and automated data acquisition and 
processing was addressed to ensure its complexity. Due to the limited scope of the paper, only the 
second phase is presented in the following section, which describes the individual steps in 
implementation of the ABC method in the company. 

Definition of the structure of the ABC system 

In the first phase of implementation, the company’s activities and cost objects were defined. The 
following criteria were decisive in the identification. The selected foundry is a small enterprise whose 
production programme focuses on piece production with a high proportion of manual labour. Wages 
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represent the highest cost item. Through analysis of the technological process, 14 primary activities 
were identified which mapped the basic production operations and human resources (e.g., core 
production, moulding, extrusion of castings, finishing of castings, separation of inlets and risers, blasting, 
annealing, grinding, etc.). The next step was specification of the so-called support activities, which 
represent the activities performed to enable operation and provide the overall infrastructure of the 
company. Activities which were not assigned to primary activities were divided into related groups. Ten 
support activities were identified (e.g., purchase of materials, metallurgical preparation, technological 
preparation, personnel activity, economic activity, maintenance, etc.) in terms of their significance and 
cost generation. Finally, a cost object was identified, namely one product (casting). 

Allocation of costs to activities 

The next stage in creating the model was the allocation of costs to activities with the aim of 
quantifying the costs caused by the actions of individual activities. The company’s total costs are divided 
into direct, wage, variable and fixed costs. Direct costs are allocated to the cost object in the final phase 
of implementation. Wages and variable costs are assigned to individual primary activities, and fixed 
costs to support activities. Type-sorted costs are imported from the accounting system, including 
analytical accounts and centres, which are created according to activity into a special application in the 
software. Using the so-called activity cost matrix, the costs, broken down by type, are transformed into 
calculation costs. Costs are allocated to activities based on a cost relationship called the Resource Cost 
Driver, in the form of direct allocation where a real relationship between the cost and the activity exists. 
The output of this matrix is quantification of the total indirect costs for individual activities. The next step 
in this stage was to assign costs to support activities. The nature of these activities does not allow them 
to be assigned directly to cost objects. Their performances are not consumed by products, but by primary 
activities. If the causal relationship between the cost and the cost object is to be maintained, the costs of 
the support activities are allocated through the primary activities. The procedure was as follows. The 
company’s fixed costs were allocated to support activities on the basis of the cost ratio. Furthermore, 
they were quantified so that they could be assigned to primary activities. The identified costs of support 
activities were allocated to primary activities using a software application, the so-called activity cost 
matrix. 

Definition of relationship quantities and calculation of unit costs for activities 

The costs allocated to the individual activities are then allocated to the individual cost objects 
(castings). For these purposes, the performance of the activities should be measured and the 
relationship between the costs of the activity and the cost object should be expressed using these 
measures. For this purpose, the relational quantity of the activity is used, called Activity Cost Drivers 
(ACD). It represents certain causal factors which cause a change in the cost of the activity and 
a measure by which the performance of the activity is measured. For ACD measurement purposes, this 
should be quantifiable. In cooperation with the consulting company and the company’s technical staff, 
the relationship quantities were determined for primary and secondary activities. In the case of 11 
primary activities, a time quantity (minute) was determined, for example, for manual forming, core 
production, extrusion of castings, finishing of castings, separation of inlets and risers, grinding, etc. Other 
reference quantities were, for example, gross weight (annealing activity) or raw weight (blasting, melting 
activity). Furthermore, quantification of the number of consumed units of performance of individual 
activities was performed. To determine the number of units, standardization of time consumption was 
performed for all operations. Based on the quantification of ACD, the degree of performance of individual  
activities was determined, called the Activity Recovery Rate (ARR). The unit cost of activities, the Activity 
Primary Rate (APR), was calculated, and the amount of costs per unit of the given activity was thus 
obtained. We determine APR as a proportion of total costs and ARR. Based on the procedure described 
above, the primary unit costs of activity (PAPR) were obtained. Due to the division of the total costs of 
primary activities into variable and wage costs, the primary unit variable costs of activities (PVAPR) and 
the primary unit wage costs of activities (PLAPR) were determined. The APR for secondary activities 
was calculated in the same manner to obtain the secondary unit cost of activities (SAPR). 

Allocation of activity costs to cost objects 

The allocation of activity costs to cost objects is the final stage of overhead cost allocation to 
the product. The purpose is to quantify how many units of activity a certain product has consumed. We 
determine the total overhead costs of the casting based on the product of the consumed number of 
activity units and unit costs. The company has determined which activities each casting consumes, and 
further identifies criteria (according to standards, technological procedures), which automatically 
quantify the consumption of units of activities (min, kg, pcs). At the same time, the unit costs of activities 
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are introduced in the system. Based on this data, the system automatically generates detailed structured 
overhead costs, which are assigned to specific castings. 

Creation of the product calculation sheet 

The aim of implementing the ABC method was to create a new calculation system, and the 
desired result was to design a calculation sheet for the product (casting). ABC is a full cost calculation. 
To obtain the full cost of the products, the calculation included direct costs and non-allocable costs, for 
example, costs of advertising activities in the form of a percentage surcharge. The proposed calculation 
sheet is shown in Table 1, in abbreviated form. It shows the calculation of the total actual costs per unit 
of casting. Individual types of costs were calculated as the product of the number of units consumed 
(ARR) and the total unit cost (TUC), which is divided into direct unit cost (UDC) and unit activity costs 
(PVAPR, PLAPR, SAPR). The calculation sheet, including input source data, was implemented in the 
system. A calculation sheet is generated automatically, based on the input technical parameters of the 
product entered. 

Table 1 A cast calculation sheet in abbreviated form (in CZK). Source: (own) 

CAST (1 unit) ARR ACD TUC UDC PVAPR PLAPR SAPR Total 

Direct costs Material …... 18.50 kg 9.40 9.40 173.9 

Costs of activities 

F110 Manufacturing of cores 23.20 min 7.70 1.48 5.59 0.63 178.6 

F500 Hammering of castings 16.80 min 4.33 0.81 3.37 0.15 72.7 

F600 Finishing of castings 12.83 min 4.32 0.25 4.02 0.05 55.4 

Total direct costs + activity costs 480.6 

management (marketing) 7.0 % 33.6 

Total costs 514.2 

4. CONCLUSION

The foundry industry can be characterized as a high capital intensity field which allocates a large 
amount of funds to technology, technical equipment and environmental safety processes. This raises 
the need for effective cost management using modern methods. The change in the cost structure and 
the growing differentiation of overhead costs have shown the shortcomings of traditional calculation 
methods. Their concept based on the relationship between costs and volume does not create a correct 
scheduling basis for the allocation of overhead costs. The ABC calculation method provided a solution 
to this problem. The relationship between cost and performance is no longer formed on a distortive 
scheduling base but according to actual activities undertaken to create output. The aim of the paper was 
to describe the application of the ABC method in foundry production. The set goal was achieved by 
presenting the individual implementation steps of the method and creating a cost sheet for quantifying 
the costs of the cost object. In conclusion, it should be emphasized that the method provided a wide 
range of information which can be used in managing business activities and restructuring business 
processes and activities. 
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