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Investigation of the interface of two-layer diamond plates for drilling tools 

Viacheslav Prokhorov1,2,*, Sergey Perfilov1, Anrey Pozdnyakov1  

Technological Institute for Superhard and Novel Carbon Materials, Moscow, 108840 Russia 

Moscow Institute of Physics and Technology (State University), Moscow, 141701 Russia 

*E-mail: pvm@tisnum.ru

Abstract: Two-layer diamond-hard alloy plate is the cutting element of the drill bit and consists of a layer of polycrystalline diamond 
compact (PDC) binded with the superhard alloy substrate (WC-Co). PDC tools are now actively used in the drilling of mineral resources for 
the search and production of hydrocarbons. 

Full-scale tests of PDC cutters in PDC bits have shown that their strength, wearability, and especially heat resistance, are determined 

by the quality of the contact layer (interface)  between the PDC and the substrate. In the work, the interface of the diamond layer and the 

substrate of two-layer diamond plates made on the installation based on a multi-punch press GY850 was investigated by laser-ultrasonic 

flaw detection. 

KEYWORDS: SUPERHARD MATERIALS, POLYCRYSTALLINE DIAMOND COMPACT (PDC), PDC CUTTER, LASER-

ULTRASONIC FLAW DETECTION, INTERFACE PROPERTIES  

1. Introduction

Superhard materials [1] are widely used in processing tools, 

among them the most well-known are Polycrystalline Diamond 

Compact (PDC) and Polycrystalline cubic Boron Nitride (PcBN). 

PcBN tools are mainly used for the treatment of iron-based hard 

alloys, while PDC are more commonly used for the treatment of 

highly abrasive non-ferrous alloys and composites. 

PDC tools are now actively used in the drilling of mineral 

resources for the search and production of hydrocarbons [2]. The 

basic tool of drilling equipment is the milling bit of rotary 

drilling (Fig. 1, a), the cutting elements (Fig. 1, b) of which move 

along the bottom of the well and cut the rock.  

(a)   (b) 

Figure 1. The working part of the milling drill bit (a) and 

PDC cutters (b). 

Although the cost of bits equipped with PDC-cutters is a 

few percent of the total cost of the well,   the drilling speed, the 

number of flights and the maximum length of well penetration, 

which determine the economic indicators of well development, 

depend on the quality of the cutting arms of the bits and their 

wear resistance. The improvement of the cutting elements of drill 

bits and service mechanisms improve stabilization of motion and 

reduce the vibration of the drill bit to facilitate rapid and efficient 

drilling. 

Development of two-layer diamond plates is one of the 

tasks of creating in Russia a modern competitive on the world 

market of domestic production of tools for the manufacturing 

industry, oil and gas production and construction. 

2. PDC-cutters made in FSBI TISNCM

PDC drill bit is a modern high-performance drilling tool for 

rotary drilling. PDC bits are drilled faster by cutting and consume 

less energy than rock chisels. The body of the diamond drill bit is 

equipped with PDC cutters, which destroy the rock cutting 

action, which is most effective when drilling hard stone. PDC 

cutters are developed and manufactured using the latest 

technology for drilling water, oil and gas wells or geothermal 

wells. They are a multi-component system, which includes: a) the 

diamond grains themselves, b) the binding phases used in the 

sintering process of the cutting PDC-elements and c) the method 

of connecting the diamond elements with the tool body. All 

elements require high-quality performance.  Cutting elements are 

subject to severe abrasive-erosion wear conditions, causing 

heating to a high temperature. Not only the wear resistance of the 

PDC composite is crucial for the functional quality of the tool, 

but its thermal stability, thermal conductivity, impact resistance, 

thermal fatigue, strength and fracture toughness are equally 

important [3]. These properties determine the suitability of the 

diamond composite tool for the mining industry. 

 PDC cutter consist of diamond crystal grains, fused 

together with the participation of a metal "catalyst", which is 

usually cobalt. It also binds the PDC plate to the tungsten carbide 

substrate. Without cobalt, much higher pressures and 

temperatures would have to be applied to form a PDC compact, 

which today can not be applied in the field of mass production. 

However, the presence of cobalt in PDC cutters creates a problem 

when they are heated by intense abrasive friction during bit 

operation. First, the cobalt expands much more than the diamond, 

and destroys the PDC. Secondly, when heated, cobalt graphitizes 

diamond [4]. 

In PDC cutters developed in FSBI TISNCM the plate of 

PDC, 2-3 mm thick and up to 18 mm in diameter, is bonded with 

a substrate of hard alloy, forming the working element of the drill 

bit. PDC consists of a diamond frame with grains of 20-10 

microns impregnated with a binder metal. The ratio of the 

diamond fraction and the binder metal, as well as the size of the 

diamond grains vary, depending on the specifications.  

Figure 2. Installations for the manufacture of PDC cutters 

based on the GY850 multi-punch press. 
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PDC cutters are manufactured by the method of high 

pressure and high temperature using an installation based on the 

GY850 multi-punch press (Fig.2). Up to 12 PDC cutters are 

synthesized/sintered in one working cycle in a high-pressure 

chamber. After sintering, the surfaces of the PDC plates are 

ground and polished to the required values. 

Full-scale tests of PDC cutters in PDC bits have shown that 

their strength, wearability, and especially heat resistance, are 

determined by the quality of the contact layer (interface)  

between the PDC and the substrate [5]. 

The paper presents the results of the study of the 

mechanical characteristics of PDC cutters, as well as the 

microstructure, element and phase composition and defects of the 

contact layer of PDC. 

 

3.  Studies of the interface characteristics of 

PDC cutters 
 

In the previous work [5], we conducted a detailed study 

of the profiled interface on two samples of PDC incisors by non-

destructive acoustic microscopy (AM) and on plates 4 mm thick 

cut from the central part of the PDC incisors. The study of the 

interface of a two-layer PDC/WC-Co plate revealed the presence 

of defects in the PDC layer. These defects, as a rule, in the form 

of pores up to 50 µm in size, are visible both on the AM images 

of the whole interface and the slice, and on the images of 

profilometry.  AM flaw detection interface of the whole PDC 

cutter will reject the PDC cutters before connecting them to the 

bit. 

In this work, we have made an attempt to evaluate the 

quality of the element interface by the non-destructive method of 

laser-ultrasonic flaw detection [6,7]. To assess the quality of the 

element interface, a laser-ultrasonic flaw detector UDL-2M was 

used (Fig.3.). 

 

 
  

 
Figure 3. Laser-ultrasonic flaw detector UDL-2M. 

 

The laser-ultrasonic flaw detector UDL-2M consists of 

the following main parts: 1 - optoelectronic unit, 2- fiber optic 

cable, 5 - information and measurement complex, 3- USB 2.0 

connection cable, 4- OA generator. 

The ultrasonic pulse generated by the laser is reflected 

from the interface of the diamond layer with the substrate (Pulse 

1) and from the free boundary of the diamond layer (Pulse 2) 

(Fig.4.). The ratio of the amplitudes of these reflected signals can 

be used to judge the quality of the interface. In a sample with a 

good quality interface, the ultrasonic pulse passes completely 

through the interface and is reflected from the free boundary of 

the diamond layer of the PDC. Only the signal reflected from the 

free boundary is observed on the UDL-2M screen (Pulse 2). 

 

 
Figure 4. Screenshot of the UDL-2M screen. Testing a 

sample PDC with a bad interface. 

 

With the full passage of the ultrasonic signal through 

the boundary, the reflected signal (Pulse 1) is minimal, and the 

interface quality is good (Fig.5.). 

 

 
Figure 5. Screenshot of the UDL-2M screen. Testing a 

sample PDC with a good interface. 

 

4. Conclusion 
 

We tested 12 samples of the PDC cutters using the proposed 

non-destructive express method of laser-ultrasonic flaw 

detection. In the subsequent work, it is assumed that the data 

obtained will be compared with the results of mechanical tests of 

the quality of the interface of the PDC cutters. 
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Study on the influence of cutting fluid on flat grinding process 

Badea Lepadatescu, Flavia Fechete 

Transylvania University of Brasov 

Romania 

lepadatescu@unitbv.ro, flavia.fechete@unitbv.ro 

 

Abstract: In the paper is presented a study regarding the influence of different factors on the roughness of machined surfaces obtained by 

manufacturing process of flat grinding. The workpieces that were used on the experimental tests were radial bearing ring with needles made 

of steel hardened to 60-64 HRC. It were taken into consideration factors like, the size of the machined surface, the traverse speed, the grain 

size of abrasive grinding wheels, cutting fluid.  

During the experiments was used the method of the Box-plot graphical representation that aims to observe and characterize the distribution 

of values obtained on these tests. 

Keywords:GRINDING PROCESS, CUTTING FLUID, SURFACE FINISH 

 

1. Introduction 
 

Simultaneous flat grinding is a process of flat grinding in which 

the parts are machined simultaneously on both sides of the front 

of the abrasive bodies. The machining process has a high 

productivity, so these types of machines can not operate without 

automatic feeding systems and discharge of machined parts. 

The machined parts are pushed into the grinding slot by a roller 

drive system and are guided by two linear supports. The two 

abrasive discs can be mounted with horizontal (Fig.1.a) or 

vertical axes (Fig.1b). 

 
a) 

 

 
b) 

Fig.1 Principle of operation of simultaneous flat grinding machines. a) 
Abrasive bodies with horizontal axes; b) Abrasive bodies with vertical 

axes. 

 

In the following we will refer only to the process of simultaneous 

flat grinding of the needle bearing rings (Fig.2), made of steel 

hardened to 60-64 HRC. The amount of material removed from 

workpiece faces depends on the speed of the abrasive wheels. 

If asymmetrical parts are machined (ex. tapered roller bearing 

rings), in order to remove the same material from both sides, it is 

necessary to respect the relation (1): 

 

2

1

2

1

S

S

n

n
   

            (1)

 

 

where S1, S2 represent the areas of the two flat surfaces of the 

part which are machined simultaneously, and n1, n2 - the rotations 

of the two abrasive wheels which simultaneously cut the flat 

surfaces of the areas S1 and S2 respectively [1]. 

 

 
Fig.2 Radial bearing ring with needles. 

 

 

2. Analysis of simultaneous flat grinding process 

performance 
 

During the experiments the population was considered to consist 

of all the parts processed between two successive dressings of the 

abrasive wheels (around 40,000 pieces). Due to the large number 

of parts, not all of them can be measured. A sample was taken 

from the population: 5 pieces for every 5000 pieces. Next, the Ra 

and Rz roughness on both sides of the workpiece surfaces were 

measured. We will note with Ramax and Rzmax the highest value 

obtained by measuring Ra and Rz on both  side of the machined 

parts. 

 

It is found that the Ra roughness values decrease immediately 

after dressing abrasive wheels, and then remain constants. When 

the grinding wheels have worn out, the abrasive grains no longer 

cut but "break" the metal from the part. In this way the roughness 

of the parts increases rapidly[4]. The dispersion of the 55 

measured values of Ramax roughness is represented in Fig.3. Note 

that the standard deviation is 0.003 and the arithmetic mean is 

0.334. 
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Fig.3 Dispersion of roughness Ramax for parts between two dressings.  

 

 

 

3. The influence of the size of the machined surface 

on part roughness 
 

In the following we will note with RAMIN17 and RAMAX17, RAMIN18 

and RAMAX18 , RAMIN19 and RAMAX19 respectively the roughness Ra 

measured on both sides of parts with diameter of 17 mm, 18 mm 

and 19 mm diameter [2]. The large number of measurements is 

observed (60 pieces for pieces with diameter of 17 mm and 19 

mm respectively and 55 pieces for pieces with diameter of 18 

mm) in order to draw conclusions with a high degree of 

generality.  

                      Table 1 Descriptive statistics indicators 

 
The amplitude of the dispersions is between 0.136μm and 

0.170μm. 

 
 

Fig.4 Box plot Ra for parts of diameter 17, 18, 19 mm.  

 

From the analysis of Fig.4 is found that the size of the machined 

surface does not greatly influence the roughness of the machined 

surfaces [3]. 

 

4. The influence of the traverse speed on the part 

roughness  
 
The same principle of population sampling was applied: 5 pieces 

were taken for every 5000 pieces processed. Ra roughness was 

measured on both sides and Ramin and Ramax  values were 

obtained. 

 

            Table 2 Descriptive statistics indicators 

 
As expected, the increase of part’s feed rate, led to a certain 

increase in the roughness of Ra and to an increase of spreading 

values obtained. 

 

 
Fig.5 Box-plot Ra depending on the feed rate of the parts. 

 

From the analysis of the dispersions represented in Fig.5 it is 

observed that the largest width is presented by the “box” obtained 

for the roughness of the pieces with diameter of 19mm. 

In this case, the large number of measurements performed is 

noticeable: 35, 30, respectively 40, in order to obtain information 

with a high degree of certainty[6]. 

 

5. The influence of the grain size of abrasive 

grinding wheels on the machined parts roughness  
 

Fig.6 and Fig.7 show the Box-plots of the roughness’s Ra and Rz 

for the machined parts with abrasive wheels of different grain 

sizes.  

 
 

Fig.6 Box-plot Ra roughness depending on abrasive grain size. 
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Fig.7 Box-plot Rz roughness depending on abrasive grain size. 

 

Except for the abrasive wheels, the other cutting conditions were 

kept constant. It is found that as the grain size of the abrasive 

wheels is finer, the roughness Ra of the machined surfaces 

decreases accordingly [5]. 

 

6. The influence of the cutting fluid on the 

roughness of the machined parts 
 

The roughness Ra and Rz of the parts were measured before and 

after changing the cutting fluid, using the same experimental 

design (after each 5000 machined parts, 5 pieces were measured). 

 

 
 

Fig.8 Box - plot Ramax for old and new cutting fluid used. 

 
 

Fig. 9 Box - plot Ramin  for old and new cutting fluid used. 

 

 
Fig.10 Box - plot Rzmax for old and new cutting fluid used. 

 

 
Fig.11 Box - plot Rzmin for old and new cutting fluid used. 

 

7. Conclusions 
  1. The size of the machined surface, characterized by the 

variable diameter: 17mm, 18mm, 19mm (all parts have the same 

inner diameter) does not significantly influence the Ramin and 

Ramax roughness of the machined parts; 

  2. The traverse speed of the parts (8m / min, 8.7 m / min, 9m / 

min, 11m / min) does not have a great influence on the quality of 

the machined surfaces; 

3. The size of the grain size of abrasive wheels greatly influences 

the quality of the machined surface. The larger the grain size, the 

higher the roughness of the machined parts. This is proof that the 

roughness of machined parts is the result of the overlapping 

marks left by the abrasive grains on the surface of the part. 

4.  The quality of the cutting fluid does not greatly affect the 

roughness of the machined parts. This is due to the stability of 

the machine tool-tooling system and the strict observance of 

proper cutting fluid management. 
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Abstract: Cookware is one of the indispensable equipment for commercial kitchens. The very large size of commercial cookware (up to 

Ø1200 mm) requires precision manufacturing processes. In our current manufacturing process, the fact that different processing stations are 

separate from each other and the processing stages are dependent on the workers, carrying risks in terms of occupational safety (cutting 

with scissors, grinding, etc.), prevents the product from being obtained with high processing quality and causes high wastage rates arising 

from the manufacturing process. In addition, it creates negative effects in terms of efficient use of energy and production time, causing an 

increase in unit costs. Within the scope of this study, the design and prototype production of an energy-efficient and work-safe innovative 

processing system for commercial cookware, based on R&D systematic studies, is carried out by international standards (EN ISO 12100, EN 

614-1, EN 12983-1, etc.) and the results of our current manufacturing process. As a result of this research, occupational safety risks and 

excessive process steps are reduced, product quality and efficiency are increased, and thus production costs and energy efficiency are 

increased. Results are promising for further optimization. 

 

Keywords: COMMERCIAL KITCHEN COOKWARE, MANUFACTURING PROCESS, ENERGY EFFICIENCY 

 

 

1. Introduction 

Cooking utensils (pots, pans, etc.) for industrial kitchens require 

high precision in production processes regarding product quality 

due to their very large size. Stainless steel materials are widely used 

in many products in the industrial kitchen area. Among the stainless 

steel types, especially AISI 304 (EN 1.4301), quality stainless steel 

material stands out with its various properties (mechanical 

properties [1], corrosion resistance [2] etc.) in the metal industry. 

Various studies have been published on using stainless steel 

sheet materials for the food industry and their shaping in production 

processes (especially the deep drawing method) [3-14]. Various 

studies obtained from literature research on the subject are 

summarized below. 

Daoyuan and his working group noted that stainless steel stands 

out as a widely used material for food contact in food processing 

equipment and various products. They emphasized that as a food 

contact material, it has advantages such as corrosion resistance, ease 

of manufacture, cleanability, relatively low cost, high strength, and 

hardness [3]. 

Junaidh and his work group evaluated the machining properties 

of AISI 340 quality stainless steel, which is in the austenitic 

stainless steel group, such as cutting force analysis, surface 

roughness analysis, and chip morphology of stainless steel by 

turning process using an uncoated carbide tool with four different 

cutting speeds and three different feeds. It has been stated that the 

correct selection and control of process variables can significantly 

improve the machining properties of AISI 304 austenitic stainless 

steel, depending on the cutting force, chip morphology and surface 

roughness. Junaidh and his work group emphasized that if the 

cutting speed increases, the cutting forces decrease as the feed rate 

increases. The surface roughness values decrease with increasing 

cutting speed. They found that tool wears increased with increasing 

speed but decreased with increasing feed. They also stated that 

helical chips were obtained at a lower feed value, which was more 

accessible to the machine. They emphasized that the correct 

selection and control of process variables significantly improve the 

turning machining performance of AISI 304 austenitic stainless 

steel [4]. 

Graphical representations of chips obtained when machining 

AISI 304 workpieces at various cutting speeds and feeds are shown 

in Fig. 1 [4]. 

 

Fig. 1 Graphical representation of chips obtained when machining AISI 304 
workpieces at various cutting speeds and feeds (test conditions: depth of 

cut=0.5 mm, machining length=30 mm.) [4]. 

 

Surjeet and his work group investigated the effects of cutting 

speed using uncoated tungsten carbide inserts in processing AISI 

304 stainless steel material. They stated that the increase in cutting 

speed in the machining process helped to increase the degree of 

chip curl and the color of the chips changed as the cutting speed 

increased. They found that the chip color was slightly yellowish 

towards the dark metallic color at higher machining speeds. The 

appearance of stainless steel chip colors according to different 

cutting speeds is given in Fig. 2 [5]. 

 

Fig. 2 Chip shapes formed at different cutting speeds are a) 66 m/min, b) 

146 m/min, c) 190 m/min, d) 247 m/min [5]. 

 

Fig. 3 shows that the tool tip temperature increases gradually up 

to Vc = 146 m/min, and above this value, the tool tip temperature 

tends to decrease. They reported that the tool tip temperature was 

recorded as the highest value of 88.9°C at V = 190 m/min for all 

cutting speeds tested. [5]. The effect of cutting speed on cutting 

force and maximum tool tip temperature is shown in Fig. 3 [5]. 

MACHINES. TECHNOLOGIES. MATERIALS. 2022

253



 

Fig. 3 Effect of cutting speed on cutting force and maximum tool tip 

temperature [5]. 
 

Jozic and his work group stated that energy consumption, use of 

cooling and lubricating oils (cutting fluid, amount of cutting fluid) 

during machining are the main factors that cause negative 

environmental effects. Therefore, it is crucial to reduce both aspects 

while improving the sustainability of the processing. They 

emphasized the importance of improving these factors while trying 

to improve the sustainability performance of the industrial sector. 

They stated that energy consumption could be reduced using the 

most suitable cooling techniques, processing parameters, and 

advanced processing tools in industrial applications [6]. 

Padmanabhan and his working group stated that improving 

process factors in sheet metal forming is an important activity to 

reduce production cost. They emphasized that it is essential to 

examine the effects on the deformation behavior of sheet metal to 

determine the optimal values of the process factors. They evaluated 

three important process factors on the deep drawing properties of a 

stainless steel axisymmetric vessel: die radius, cavity holding force 

and coefficient of friction. The finite element method combined 

with the Taguchi technique creates a refined estimation tool for 

determining the effect of generating process parameters. In this 

study, evaluations were made to determine the various effects of 

each process data handled with the Taguchi method [7]. 

Tiwari and his working group have studied the widespread use 

of deep drawing in sheet metal forming and various factors that can 

affect deep drawing to obtain a perfect product with deep drawing 

in manufacturing processes. The main factors that will affect the 

deep drawing process are temperature, sheet metal thickness, 

friction, blank holder force (BHF), pressure, lubrication type, etc. 

evaluated the features [8]. 

The above literature research has stated that many parameters 

affect high-efficiency manufacturing in sheet metal forming 

processes. Within the scope of this study, studies on the 

development of a uniquely designed, fully automatic processing 

system were evaluated in the face of the problems experienced in 

the production of traditional commercial cookware. 

2. Methodology 

AISI 304 stainless steel sheet is used to produce commercial 

cooking utensils (pots, pans, etc.). The chemical composition of the 

AISI 304 stainless steel material is given in Table 1. 

Table 1: Chemical composition (%) of AISI 304 quality stainless steel sheet. 

 

The current manufacturing process for commercial cookware is 

given below; 

 - Circular cutting of stainless plates, 

 - Pressing the cut sheets with the deep drawing method 

(different diameters and depths), 

 - Fixing and cutting the edge of the stainless sheet in the 

guillotine shears, 

 - Circular cutting of excess allowances for sheet edge bending, 

 - Grinding burrs formed on circular cut edges, 

 - Transporting commercial cookware to a different press for 

bending the edges, 

 - Giving appropriate bending to commercial cookware in the 

press, 

 

The stages of the current manufacturing process for commercial 

cookware are shown in Fig 4. 

 

a)                                                    b) 

 

c)                                                   d) 

 

e)                                                   f) 

 

g) 

Fig 4. Stages of the current manufacturing process for commercial 

cookware; a) Pressing the stainless steel circular plates (Ø350-1200 mm), 
b) Pressing the stainless steel circular plates, c) Circular cutting of the 

edges of the commercial cookware d) The image of the commercial 

cookware with circularly cut edges, e) Grinding circularly cut commercial 
cookware burrs, f) Placing the edge of the cut-out commercial cookware 

into a mold suitable for press forming, g) Commercial cookware mouth 
formed on the edges of the press. 

As shown in Fig. 4, commercial cookware produced with the 

traditional method causes energy efficiency losses due to many 

processing steps. In the current commercial cookware 

manufacturing process, the excess labor-related processes (cutting, 
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grinding, etc.) poses a risk to worker safety. Automating the 

processes in the innovative commercial cookware manufacturing 

system will provide an advantage in occupational safety. 

3. Experimental procedure 

In our current manufacturing process of commercial cooking 

utensils, products are transported to 3 different stations after the 

press printing stage. This is done by placing it on the workstation, 

and the grinding process is also done manually by the worker. 

Occupational safety risks increase due to the worker-related process 

of this process and also create a negative effect on the increase in 

unit production costs. In the current manufacturing process, energy 

consumption values are also high due to 3 stations. The draft 

drawing of the innovative processing system developed based on 

the R&D systematic to overcome these problems, is given in Fig 5. 

 

Fig. 5 Innovative fully automatic processing system design for the highly 
energy efficient manufacture of commercial cookware. 

 

Within the scope of this study, the working process of the 

innovative fully automatic processing system for the high energy 

efficient production of commercial cookware is given below; 

1. Placing and fixing the circular stainless steel sheet (between 

Ø350-1200 mm, in different thicknesses and depths) coming from 

the deep drawing press (applying compression force), 

2. Rotating and cutting the edges coming out of the press with 

automation-controlled operation in different axes (at different 

rotation speeds, cutting angles, axial movements, etc.), 

3. Automatic deburring with axial movements from the cut edges, 

4. Obtaining commercial cookware with high occupational safety 

without worker-related risks by bending the cleaned edges (reverse 

forming - up/down, with different forces to be applied according to 

the material wall thickness). 

With the innovative, fully automatic processing system, 

significant R&D gains have been achieved in manufacturing all 

commercial cookware, reducing production waste caused by 

traditional manufacturing methods and providing energy savings. 

4. Conclusions 

Within the scope of this study, it has been ensured that an 

innovative, fully automatic processing system with a unique design 

based on R&D systematics has been obtained in order to obtain 

energy efficiency, high occupational safety, and quality products in 

the manufacturing process compared to our current manufacturing 

process and to reduce production time. Various R&D gains obtained 

with the originally designed system are given below; 

 - In our current manufacturing process, 55 kW of energy is 

consumed only in the reverse forming press at the last stage, while 

the total energy consumption in 3 different workstations exceeds 75 

kW. In the developed innovative system, gains were made in 

reducing energy consumption by at least 50%. 

 - In the current processing process of commercial cookware 

(Ø1100 mm), the processing time of commercial cookware has been 

reduced by approximately 2/3. 

 - In our current manufacturing process, commercial cookware 

is obtained by transporting and hand grinding to 3 different stations 

(cutting with scissors, edge round cutting and press forming 

processes). In contrast, the number of independent stations is 

reduced by providing 100% control over the innovative process 

with a single operational command. 

 - Innovative, fully automatic manufacturing system for the 

highly energy efficient production of commercial cookware, in line 

with international standards (EN ISO 12100, EN 614-1, EN 12983-

1, etc.) In addition to increasing efficiency, product costs were 

reduced, and energy efficiency was achieved. 

In our current manufacturing process, the molds that change 

according to the size are changed in the system to give the edges of 

the commercial cookware, whose edges are cut circularly, up/down 

inverted form. However, in the innovative system, the reverse form 

is provided with a single operation without needing these operations 

in the process. 
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Abstract: This paper presents a method of economic analysis of welding tubes made of aluminum alloy AA6060 using MIG and TIG arc 
processes, as well as the non-conventional FSW process in relation to the length of the welded joint. The cost model includes fixed and 
variable costs, which are broken down into individual components, and their specifics for each of the selected processes are considered. The 
input values were defined and a calculation was made for obtaining a specific workpiece, that is, for welding a tube with an outer diameter 
of ∅150 mm, and a wall thickness of 5 mm, with a butt joint in real production conditions. The obtained results were analyzed and the price 
of welding was determined according to the production time and per meter of the welded joint. 
Keywords: ECONOMIC ANALYSIS, AA6060, MIG, TIG, FSW 

1. Introduction

When it comes to the problem of environmental pollution, the 
manufacturing sector plays a significant role in CO2 emissions. This 
gas is one of the main causes of climate change in the form of global 
warming of the planet. The general attitude of all developed countries 
is to reduce these emissions and other harmful effects of humanity on 
the planet Earth, first of all, by reducing energy consumption and 
moving away from the use of fossil fuels, primarily for obtaining 
electricity and transport. Harmful emissions originating from the 
production sector can be divided into direct and indirect. Direct ones 
come from the process of burning fossil fuels, while indirect ones are 
the result of the use of a large amount of electricity, which according 
to some estimates is about 35% [1]. 

As conventional welding technologies are energy-inefficient, due 
to the high consumption of electricity, which is used to melt metals, 
these processes belong to the group of indirect polluters. 

These technologies are most often used when joining various 
parts of the industry. There are a large number of welding 
technologies, which we can divide into different ways. One of the 
divisions can be electric arc and specialized processes [2]. Today, 
over 115 welding processes e in the world, which is in daily use. 
Therefore, when choosing an adequate welding technology, in 
addition to the basic requirements in terms of mechanical properties 
(quality of the welded joint), it is necessary to analyze the economic 
aspect (reduction of costs), but also the ecological aspect (reduction 
of indirect pollution). Three welding processes (Metal Inert Gas  -
MIG, Tungsten Inert Gas - TIG, and Friction Stir Welding - FSW) 
were selected to meet these goals. The method of economic analysis 
solves the indecisiveness when choosing a priority variant (process), 
following the rules for choosing the variant that maximizes the total 
profitability based on the number of functional products, or in the 
case that revenues are not present or are constant among the 
variables, only costs are considered and the variant that minimizes 
the total cost of the functional product is chosen [3]. 

2. Welding technology
Welding is defined as the localized joining of metals or non-

metals caused either by heating the material to a suitable temperature 
with or without the effect of pressure or only by the effect of pressure, 
with or without the use of additional material [4]. 

2.1 Conventional processes: MIG and TIG 

MIG and TIG belong to welding processes under an externally 
supplied protective gas atmosphere. These are arc welding processes 
that use an electrical power source to form an electric arc between 
the electrode and the base material. In this way, heat is generated 
which melts the material of the workpieces to be welded, which after 
cooling results in joining. 

The MIG process is a semi-automatic or automatic welding 
process with a consumable wire that is fed continuously and has the 
roles of the electrode and additional material. Inert or semi-inert 

shielding gas is continuously supplied next to the wire, which flows 
around the wire to protect the weld pool from contamination. 

The TIG process is a manual or automatic welding process that 
uses a non-consumable tungsten electrode, a mixture of inert or semi-
inert gas, and special filler material. It is particularly useful for 
welding thin materials, it is characterized by a stable arc and a high 
quality of the welded joint, but it requires considerable operator skill 
and can only be performed at relatively low speeds.  

2.2 Unconventional FSW process 

The FSW welding process makes it possible to obtain a welded 
joint without melting the material. Compared to conventional electric 
arc processes and other non-conventional processes such as laser and 
electron beam welding, this characteristic gives the FSW process a 
kind of immunity according to the criterion of the appearance of 
defects and the loss of mechanical properties that accompany the 
recrystallization of the molten metal. In addition, FSW is an 
ecologically clean process, which does not use shielding gas or 
additional material to obtain a welded joint. Also, the FSW process 
does not create harmful fumes, which in conventional processes are 
caused by the formation of metal oxides at high temperatures, and 
does not emit harmful radiation, which is more or less present in all 
other welding processes. The mentioned advantages of the FSW 
process have a positive impact on the health of the welder and the 
environment. In addition to the above, this process is characterized 
by the following properties: 

- lower electricity consumption,
- simple and quick preparation of workpieces,
- absence of equipment protection against electric arc and
fumes and accompanying ventilation,
- greater dimensional accuracy, i.e. less distortion of
workpieces,
- higher welding speed and
- high degree of automation.
The FSW process is mainly used to join metals with a

relatively low melting point [5], which usually means aluminum 
alloys that are difficult to join by electric arc processes. Known 
applications of the FSW are the rocket booster of the Space Shuttle 
in America, structural elements of high-speed trains in the railway 
industry, ship hulls and decks in the shipbuilding sector, as well as 
copper containers for radioactive waste [6]. The FSW process found 
its application in the automotive industry in the form of Friction Stir 
Spot Welding, which replaced conventional spot welding in chassis 
made of aluminum with savings of up to 90% in terms of electricity 
use [7]. 

3. Preparation of workpieces
As workpieces to be welded in the economic analysis, tubes made

of aluminum alloy AA6060-T4 (AlMgSi0.5-T4) were taken. The 
tubes have an outer diameter of ∅150 mm, wall thickness t = 5 mm, 
while the length of the tubes that are welded individually is 250 mm 
(according to the ISO 25239-4 standard), and the length of the welded 
joint is l = 471 mm. The considered alloy was chosen, first of all, 
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because of its high prevalence in the industry, as well as because of 
its relatively good weldability. It is used in the automotive and 
railway industries, for making pipes for irrigation, heating, and 
cooling, for pneumatic installations, furniture and carpentry, and 
many other applications. 

For welding workpieces using the MIG and TIG process, it is 
necessary to carry out preparation, which is reflected in the 
production of a V-groove (Figure 1), the dimensions of which are 
adopted (according to the ISO 25239-4 standard) for each of the 
processes individually (Figure 2). 

 
Fig 1 Workpiece for MIG and TIG process 

 

Fig 2 Groove profile for MIG and TIG processes 

Where the angle of the groove is α°, the gap of the groove is b 
mm, and the thickness of the root face is c mm. 

For the FSW process, a groove is not made, but it is necessary to 
obtain a flat face on the workpieces so that they fit evenly in the butt 
joint during clamping. 

4. Components of cost estimation 
If the conditions and properties of the alloy allow the welding of 

a joint using several methods, it is necessary to choose the 
appropriate one according to economic criteria. Various factors are 
listed below, the sum of which represents the cost price of a welded 
joint per meter of weld using a certain process. In addition to the costs 
listed below, it is also necessary to take into account the selling price 
of the manufactured product Pr €/m in relation to the length of the 
welded joint, which differs in relation to the costs representing profit. 
It should be noted that all cost components are not present in all 
processes due to their specificities. We can divide costs into variable 
and fixed. 

4.1 Fixed costs 
Fixed costs  € include the cost of welding equipment (welding 

machine) as a separate entity and the cost of auxiliary accessories and 
protective equipment.  

= + (1) 
 
4.1.1 Cost of welding equipment 
It includes the cost of the welding equipment (welding machine) 

itself, the choice of which depends on the process used, the material 

and thickness of the workpiece, and the number of workpieces for 
which the welding machine is used. Depending on the size of the 
batch, the degree of automation of the process is also chosen, 
according to which welding is divided into manual, mechanized, 
automated, and robotic [8]. The adopted notation for this cost is Tm, 
and the unit is €.  

 
4.1.2 Cost of auxiliary accessories 
In industrial welding, special accessories and holders are 

generally made to bring the workpiece and the welding torch or tool 
into the desired position, in order to speed up the process. These 
elements are most often adapted specifically to the workpiece to be 
welded and their price must be considered for each job individually. 
This category includes the costs of protective equipment and 
equipment for the preparation of workpieces. The adopted notation 
for this cost is Ta, and the unit is €. 

 
4.2 Variable costs 

Variable costs Vt €/m refer to human labor, overheads, energy, 
and preparation of workpieces. In electric arc processes, we have 
additional material and shielding gas as variable costs, while these 
costs are absent in the FSW process, where the cost of the welding 
tool occurs. Total variable costs represent the sum of the specified 
variable costs characteristic of the selected process. 

  
4.2.1 Cost of labor 

The cost of human labor Lc €/m is based on the hourly labor rate 
Lr €/m, which is currently in Montenegro in the gross amount, as well 
as the welding speed S mm/s and the reinforcement factor Of [9]: 

=
+ +  

(2) 

Where the welding time is tz s which is proportional to the length 
of the welded joint per workpiece l mm, and inversely proportional 
to the speed, tp s is the time required for assembly and disassembly of 
the workpiece and tl s is the time of "ignition of the arc". Based on 
these parameters, we can calculate the cost of human labor [9]: 

=
3.6 ∙ ∙  

(3) 

 
4.2.2 Overhead costs 

It refers to the overhead costs that the company pays per meter of 
welded joint Oc  €/m and depends on the hourly overhead rate Or  €/h 
the welding speed S mm/s and the utilization factor Of [9]. 

=
3.6 ∙ ∙  

(4) 

 
4.2.3 Cost of additional material 
The cost of additional material Cf €/m is estimated by 

determining the type and quantity of the required material. Above all, 
it is necessary to determine the area of the profile of the welded joint 
A mm2 from Figure 2. 

= ( − ) ∙
2

+ ∙ ∙ (5) 
The strengthening factor Of is adopted, which represents the 

overhang of the welded joint. Based on the known area and knowing 
the density of the additional material ρ kg/m3, we can calculate the 
mass of the selected welded joint per length meter Ww kg/m. 

= ∙ ∙ ∙ 10 (6) 

Where la = 1 m. Knowing the mass of the welded joint per meter 
length, we can calculate the cost of additional material per meter 
length Vec  €/m [9]. 
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=
∙

(7) 

Where Ec  €/kg  – the price of the electrode per unit of mass and  
Emy – efficiency factor of added material, i.e. the percentage of wire 
that becomes weld metal [9] 

 

4.2.4 Cost of shielding gas 

This cost is estimated according to the type of gas used and its 
flow rate Vgc  €/m [9]. 

=
+  

3.6 ∙  
(8) 

Where Gfr m3/h gas flow, a Gc  €/m3 gas cost. 
 
4.2.5 Cost of energy 

It takes into account the energy consumed by the welding 
machine or apparatus according to the length of the welded joint Vpc  
€/m [9].  

=
∙ ∙  

3600 ∙ ∙  
= ∙ (9) 

Where I A electric current, electric voltage U V and M degree of 
efficiency of the welding apparatus, that is Pe kWh/m is the electricity 
consumption per meter of welded joint for FSW. The price of 
electricity is given by the factor Pc €/kWh. 

 
4.2.6 Cost of a welding tool 
This cost is specific to the FSW process only. The length that one 

tool can weld depends on the type of material being welded and its 
thickness. The cost of the welding tool represents the price of this 
tool per meter of weld length Va  €/m. 

 

4.2.7 Cost of preparation of workpieces 

It includes the time and resources necessary to prepare one 
workpiece for welding Vpk  €/m. For conventional processes, it is 
necessary to make a suitable groove for the welded joint, as well as 
to clean the workpieces before welding, and after the process to sand 
and clean them, while with FSW it is enough to clean the workpieces 
before the welding process. 

= ∙ ∙ 0.0167 (10) 
 

5. Economic analysis models for considered 
welding technologies 

In order to form cost models for the analyzed MIG, TIG, and 
FSW processes on the basis of the previously given equations, it is 
necessary to determine the input values of all parameters. 

An accessory was developed for mounting and dismounting 
workpieces on the lathe, which in this case is a chuck on a universal 
lathe. By tightening one KM nut, the workpieces are positioned. The 
welding speed is defined by the stepper motor that drives the 
clamping head. The gun, i.e. the torch, is positioned on a joint that 
has one degree of freedom. It takes 60 seconds to assemble and 
disassemble the workpieces from this setup. 

As a welding machine for the FSW process, it is planned to use a 
CNC machining center, which has a pallet system with two pallets, 
the total change time of which is 26 s. The worker will remove the 
finished workpiece, and then assemble the new workpieces in the 
time it takes the machine to pick up another pallet (half the time for 
changing pallets (13 s), enters the material with the tool (5 s), 
performs welding (56 s), pulls the tool out of the workpiece (5 s) and 
returns the pallet with the finished workpiece (13 s). After that, the 
cycle starts again, which means that the welder has about 92 seconds 
available for assembly and disassembly. From this, we can see that 
the actual time wasted on assembly and disassembly is 26 seconds, 

i.e. the time of changing the pallet because the rest of the cycle is 
performed in parallel with the FSW process on another pallet. 

Input parameters and their values are given in Table 1. 

Table 1: Input parameters for MIG, TIG and FSW processes 

No. Parameter Designation 
and unit MIG TIG FSW 

1 Cost of welding 
equipment (machine)  € 3000 7500 63000 

2 Cost of auxiliary 
accessories  € 550 550 850 

3 Cost of labor  €/h 7.8 12.3 7.2 

4 Welding speed  mm/s 6.33 3.92 10 

5 Assembly and 
disassembly time  s 60 60 26 

6 Time to start the arc  s 3 3 - 

7 Tool entry and exit 
time  s - - 10 

8 Overhang cost rate  €/h 2 2 2 

9 Number of passes  1 [10] 1 [10] 1 [10] 

10 Joint angle  ° 70 [11] 55 [11] 0 

11 Groove gap  mm 1.2 [11] 1.2 [11] 0 

12 The thickness of the 
root face  mm 1.2 [11] 1.2 [11] - 

13 Reinforcement factor 
of the welded joint  1.1 [12] 1.1 [12] 1 

14 The efficiency factor 
of added material  0.95 [9] 0.95 [9] - 

15 The density of 
additional material  kg/m  2640 2640 - 

16 Price of additional 
material  €/kg 14  12.3 - 

17 Gas flow  m /h 1 [2] 0.6 - 

18 The price of gas  €/m  2.87  2.87  - 

19 Welding current  A 200 [2] 140 - 

20 Welding voltage  V 23.6 [10] 15.5 - 

21 
Degree of efficiency 

of the welding 
machine 

 0.9 [9] 0.9 [9] - 

22 The price of 
electricity  €/kWh 0.0546  0.0546  0.0546  

23 Time of preparation 
of workpieces  min 10 10 7 

24 
Electricity 

consumption per 
meter of welded joint 

 kWh/m 0.23 0.17 0.2 [12] 

6. Analysis of results 
Based on the used model of economic analysis and given input 

parameters, an algorithm was defined that enables economic analysis 
for the selected workpiece in a simple way. 

In order to calculate the profitability of one of the processes, in 
addition to the parameters of productivity and costs, it is necessary to 
define the market value per meter of welded joint Pr =15 €/m   . Based 
on the previously given data, we can calculate the profitability Pt  € 
of the selected welding technology for a specific workpiece for a 
certain number of working hours: 
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= ( − ) ∙ ∙ 3.6 ∙ ∙ − (11) 

Where t1 time in hours h. 
Figure 3 shows the ratio of profit and working hours (time) for the 
analyzed processes MIG, TIG and FSW.

 
Fig 3 Relation time - profit 

As quantity plays a decisive role in the choice of welding 
technology, it is necessary to consider whether the workpieces are 
welded in individual, serial, or mass production, which would 
represent a key criterion for the justification of investment in a certain 
technology. 

From Figure 3, we can see that the FSW process starts with a 
significant negative value due to the large initial investment, but the 
absence of additional material, shielding gas, shorter preparation, and 
higher productivity result in the FSW process having a significant 
advantage over electric arc processes in serial and mass production. 
while with single and small series, the advantage is with electric arc 
processes. 

We can also calculate the profitability based on the length of the 
welded joint produced according to the equation: 

= ( − ) ∙ − (12) 

Where x is the length of the welded joint m. 
Figure 4 shows the profit per meter of the weld from each 

analyzed process, starting with a negative value due to the initial 
investment. In this case, the time dimension, i.e. the advantage in 
higher productivity of the FSW process, is omitted. Despite this, we 
see that the savings in the cost of the welded joint per meter of length 
in the FSW process which after a while leads to the intersection of 
curves, and the FSW process after a certain length becomes the most 
profitable. 

 
Fig 4 The relationship between the length of the welded joint and the profit 

7. Conclusion 
The economic analysis carried out in this paper shows that FSW 

technology for the case of analyzing tubes made of AA6060 alloy, 
despite a significantly higher initial investment, after 465.8 working 
hours gains an advantage over MIG and TIG processes. Also when 
we look at the problem in relation to the length of the welded joint, 
the FSW technology becomes dominant after 38396.7 meters of the 
welded joint and continues with the trend of significantly higher 
profit. 

Due to the higher initial investment, the FSW process is proving 
to be the preferred process for serial production. After the specified 
period or number of welds, despite the large initial negative value due 
to the investment, there is an intersection of the curves after which 
the FSW process takes the lead. 

The FSW process, in addition to better mechanical characteristics 
of the welded joint, an ecologically clean and energy-efficient 
process, is recommended by the economic analysis for welding the 
analyzed workpieces, because it achieves great benefits for the user 
in terms of cost savings, as well as higher productivity. The presented 
approach is part of wider research and can be applied to a wide class 
of problems. 
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Abstract: This paper presents the application of an experimental method for determining the numerical values of the machinability factors of 
medium alloy carbon steel in the drilling process. Research conditions are defined, including tools, machine, and machining parameters. The 
experiment was performed according to a two-factor orthogonal experimental plan, and the values of cutting forces were monitored using 
a dynamometer through other elements of the information measuring system. Cutting forces were also considered in relation to the 
drilling depth. 
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1. Introduction

Drilling is one of the most common cutting methods used in 
industrial production [1]. Despite the relatively simple appearance of 
the cutting tool and the scope of its use, the drilling process is not 
fully defined due to a large number of influencing parameters. For 
example, the cutting action is poor near the axis of the cutting tool 
(twist drill bit) due to the relatively low cutting speed. For a 
conventional twist drill, the action in the center is more extrusion 
(deformation) than a cutting process [2], therefore a greater axial 
force is required to enter the twist drill into the workpiece, so the 
amount of heat produced is significant. This heat depends on the type 
of material being drilled and it can have a favorable or unfavorable 
effect on the cutting process itself. In addition to the geometry of the 
twist drill, the drilling process itself is affected by a number of other 
variables such as the material of the drill bit, the material being 
drilled, the drilling machine, and the cooling and lubrication fluid 
used, etc. During the drilling process, the drill, as a double-edged 
tool, suffers high stress due to the effect of cutting force, significant 
additional deformations of the chip, and due to friction in contact 
with the chip and the hole surface. Knowing the cutting force plays 
an important role in determining the following procedures: 

- evaluation and optimization of the cutting process through the
criterion of tool wear, which is directly related to the cutting force, 

- the behavior of the material and its workability,
- development and optimization of cutting tools,
- to determine the influence of forces on certain quality

parameters of the finished product, 
- to control machines and processes with adaptive feedback

through the collection of these values in real-time. 
Machinability is the suitability of a material to be machined by 

cutting. The term machinability of materials is complex and is 
considered simultaneously from several aspects and under different 
processing conditions. Thus, for example, a material with good 
machinability in drilling may have low machinability in drawing, etc. 
[3]. Machinability can be determined using several methods such as 
tool life monitoring, cutting force measurement, energy consumption 
measurement, machined surface roughness, and chip shape [4]. 
Machinability primarily depends on the physical and mechanical 
properties of the material, the chemical composition, and the 
structure of the material. Expressions for the main processing factors, 
which are determined experimentally, are most often used to evaluate 
the machinability of a material. Machinability constants express the 
influence of the primary group of factors (drill bit diameter and feed 
rate) on drilling torque Mc and axial drilling force – feed force Ff. 
They represent the main cutting forces during the drilling process [5], 
[6], and the values of these quantities are described by empirical 
expressions [7]: 

= (1)

= (2)
Where  – drill diameter and  – feed rate are varied factors, ie input 
values,  and  machinability constants, and , ,  ,  
machinability parameters. 

2. Defining research conditions

The workpieces used in this research are cylindrical in shape, 
base diameter, and height of 30 mm, made of medium alloyed carbon 
steel C45, hardness 210 HB (Figure 1). This alloy is widely used in 
industry in applications where a material with higher strength and 
anti-wear properties is needed in operation. Some of the products 
obtained from this alloy are gears, bolts, axles and shafts, connecting 
rods of ICE engines as well as many other machine elements. 

Figure 1 shows the eight workpieces made based on the adopted 
experimental plan, four of which are used in the central points of the 
plan. 

Fig 1 Experimental workpieces made of medium alloyed carbon steel C45 

A cutting tool (twist drill) has several geometric design 
parameters such as point angle, chisel edge angle, web thickness, the 
angle of the helix,  etc [8]. Each of these parameters affects the 
cutting force and the quality of drilled holes in different ways. In 
addition to the geometric parameters, important factors of the cutting 
tool are the material, the size of the twist drill, as well as the 
condition. 

Cutting forces are defined through the resulting force of material 
to cutting. When machining by drilling, as well as when machining 
by turning, the blade of the cutting wedge acts with the resulting 
cutting force that can be broken down into three components (Fig 2). 

Fig 2 Cutting forces at drilling 
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The main cutting forces F1' and F1'' during drilling create a 
torsional load (drilling torque Mc), the passive forces F2' and F2'' are 
on the same line and in the opposite direction, so they are balanced, 
and the auxiliary movement forces for both blades are collinear, so 
add up and their resulting force is called feed force Ff  [9]. 

When conducting experimental research, the diameter of the 
twist drill varied according to the adopted experimental plan, and the 
adopted twist drills were with a cylindrical handle and a point angle 
of 118 °. 

Figure 3 shows the cutting tools used (twist drills with a diameter 
of ∅12 mm, ∅8.5 mm, and ∅6 mm made of high-speed steel - HSS). 

 

 
Fig 3 Twist drills made from HSS 

The machine used in the experimental research is a drill press 
BD-40. The power of the machine is 3 kW, the height of the working 
space is 710 mm, and the length of the riser is 200 mm. The machine 
has 9 degrees of the main movement in the range between 63 rpm 
and 1000 rpm, as well as 9 degrees of auxiliary movement in the 
range between 0.08 mm/rpm and 1.25 mm/rpm. 

3. Experimental research 

In order to obtain the values of the constants and machinability 
parameters for the given material, it was necessary to carry out 
experimental research according to the experimental plan with the 
monitoring of the values of the forces using an information 
measuring system. 

3.1 Information measurement system 
The information measurement system includes several 

components of modern measuring equipment, the joint effect of 
which ensures reliable results. The block diagram of this measuring 
system is given in Figure 4. 

 
Fig 4 Information measurement system for measuring cutting forces at 
drilling 

Dynamometer (Kistler 9271A) – works on the principle of the 
piezoelectric effect and provides a dynamic and quasi-static 
measurement of two components of drilling force, drilling torque 
(Mc) and auxiliary movement force (Ff). The dynamometer has high 
stiffness and therefore a high natural frequency. Its high resolution 

enables even the smallest dynamic changes in the large forces that 
the device measures. The measuring range of the vertical force is 
from -5 kN to 20 kN, while the drilling torque is in the measuring 
range from -150 Nm to 150 Nm. 

Integrator (Kistler 5806) – the charge produced by a 
piezoelectric sensor is a variable that is difficult to measure due to its 
nature. For this reason, an electronic device known as an integrator 
or charge amplifier is connected to the sensor, in order to convert the 
electric charge into a voltage signal. The charge amplifier converts 
the negative charge produced by the piezoelectric sensor when 
subjected to a force load into a positive voltage that is proportional 
to the charge and thus to the applied force. Due to their working 
principle, force sensors have a negative sensitivity and they produce 
a negative charge under load. 

Universal measuring bridge (HBM QuantumX MX840B) – is a 
universal amplifier with 8 channels. It is a combination of an AD 
converter and an amplifier, which digitizes and amplifies the 
electrical voltage signal it receives. Each channel allows acquisition 
with over 15 different types of sensors. It uses as input connector 
fifteen-pin DSUB15HD. All channels are electrically isolated from 
each other and from the power inputs. 

Computer – HBM Catman software package is installed on it for 
display and acquisition of data obtained from the universal amplifier. 

3.2 Experimental design 
 

For the design of the experiment, a two-factor orthogonal design 
was adopted with varying factors at two levels, with four repetitions 
at the central point of the design. The number of experimental points 
N, for the number of factors k, which in this case are the diameter of 
the drill D and the feed f, varied on n levels with the number of 
repetitions n0 in the central point, is calculated according to the 
following expression: 

= + (3) 

From this expression, we see that the number of experiments is 
for the adopted values N = 8.  

The interval limits of the input factors are adopted according to 
the condition: 

= ∙ , = 1,2, … , (4) 

Based on preliminary research, processing parameters were 
adopted for the given medium-alloyed carbon steel (percentage of 
carbon C = 0.44 %), and a cutting speed of 21 m/min was adopted. 

Table 1 shows the varied values of the cutting mode at three 
levels (upper, lower, and center). 

 
Table 1: Values of varied factors of the experimental plan 

Input factors Upper level  
(+) 

Lower level 
 (-) 

Center level 
(0) 

=  12 6 8.5 

=  0.22 0.11 0.16 

 

Based on the relation v = f(D,n), the values of the number of 
revolutions n, which are given in Table 2, were obtained and based 
on the defined values, the plan matrix of the experiment was adopted, 
which is given in Table 3. 

Table 2: The obtained values of the angular speed for the adopted cutting 
speed of 21 m/min 

Drill diameter mm Adopted angular speed rpm 
Ø6 1000 
Ø8.5 710 
Ø12  500 
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3.3 Conducting experimental research 
 

As part of the experimental research phase, the cutting force was 
measured (force of auxiliary movement Ff and drilling torque Mc) in 
accordance with the adopted experimental plan. The execution of 
experimental points is taken in order from the experimental plan 

matrix. Experimental research was done in laboratory conditions, and 
the research site is shown in Figure 5, where modern research 
measuring equipment was installed on the BD-40 drill press. The 
drilling depth of the workpieces is defined and is 20 mm.  

Fig 5 Research site: 1 – workpiece, 2 – cutting tool (twist drill), 3 – machine (drill press BD-40), 4 – workpieces and tools for experimental points, 5 – sensor 
(piezo-electric dynamometer), 6 – charge amplifier, 7 – universal amplifier, 8 – a computer with acquisition software, 9 – experiment matrix plan  

The obtained form of the functional relationship of the cutting force 
on the varied parameters, as the output data of the information 
measuring system, is given in Figure 6. The maximum displayed 
value during the measurement was considered.  

 
Fig 6 Cutting forces values at the point of the experimental plan number 7.. 
 
The diagram shows an increase in cutting force in proportion to the 
increase in drilling depth up to the final value of 20 mm. 

Figure 7 shows drilled samples with corresponding chips obtained 
for parameters and tool diameters selected according to the 
experimental plan. The samples are arranged in such a way that the 
upper left sample belongs to Experimental Point 1, etc. 

 
 

Fig 7 Experimental samples drilled according to the points of the 
experimental plan 
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Table 3: Plan matrix of the experiment 

No.  Drill diameter 
mm 

Feed rate 
mm⁄  

Feed 
force 

N 

Drilling 
torque 

Nm 

  =  =  Output vectors (y) 

 1 12 0.22 

   1 6 0.11 

 1 8.5 0.16 

1. + 1 + 12 + 0.22 3913 13.38 

2. + 1 + 12 - 0.11 2368 8.09 

3. + 1 - 6 + 0.22 1294 4.4 

4. + 1 - 6 - 0.11 901 2.76 

5. + 1 0 8.5 0 0.16 2120 6.27 

6. + 1 0 8.5 0 0.16 2150 6.49 

7. + 1 0 8.5 0 0.16 2229 6.75 

8. + 1 0 8.5 0 0.16 2267 6.26 

 

Using the regression analysis of the experimental results, the 
values of the coefficients and machinability parameters were 
determined. First, equations (1) and (2) were translated into 
logarithmic form, so we get equations of the 
form:

= + + (5) 

Where  , , and  linear regression coefficients are 
determined based on the expression: 

=
1
8

∙ ( + + + + + + + ) (6) 

=
1
4

∙ ( + − − ) (7) 

=
1
4

∙ ( − + − ) (8) 

Finally, the values of the constants and machinability parameters 
are determined from the expression: 

= + + −

2 ∙ ∙ − ∙ (9) 

= 2 ∙  (10) 

= 2 ∙  (11) 

 
The resulting values of the machinability parameters can be seen 

in the decoded version of the empirical equations for the Drilling 
torque in Nmm and Feed force in N in the drilling process: 

 
= 783.4 . . (12) 

 

= 259.8 . . (13) 

4. Conclusion 
Cutting processes belong to very complex stochastic processes 

with a large number of influencing parameters. The effect of 
parameters on the investigated quantities is non-linear and 
accompanied by complex interactions, so obtaining theoretical 
analytical models in a closed form, despite the efforts of a large 
number of researchers, is practically not possible. These laws are 
especially pronounced in the drilling process, which is the subject of 
our research. 

For the process of drilling medium alloy carbon steel, based on 
the analysis of previous research and our own experiences, a model 
was proposed which is assumed to be able to adequately describe our 
researched process, i.e. to accurately approximate the unknown 
analytical form. The diameter of the drill bit D and the feed rate f are 
considered as input parameters, while the outputs of the analyzed 
process are the Feed force Ff and the Drilling torque Mc. The 
coefficients of the proposed model were determined by regression 
analysis of experimental data. The experiment was performed on the 
basis of a two-factor orthogonal experimental design. The results 
were obtained using an information measurement system that 
includes several interconnected components whose synergistic action 
obtained the results. 

These results are very applicable to the investigated process, 
while the proposed methodology is applicable to a wide class of 
problems in cutting processing. 
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Abstract: In the mid-1960s, the construction of production facilities for automobile manufacturing began in our country. After multi-million 

capital investments, a modern base for the production of cars and trucks, and buses, as well as assemblies and aggregates for them, is being 

created in our country. Licenses and technical documentation acquired by leading Western companies guarantee high quality of Bulgarian 

production and mark a huge growth in the export of production for the automotive industry. The cooperation opens up perspectives for the 

complete absorption of the samples produced in our country and cooperation in the industry with countries that are members of the 

COMECON. The possibility of using foreign experience and gradually preparing the necessary personnel leads to hitherto unknown 

concentration and specialization in the industry and to extremely high labor productivity. 
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1. Introduction 

The Bulgarian automobile industry is developing in attempts to 

organize both a complete assembly of cars and on the way of 

gradually mastering the production of basic units for cars and trucks 

and buses. The conclusion of licensing agreements with world-

famous Western companies, from which the Bulgarian engineering 

industry receives their samples, technical documentation, 

technology and organization of production, has a huge influence on 

this development. The separation of the automotive industry in 

Bulgaria is carried out under the conditions of international 

specialization of production within the framework of COMECON. 

For products that are in demand on the Eastern European market, 

the Bulgarian auto industry cooperates in productions that are key to 

the general industrial growth of our country and the Eastern Bloc. 

The successful sale of cars under license ranks us among the 

technically developed societies that equip their own vehicle fleet for 

the needs of production, trade and consumption and participate in 

the international market with quality machine-building products. 

2. Solutions  

  

 On March 3, 1967 in Turin, between Balkancar and Fiat, a general 

cooperation agreement was signed for the assembly and partial 

production of four models of passenger cars in Bulgaria [1] The 

Italian giant supplies a complete assembly line to Plant 14 in 

Lovech, prepares a development project and provides technical 

assistance for the start of production. Balkankar has been handed 

over the complete technical documentation for mastering the 

production, a project for the organization of a service base and the 

right to replace Fiat parts and assemblies with its own production. 

Cooperation with Fiat opens up broad prospects for the Bulgarian 

automotive industry. First of all, this is the opportunity to expand 

the agreement in principle already reached with USSR on 

cooperation in the field of automobile construction. Bulgarian 

mechanical engineering has agreed to produce in mass quantities 

several parts and assemblies for incorporation into the production of 

the then still under construction automobile plant in the city of 

Toliati. In return for their value, Balkankar agreed to receive after 

1970 series of Soviet cars type Fiat 124 for installation in Bulgaria. 

FIAT does not object to the cooperation model with USSR [1] The 

assembly workshop in Balkan-Lovech began assembling four FIAT 

models in 1967. and until 1971 managed to produce a total of 758 

cars under the name Pirin. After 1971, the license agreement was 

not renewed, but the trade relations between Italy and Bulgaria in 

the automotive industry were not interrupted. Bulgaria successfully 

exports electric trucks and forklifts through the mixed Bulgarian-

Italian company Sibikar [2] After the 9th session of the mixed 

Bulgarian-Italian commission for economic, industrial and technical 

cooperation, held in 1976, a general long-term agreement was 

concluded with FIAT for the joint production and trade of wheeled 

tractors, trailed agricultural machines, auto components and spare 

parts, motorcycles and electric trucks. Ways of cooperation are also 

being sought with the Pirelli concern for the reconstruction and 

modernization of our enterprises in the field of the rubber 

industry.[2]  

The contract with FIAT from 1967 is part of a model of 

development in engineering production during those years, which 

includes obtaining a license and technology from a Western 

company and gradually mastering the production of the product 

until the moment when we can meet our needs with our own forces 

and means.The desire for one's own development in this case does 

not contradict the decision to use Western technologies, it is even 

encouraged, as it enables our economy to keep pace with the 

general technological development. And this is not the only case in 

which Bulgaria cooperates with the Western countries in the 

conditions of close cooperation with the Eastern ones. 

Another example of a license acquired by a western company and 

the successful implementation of production in our country is the 

case of the "Energy" battery plant in Targovishte. After they found 

that there was no production of armored traction batteries in the 

entire Eastern Europe, on August 2, 1965 the Council of Ministers 

decides to build a factory. [3] Technoimport concludes a contract 

with Varta. According to the contract, the West German company 

prepares a project of the plant, submits the technological 

documentation and supplies the equipment for production. The 

value of the complete equipment and the license amounts to 21.4 

million Deutsche marks. In the general account, additional costs are 

foreseen for the construction of an industrial-technical school at the 

plant, a preventive clinic for the restoration of workers' health and 

for housing construction in the area. The production program of the 

plant for 1970. amounts to 1,000,000 batteries. The enterprise in 

Targovishte operates until today. 

The start of production of individual parts, aggregates or the 

organization of a complete set of cars in our country begins because 

of objective needs. In 1970 The Minister of Mechanical 

Engineering, Mariy Ivanov, reported to the Politburo that the 

demand for passenger cars throughout Eastern Europe was 

constantly increasing.[4] From the presented statistics, it is clear 

that in the GDR and Czechoslovakia there is one car for every 32 

people, in our country one car satisfies the needs of 70 people and 

according to this indicator Bulgaria is in one of the last places in 

Europe.In Austria and Finland there are 135-140 cars per 1000 

people. By 1980 it is expected that there will be 200 cars per 1000 

people. 
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Satisfying our needs for cars requires that in 1980 there should be 

100 cars per 1000 people. This would cost between BGN 650 and 

700 million per year if we rely only on imports, an amount that 

could hardly be covered by exporting our industrial products. On 

the other hand, organizing in our country the production of cars in 

an optimal series, according to Minister Ivanov, would lead to an 

unknown concentration and specialization in mechanical 

engineering.[4]  

Experience in developed countries shows that the automotive 

industry is highly efficient and labor productivity is extremely high. 

This industry is a powerful stimulus for the development of almost 

all branches of industry-mining, metallurgical, chemical, 

electrotechnical, instrument making, etc. In 1970 Bulgaria has 

already developed industrial capacities for the production of 

automobile tires, rims, glass, artificial leather, batteries, sheet metal, 

paint coatings, radio industry, etc., the effective use of which 

requires the development of automobile manufacturing. According 

to American standards, the minimum profitable series for complete 

production of cars is about 300,000 units per year. By 1970 The 

USSR is building a factory for 660,000 units. annually in the city of 

Toliati.The Moscow plant for the production of the Moskvich 412 is 

being reconstructed and expanded to an annual production of 

200,000 units. The plant in Izhevsk is being built for 150,000 units. 

Annually. The West German company BMW produces 100,000 

units. cars per year. Audi – 70,000, Skoda – 130,000, with a total 

capacity of 150,000. [4] In the conditions of close cooperation and 

cooperation with other socialist countries, both passenger cars - 

VAZ 2101 or Moskvich 412 - are being produced in our country. In 

Lovech, introduced in the Balkans, an assembly plant for passenger 

cars with a capacity of 15,000 units is in operation. annually, 

together with the FIAT, from 1966, the Moskvich 408 was 

assembled, and until 1972, the Moskvich 412. From 1973 to 1976, 

it is planned to assemble Moskvich 412 and VAZ 2101 in parallel 

on the assembly line in Lovech, and for this purpose a new 

assembly plant is being designed for us in the USSR with a capacity 

of 60,000 units. per year, the construction of which began in 1971. 

The assembly of Moskvich continued until 1990. and for the entire 

period a little over 300,000 cars were assembled in our country. [4] 

In 1970 a long-term agreement was signed with the USSR and the 

production of components - generator, starter, ignition coil, relay-

regulator, 3 types of wires, battery, air and oil filter for the new 

Soviet car VAZ began in our country.[5] In the same year, all the 

components were mastered and put into regular production and the 

agreed quantities were shipped. 

The production of diesel engines under an English license has been 

successfully implemented in our country. In 1967 the Minister of 

Mechanical Engineering, Mariy Ivanov, reported to the Chairman of 

the Council of Ministers, Todor Zhivkov, a license contract for 

diesel engines with the English company Perkins. [6] It is said that 

this will increase the efficiency of production and export of 

forklifts, tractors, road construction machinery, trucks, stationary 

plants, etc. In his report, the minister reveals that a consultation was 

made with the Soviet Institute of Engines and Automobiles - 

NAMI, which recommends the English company as the best. The 

minister also has the assurance of import organizations to buy 

machines with our diesel engines.[6]With the conclusion of the 

contract, opportunities are created for the production of high-speed 

diesel engines with a power of up to 120 hp. in the Vasil Kolarov 

factory, Varna, where in 1967 construction of a new production site 

begins for 5 different types of engines with a capacity of 40,000 

units. Annually. Bulgaria receives the right and the necessary 

structural and technological documentation for the production of 

assemblies, aggregates and details such as pistons, piston rings, 

bearings, etc., and the fuel equipment for the engines is delivered to 

our country during the entire five-year term of the contract for 

500,000 British pounds . 

Prior to the approval of the contract, an analysis was made looking 

at the benefits for us under several options. The first is to continue 

our production of "D" family diesel engines from 20 to 60 hp, 

which is expensive and does not cover the range of all our needs. It 

is estimated that the cost of one engine of this type amounts to BGN 

1,400. 

The second option is the development of a new in-house engine 

design with a power of 30 to 120 hp, the cost of which is BGN 

1,300 for 1 unit, but the development, assimilation and 

implementation in production would take at least 72 months, which 

slows down the Bulgarian production and deprives our economy of 

exports. 

In the third option-purchase of a license-the cost price of one 

manufactured engine is the lowest-BGN 1,150. In addition, with the 

purchased parts and units for engines, an opportunity is provided to 

reach the required quality more quickly and the gradual assimilation 

of the product. [6]  

The technical and economic indicators of Perkins diesel engines are 

among the best in the world in the 40-120 hp range. power. Perkins 

four-cylinder engines outperform those of MAN, Deutz, Guldner, 

Daimler Benz and others. companies, as well as the best 

representatives produced in socialist countries. The YaMZ 

automobile diesel engines produced in the USSR are unsuitable for 

Bulgarian needs in terms of their technical and dimensional 

parameters. Tractor diesels of the SMD type are unsuitable for 

forklift and automotive work, as are the needs of the Bulgarian 

automotive industry. Automotive diesels are not produced in 

Poland. The low-volume Robur produced in the GDR do not make 

it possible to cover our needs above 50 hp, and the Schwonebeck 

engines are not suitable for driving cars and forklifts. In the 1960s, 

work began in the GDR on the creation of a new family of universal 

purpose diesel engines - automotive, tractor and stationary - using a 

license purchased from the MAN, GFR. These engines exceed our 

requirements for forklift production, the weakest being 100 hp. 

Moreover, their production was expected to be mastered only in 

1976. Of the diesel engines manufactured in the Czech Republic, 

those of Zetor are of interest, which are installed only in tractors 

and do not fully satisfy our needs. Diesel engines for Cepel heavy-

duty vehicles and buses are produced in Hungary. [6]  

By contracting with Perkins, we get the opportunity to master 

world-class construction. The start of production has been given, 

which places Bulgaria among the countries with an automobile 

industry. For the casting of the engine casing and other cast iron 

parts, necessary for the production of diesel engines, in 1967 

construction of a foundry began at the tractor plant in Karlovo using 

USSR technology and equipment.[6] 

The production grew and after a few years construction began on an 

iron foundry in Vratsa with a capacity of 30,000 tons per year, 

which was completed on 30.05.1979. For the first time in the 

country, a foundry is being built in 2.5-3 years.[7] 

Veslets Cast Iron Works, Vratsa, subsequently completely took over 

the production of heads and blocks for 3, 4 and 6 cylinder diesel 

engines under the Perkins license. 

In 1967, it was decided that the assemblies and details for diesel 

engines would be produced in a factory in Razgrad, which was 

designed in the USSR and started operating in 1968. The 

technology and equipment of the plant were supplied by the USSR 

and other socialist countries, and the constructive documentation for 

their design was provided by the English company Perkins. The 

production of diesel engines is promising. The license with the 

English company implies that the engines are built into forklifts, 

trucks and cars, tractors, road construction machines, power units, 

pumps, etc. 

At the end of the 1970s, opportunities were again sought in our 

country to conclude new licenses limiting the quality of transport 

engineering only from Western companies - with the English 

company Perkins for the development of a new range of engines 

and a new fuel process, with the American Borgwerner for 

hydrodynamic transmitters, for stamped welding beams for trucks 

with UTS, Italy, for seats, pistons and armored batteries with 

manufacturers from Germany, for car radiators with French 

Chausson, etc. [8]  

At the end of 1980 The Council of Ministers decides to build 

capacities for the production of diesel engines in the range of 240-

360 hp. complete with gearboxes and clutches.[9] In the course of 
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the study, talks were held with representatives of partner countries 

in the COMECON and in 15 capitalist countries. It follows the 

already tried and successful formula - buying a license and 

industrial cooperation with a leading Western company, considering 

the possibility of buying the license together with another socialist 

country in the case of long-term cooperation and specialization in 

the production of engines, units and aggregates for them. 

The State Committee for Science and Technical Progress suggests 

considering a third option – the possibility of using a self-developed 

engine. In 1980-1981 we have developed our own 220 hp engine 

design, which has given positive results in tests.The structural and 

technological development is based on the previously mastered 

Perkins license engine and is essentially its further 

development.This approach is in line with the positive global 

experience of consistent development and improvement of acquired 

licenses. There is a project for the production of the Mashproekt 

engine created in our country, which proves that this option is the 

most economically advantageous for the country. [9] 

The successful implementation of the production of diesel engines 

in our country continued its development in 1985. For 18 years, 

since the purchase of the license, we have mastered the production 

of 4 types of engines in 16 modifications along with the main 

details. [10] In 1984 36,000 units were produced. the engine, and it 

is planned that in the future the production will be tripled to 

100,000 pcs. Given these intentions, the Minister of Mechanical 

Engineering, O. Doinov, proposes that the Base for Implementation 

and Development of Diesel Engines grow into a Research and 

Design Institute for Diesel Engines as a division of Balkankar. The 

development of the automobile industry follows two main paths: a) 

through the accelerated creation of complete automobile factories 

for the complete production of cars and trucks and buses; and b) by 

gradually mastering the production of individual units and 

aggregates in close cooperation and cooperation with other 

countries.[4] The second approach, called "progressive assembly", 

is preferred, which enables the native industry to use the foreign 

experience of Western companies and gradually prepare the 

necessary personnel for close specialization and cooperation with 

other socialist countries. The most necessary for our needs are low-

tonnage (less than 2 t) cars, the solution for which was found in 

modifications of already produced light cars, and heavy-duty 

vehicles, over 8-12 tons. The series and profitability of this 

production began to increase, as the main units - rear and front axle, 

gearbox, steering, etc. are used both in the production of heavy 

goods vehicles and in the production of buses, heavy forklifts and 

road construction machinery. (ibid.) 

To meet the needs of transporting goods and passengers, the 

Ministry of Mechanical Engineering plans to have about 140,000 

trucks and 145,000 buses in 1975. In 1980 their number should 

reach 190,000 trucks and 20,000 buses. This makes it necessary to 

start production of trucks and buses in our country.[4] 

According to the long-term agreement signed in 1970 between 

Bulgaria and Czechoslovakia in the field of production of trucks, 

our country mastered the production of rear axles for trucks to meet 

the needs of both countries.[11] At the Madara Plant, Shumen, 

facilities are organized for the assembly of 15,000 Gas 53 A trucks 

per year, but the production program starts with 3,000 units.in 1971 

with a tendency to reach 7,000 in the middle of the decade. In Gaz 

53 the adopted English diesel engine is installed. In parallel with the 

production of Gaz 53, the production of a truck Skoda began. [4] 

Our obligations under the agreement with Czechoslovakia include 

the reconstruction, modernization and expansion of the Madara 

plant, and the development of the production of trucks and 

assemblies is defined as a task of primary importance.[12] By 

Decision of the Council of Ministers No. 230 of 1977, the task was 

set to complete the production of all rear axle components for Liaz-

Madara trucks by the end of 1981 and to stop importing them. [13] 

At the 17th session of the Bulgarian-Czechoslovak Committee for 

Economic and Scientific-Technical Cooperation (1976), it was 

agreed to deliver to our country bus chassis and aggregates for 

buses with the aim of concluding contracts for specialization 

in the production of fuel equipment for diesel engines, hydraulic 

units, gear pumps and axial-piston systems, electro-pneumatic 

distributors and shock absorbers. 

The production of buses in our country dates back to before WWII. 

In 1924 in the wheel and iron workshop of Racho Jambazov in 

Botevgrad they produce bus chassis from scrapped military 

ambulances.[14] 

In 1948 The workshop grew into the Chavdar factory and began 

production of bodies on Skoda chassis. The development of bus 

production began after the conclusion of a license agreement with 

the company Kesborer, West Germany, in the early 1970s. 

According to forecasts of the State Planning Committee, our needs 

for buses for 1975 amount to 2300 units. [15]  

The high international price of a bus, the high labor intensity and 

relatively small capital investments encourage the Bulgarian 

engineering industry to organize bus production in our country on 

the basis of progressive assembly. With the acquisition of the 

license for the production of buses, the issue of both the 

modernization of body production on the Škoda chassis and the 

production of a modern family of buses is resolved. For the 

modernization of the Chavdar plant in Botevgrad, BGN 10,500,000 

in capital investments are planned for the period 1971-1970. Until 

1975 an additional BGN 4,000,000 is invested, mainly for 

machinery and equipment. Through international cooperation, we 

receive the main units of the buses - engine, axles, gearbox, 

elements of the suspension, the braking system, etc., and their 

production is yet to be mastered. 

In 1975 it has been reported that the majority of the equipment 

required for bus production is produced in our country in about 50 

enterprises.[16] 

Gradually, imported products in the second direction decreased, and 

by 1983 there was a tendency to be completely replaced by local 

production. The production of a new model of small buses has been 

mastered, the main units of which are produced in our country. In 

1975 the capacities at the Chavdar plant allow an annual production 

of 2350 pcs. Buses. By Decision of the Council of Ministers No. 

210 of 21.5.1975. auxiliary enterprises were built at the plant - in 

Yablanitsa for the production of metal skeletons for seats; in 

Trudovets for upholstery of seats; in Etropole for parts and 

assemblies for the bodywork; in Botevgrad - for spare parts; in the 

village of Djurovo for bus details and aluminum locksmithing. 

(ibid.) 

The poor results reported are the reason for initiating the 

modernization and reconstruction of the facilities at the Chavdar 

Plant. There is a proposal to acquire licenses for the acquisition of 

technology and equipment for the production of a self-supporting 

city bus and for the production of seats.  

In the middle of 1978 The Ministry of Justice gives the green light 

for the expansion and modernization of the plant in Botevgrad. On 

22.11.1979, a contract was signed for multilateral international 

specialization and cooperation in the production of buses, valid until 

1990. [16] 

 
Conclusion 

 
Car manufacturing is carried out largely thanks to the efforts of 

Balkancar, a business association that unites 36 enterprises directly 

involved in the production of cars. From 1965 to 1975, Balkancar 

recorded the highest production growth among all associations 

within the Ministry of Machine Building. In 1965, the total volume 

of industrial production amounted to BGN 213,200,000, in 1970 – 

BGN 613,770,000, and in 1975 it far exceeded BGN 1,000,000,000. 

[18] 

Although the most significant success of Balkancar is the 

production of electric vehicles and forklifts, the assimilation of 

models and technologies in automobile production shows that 

Bulgaria was not isolated from the general technological 

development in the world. 
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Our industry, although strongly bound by cooperation agreements 

with other socialist countries within the framework of the SIV, is 

looking for ways and realizes cooperation in which it participates in 

production together with the best representatives of the automotive 

industry from the developed countries of the West. The state 

leadership does not hinder this process, but encourages it and finds 

ways to present and use it as a positive, both for the economic 

development of Bulgaria and for the general development of the 

countries of the Eastern Bloc. 
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Abstract: The possibility of using machine learning methods to predict the results of high-voltage electric discharge treatment of titanium 

powder in a hydrocarbon liquid is studied. As a result of the work, distribution surfaces for the average particle diameter of Titanium 

powder. the amount of Titanium carbide formed during processing, and the number of spherical particles of titanium powder depending on 

the interelectrode gap and the number of pulses, when using spark discharge and with Titanium powder concentration in kerosene of 

0.07 kg / dm3, pulse repetition frequency 0.3 Hz and the energy of single discharge of 1 kJ, were obtained. 

Keywords: MACHINE LEARNING, RANDOM FOREST, LOGISTIC REGRESSION, HIGH VOLTAGE ELECTRIC DISCHARGE, 

TITANIUM. 

 

1. Introduction 

Traditional methods of analyzing the composition and 

properties of materials are time consuming and expensive. On 

average, modern laboratories need up to 10 years to develop new 

materials and up to 20 years to mass produce them. However, the 

use of modeling technologies in the development of new materials 

can reduce the time, needed for development and implementation of 

new materials, by almost half due to the high speed of results 

obtainment, repeatability, safety, rapid error detection and low cost. 

Modern methods of modeling and forecasting can be divided 

into two major groups [1]: 

- modeling based on physical models; 

- modeling based on large databases (machine learning). 

Modeling based on physical models is based on the observation 

of the studied physical phenomenon to form a correct idea about it, 

which is then formulated in the form of mathematical equations that 

can be solved. Accurate engineering calculations give this method 

physical realism. 

The advantages of this method include: 

- a solid foundation based on physics and logic; 

- they can be easily generalized to similar physical problems. 

Disadvantages: 

- can be time consuming and expensive; 

- have a large error in problems with nonlinearity; 

- take the boundary conditions into account; 

- with increasing complexity of calculations, their results are 

difficult to reconcile with real problems. 

Modeling based on large databases has emerged with the 

increasing amount of digital data we receive about the world around 

us, and high-quality and consistent access to storage and forecasting 

resources is making this method increasingly popular. Compared to 

the physical model approach, this method is based on the 

assumption that, since the data comes from both well-studied and 

not very well-studied sections of physics related to this issue, the 

development of a model based on large databases can take into 

account all the physics of the studied phenomenon together. 

The advantages of this method include the following: 

- It takes into account data and experience for the previous long 

period of time. 

- The obtained models are stable and make predictions quickly. 

Disadvantages: 

- poor generalization of unidentified problems; 

- deviations of the initial data affect the forecasts created by the 

model; 

- most modern algorithms work as a "black box". 

High-voltage electric discharge (HVED) treatment of powder 

mixtures is one of the modern methods of grinding and changing 

the phase composition of powders, which is efficient and has low 

cost of the process if compared to classical grinding methods. But 

wide usage of HVED treatment is limited by the fact that the 

physical mechanism of dispersion processes when using HVED in a 

liquid has not been studied enough. In [2, 3] it was suggested that 

the main role in the destruction of particles of material in the 

discharge zone is played by the shock wave generated by the spark 

discharge channel. In addition, the process of dispersion to varying 

degrees involves volumetric microcavitation, the destruction of 

particles due to their impact with the walls of the discharge chamber 

and the mutual abrasion of particles during their stirring throughout 

the chamber. Titanium powder was chosen for studies due the wide 

possibilities of its use as a filler, modifier, or as a component of 

metal matrix composites. 

The use of methods of modeling on large databases can give 

more accurate results of forecasting processes and results of HVED 

treatment. Therefore, the goal of the work is to study the possibility 

of using machine learning methods to predict the results of high-

voltage electric discharge treatment of titanium powder in a 

hydrocarbon liquid. 

2. Methodology 

In general, the machine learning process consists of input data, 

algorithm, and results obtained. In addition, data from the previous 

learning of the model can be added to the process in order to assess 

the accuracy of the forecast. Such model is called "controlled". 

Logistic regression and the Random forest method were chosen 

as modulation algorithms. The Python programming language and 

the Colaboratory application, or Colab for short, a product from 

Google Research, were used as implementation languages. Colab 

allows writing and executing arbitrary Python code through a 

browser and is especially well suited for the implementation of 

machine learning and data analysis. 

Logistic regression is a classification algorithm used to relate 

data to a discrete set of classes. In contrast to linear regression, 

which outputs continuous numerical values, logistic regression 

converts the original data using a sigmoid. This is one of the 

simplest algorithms that can be used to solve classification 

problems [4], which is both its advantage and disadvantage. 

Random forest is a method of machine learning for 

classification, regression and other tasks, which works by building 

numerous decision-making trees during model training and 

produces an average forecast (regression) of constructed trees [5, 6]. 

Advantages of the Random forest method: 

- Ability to efficiently process data with a large number of 

attributes and classes. 

- Insensitivity to scaling and any other monotonous 

transformations of feature values. 

- Both continuous and discrete features are equally well 

processed. 

- There are methods of constructing trees according to data with 

missing values of signs. 

- There are methods for assessing the significance of individual 

features in the model. 

- It has an internal assessment of the model's ability to 

generalize. 

Disadvantages of the Random forest method: 
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- The algorithm is prone to overtraining on some tasks, which 

creates an error. 

- Large size of the received models, and, accordingly, high 

requirements to the equipment. 

The results and process characteristics of the titanium powder 

treatment in kerosene using a single-point electrode system, 

obtained in the period from 2013 to 2021, were used as data for 

modelling. Single-point electrode systems allow the realization of 

the spark discharge (SD) in the kerosene-powder system. The 

results of these experiments are given, in particular, in [7, 8]. The 

data included information on the number of treatment pulses, results 

of optical microscopy of titanium powder particles performed 

according to [9], namely the mean particle size and sphericity of 

shape, and the amount of synthesized titanium carbide calculated by 

RIR mehod [10]. 

One of the tasks of modeling was to determine the basic 

characteristics of HVED processing, which can be directly 

controlled, and which would affect the results of the processing 

itself. For this purpose, preliminary data processing was performed. 

This allowed establishing constant values for all selected 

treatments, which could be excluded from modelling, namely: 

- The concentration of titanium powder in the hydrocarbon 

liquid, which was 0.07 g / dm3. 

- Energy of a single discharge equal to 1 kJ. 

- Discharge frequency – 0.3 Hz. 

This allowed determining the main variables that were used as 

input data, namely the interelectrode gap and the number of 

treatment pulses that affect the formation of the discharge channel 

and the characteristics of the environment, and the output data: 

mean powder particle diameter after treatment, quantity of spherical 

particles and the amount of titanium carbide formed after HVED 

treatment. 

A controlled machine learning model was used to predict the 

initial data. To do this, the data were divided at a ratio of 80/20 

percent to determine the accuracy of the forecast, for which the 

Accuracy metric was used. Accuracy is an indicator that determines 

the overall accuracy of model prediction for all classes. This is 

especially useful when each class is equally important. Accuracy is 

calculated as the ratio of the number of correct predictions to their 

total number [11]. According to the Accuracy metric, the accuracy 

of used logistic regression and Random forest forecasts is 60% and 

70%, respectively. 

3. Results and discussion 

As a result of hydrodynamic influence and influence of plasma 

of the discharge channel on titanium powder in kerosene, its 

grinding, spheroidization of particles and chemical transformations 

with formation of titanium carbide take place [7, 8]. 

Fig. 1 shows that according to the logistic regression model, the 

dispersion process begins with 200 pulses at almost all values of the 

interelectrode gap and allows reducing the mean diameter of Ti 

powder to 9 μm. This is due not only to Ti particles grinding, but 

also to the formation of free carbon in the process of kerosene 

pyrolysis. Further increase in the number of impact pulses allows 

reducing the value of the mean particle diameter to 5 μm, and in the 

area with the interelectrode gap from 2 mm to 14 mm and the 

number of treatment pulses from 2000 to 4000 – obtaining particles 

with the mean diameter of ~ 4 μm. 

The mean particle diameter of the powder according to the 

Random forest model when using SD in kerosene at the 

interelectrode gap from 2 mm to 8 mm remains unchanged and is 60 

μm (see Fig. 1, b). Increasing interelectrode gap from 8 mm to 36 

mm allows decreasing the mean diameter of particles to 

approximately 9 μm starting with 200 processing pulses. 

The number of particles of a shape close to spherical in the 

original powder was around 20%. According to the logistic 

regression model, HVED treatment in almost all possible modes 

increases their number due to the impact of the plasma of the 

discharge channel (see Fig. 2, a). Thus, at the values of the 

interelectrode gap from 10 mm to 36 mm, and at the number of 

treatment pulses from 200 to 1000, the number of spherical particles 

increases to 27%. Increasing the number of treatment pulses from 

1000 to 4000 allows increasing the number of spherical particles up 

to 30% at all values of the interelectrode gap. The treatment with 

the interelectrode gap from 10 mm to 36 mm and the number of 

treatment pulses from 1000 to 2000 will allow obtaining up to 33% 

of spherical particles. 

 

 
a 

 
b 

Fig. 1. Distribution of the average particle diameter of titanium powder 

after HVED treatment depending on the interelectrode gap and the number 

of treatment pulses, using SD: a – the model of logistic regression; b – 
Random forest 

 

 

According to Random forest, the number of spherical particles 

(see Fig. 2, b) increases from 20% to 30% when the interelectrode 

gap is in range from 8 mm to 36 mm and the number of treatment 

pulses is in the range from 200 to 4000. However, in the range of 

interelecltrode gap values from 18 mm to 36 mm and the number of 

pulses from 500 to 1000, the number of spherical particles is 

approximately 35%. 

Data on the amount of titanium carbide formed during HVED 

treatment are given on Fig. 3. This process depends on many 

factors: grinding, the presence of plasma, the presence of free 

carbon. According to logistic regression models, the amount of 

synthesized titanium carbide gradually increases during HVED 

treatment from 0 to 40% with increasing number of processing 

pulses from 200 to 4000. However, for the interelectrode gap from 

20 mm to 36 mm, this process only actively begins at 1000 pulses, 

and at 4000 pulses the amount of synthesized carbide does not 

exceed 30%. 
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a 

 
b 

 
Fig. 2. Distribution of the number of spherical particles of titanium 

powder formed during HVED processing, depending on the interelectrode 

gap and the number of treatment pulses, using SD: a – the model of logistic 
regression; b – Random forest 

 

It should be noted that the simulation results do not take into 

account the possible change in the interelectrode gap during 

processing due to the interaction of the powder layer with the hydro 

flows. And although the data obtained are within the model, it is 

impossible to draw practical conclusions about the optimal value for 

carbidization or dispersion of the interelectrode gap in the range 

above 20 mm from them. 

 

 
a 

 
b 

 
Fig. 3. Distribution of the amount of titanium carbide formed during 

processing formed during HVED processing, depending on the 
interelectrode gap and the number of treatment pulses, using SD: a – the 

model of logistic regression; b – Random forest 

4. Conclusions 

1. The possibility of using machine learning methods to predict 

the average particle size of titanium powder, the number of 

spherical particles and the amount of synthesized titanium carbide 

as a result of high-voltage electrodischarge treatement of titanium 

powder in kerosene with SD depending on the interelectrode gap 

and the number of pulses is shiwn. 

2. It was found that according to the logistic regression, 

grinding of titanium powder occurs in almost all of studied 

treatment modes, but the greatest spheroidization of powder 

particles is characteristic to the treatment with the interelectrode gap 

of more than 18 mm, while titanium carbidization occurs better in 

the range of the interelectrode gap up to 18 mm with increasing 

number of processing pulses. 

3. Random forest predictions are more accurate according to the 

experimental data and show that the average particle size of 

titanium powder after HVED treatment with the interelectrode 

interval from 10 mm to 36 mm is almost independent of the number 

of treatment pulses, and the number of spherical particles is highest 

at the range of processing pulses number from 500 up to 1500. With 

the value of the interelectrode gap from 10 mm to 20 mm, and the 

number of pulses from 2500 to 4000, it is possible to achieve up to 

35% of titanium carbide in the composition of powder after 

treatment. 
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Abstract: The paper presents the results of research aimed at determining surface wettability. The research was focused on microtexturing 

by low-energy laser irradiation of the surface of molded parts using innovative engraved surface treatment methods (LBT and EBT) to 

ensure a smooth distribution of the separation agent on the surface of high-pressure Al castings. The basic material was Uddeholm Dievar, 

which is used to make molds. PVD coatings were applied to the base material. The effect of laser texturing surfaces on the contact angle size 

was determined. Contact angle was evaluated on the base material, on PVD coatings without surface treatment and with the use of two types 

of separating agents. 
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1. Introduction 

Contact angle, a quantitative measure of macroscopic surface 

wettability, plays an important role in understanding liquid-vapor 

heterogeneous phase change phenomena. Equilibrium contact angle 

theory was established by Young [1] and refers to a system where a 

liquid droplet rests on an ideal solid (i.e., a perfectly smooth, non-

reactive, chemically homogenous, insoluble rigid surface). Contact 

angle measured on these ideal surfaces are termed intrinsic contact 

angles, whilst actual contact angles are the contact angle of ´non 

ideal´ surfaces and apparent contact angles are the angle measured. 

One of the most difficult aspects of contact angle analysis is the 

surface roughness, which can have a large impact on the apparent 

contact angle. This occurs because, as the surface roughness 

increases, the number of favorable or unfavorable intermolecular 

interactions increases thus deforming the liquid droplet. Figure 1 

shows the classification of the wettability of surface using the 

contact angle [2]. 

 

Fig. 1 Classification of the wettability of surface using contact angle 

Micro and nanoscale morphology plays a fundamental role in 

the behavior of both natural and engineered function surfaces. 

Production of fine surface features has been exploited to modify 

wettability, tribological performance [3], optical properties and 

bacterial retention [4]. From a manufacturing point of view, the 

capacity to produce micro and nanoscale surface features over large 

areas represents a significant challenge in terms of production 

technology, throughput, and cost. Amongst the various techniques 

employed to date, ultrashort pulsed laser irradiation has emerged as 

an important candidate for texturing metallic surfaces due to its 

capability of producing surface features smaller than 1 µm via 

Direct Laser Interference Patterning (DLIP) or Laser Induced 

Periodic Surface Structures (LIPSS). The ability to transfer micro 

and nanoscale morphology from metallic molds to polymeric 

components with standard production processes would not only 

increase the range of material that could exploit such surfaces, but 

also greatly improve productivity and economic feasibility [5,6]. 

Controlled modification of material´s surface wettability has been 

the subject of significant scientific research due to its importance 

for various applications. In terms of wettability, the water contact 

angle (WCA) and contact angle hysteresis are affected by both 

material surface chemistry and topology of surface [7]. 

The general purpose of surface texturing is to modify and 

control surface properties, and a key one of there properties is 

surface wettability. Achieving extreme surface wettability 

scenarios, including super hydrophobicity and super hydrophilicity 

has great significance for various industrial and biomedical 

applications. There are two main methods for fabrication of surfaces 

with extreme wettability: one method is by depositing hydrophilic 

or hydrophobic coatings onto the substrate, which includes crystal 

growth and electrochemical processing, and the other method 

directly creates microstructures on the substrate, which includes 

photolithography, micromachining laser surface texturing and so 

forth [8]. Surface texture, as an important branch of surface 

engineering, is the process of creating ordered patterns on the 

surface of materials, which can significantly improve the 

tribological properties of materials and improved the adhesion of 

materials. The surface structure is given as a 3-dimensional 

topography of a given body surface. It is impossible to obtain a 

perfectly flat surface topography. Therefore, there is texture on 

every surface. Surface texturing using ultrashort pulsed lasers is 

used to apply surface textures with very fine properties and high 

depth resolution. It allows the creation of small-scale textures that 

change the functional properties of surfaces, such as surface 

adhesion, reduction of the coefficient of friction, and the like [9,10]. 

Some of the textures can be seen as a regular repeating pattern and 

some of them may be accidental and very difficult to describe in 

general. In general, texturing involves creating a series of patterns 

on the surface of parts or on the surface of tools (molds). It can be 

used to texture complex curved surfaces [10,11]. Advantages of 

surface texturing are [10]: improvement of adhesion and coefficient 

of friction of the textured surface, creation of extremely small 

elements up to 10 µm or less, the possibility of texturing any 

material, including very hard materials, negligible thermal effects, 

no melting, burrs, or other damage, contact and forceless process. 

Laser surface texturing (LST) is a clean and fast surface 

approach, especially suitable for functional surfaces with high 

demands on geometric complexity and accuracy on a micrometer 

scale [12]. The LST application is now emerging in tradition metal 

forming or functionalization processes. It is stated that special 

motifs such as grooves and effectively improved tribological 

performance, such as the distribution of the separating agent in the 

process of die casting of Al and its alloys. Laser texturing can be 

used to apply very fine functional textures to the mold surface in 

high pressure die casting of Al an its alloys, which improve the 

adhesion of the mold surface and serve as a reservoir for the 

separating agent applied to the mold. We recognize these basic 

types of textures [11]: 

1. Dimple textures (Figure 2) consist of individual small 

craters arranged in a specific envelope. The wells can be 

machined either by leaving the focused laser in one place 

and firing a defined number of pulses (also called hammer 

drilling) or by moving the dot along a certain path which 

can be used to created larger round holes. 

  
Fig. 2 Example of dimple texture 
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2. Free-form textures (Figure 3) can be machined by laser 

micromilling, where the material is removed layer by layer 

according to a given input model. This method allows to 

process any texture limited only by the size of the point of 

focus and the depth of one layer. For typical applications, 

this means a depth resolution below one micrometer and 

side elements smaller than the size of the point of focus. 

With this type of texture, the machining time is directly 

proportional to the depth of the texture. Typical texture 

depths range from a few micrometers to about 0.1 mm, 

resulting in machining speeds from a few minutes to one 

hour to about a centimeter. By using texture mapping wit 

ha laser micromilling process, shaped textures can be 

applied to confined surfaces. 

 
  

Fig. 3 Free-form texture (height 10 µm) 

  

3. Crosshatch textures (Figure 4) they are formed by the 

application of laser-machined grooves in a square grid. By 

placing the grooves at a pitch that is close to the diameter 

of the point of focus, a dense columnar texture resembling 

the shape of an egg box is created. 

 

Fig. 4 Example of crosshatch texture 

 

4. Laser Induced Periodic Surface Structures (LIPSS) – 

these LIPSS textures usually form wavy patterns with a 

pitch in the order of the laser wavelength, resulting in a 

texture with a properties that are much smaller than the 

laser spot (Figure 5). 

 

Fig. 5 A sub-micron scale LIPSS texture 

 

 

Laser microtexturing can be used to apply very fine (functional) 

textures to the surface and functional parts of a mold for high 

pressure die casting of Al and its alloys. Figure 6 shows the dimple 

texture (dark area) applied to the funnel-shaped mold insert (left) 

and the loose free-form texture applied to the mold insert (right). 

 

  

Fig. 6 A dimple texture – dark area (left); Free-form texture (right) 

 

2. Material and methods 

Uddeholm Dievar was used as the basic material for the 

experiment, which is mainly used ford molds in high-pressure 

casting of light non-ferrous metals and their alloys. It is a tool steel 

alloyed with Cr, Mo, and V. It offers very good resistance to heat 

control, rough cracking, hot wear, and plastic deformation. The 

material excels in good toughness and ductility, has good weather 

resistance, good strength at high temperatures and good 

dimensional stability during the heat treatment and coating process. 

The chemical composition of the material is given in Tab. 1. 

Table 1: The chemical composition of Uddeholm Dievar 

     Element       C       Si      Mn      Cr      Mo       V 

   Weight %    0.38     0.2      0.5       5      2.3      0.6 

Main areas of application of the material Uddeholm Dievar in 

practice are forging, hot sheet metal stamping, metal extrusion, 

high-pressure aluminum casting.  

The surface texturing of the samples was performed by the LBT 

(laser beam texturing) method. The Yb fiber laser type Piranha II 

Multi FL205 with a power of 20 W was used. The creation of 

dimple textures was used, which serves as a reservoir for the 

separating agent in the process of high-pressure casting of Al and its 

alloys. Before the coating and texturing process, the surface of the 

base material was pretreated with wet sandblasting and polishing 

technologies. Three types of PVD duplex coatings AlTiN G, AlXN3 

and nACRo4 were deposited on the surfaces prepared in this way 

using PLATIT LARC technology. AlXN3 is a duplex coating 

composed of: X=Cr; CrN layer + Al/CrN nanomultilayer + AlN 

layer. The nACRo4 nanocomposite coating consists of layers of 

layers: the first adhesive layer is formed by chromium nitride, on 

which a gradient AlCrN layer is subsequently deposited. Very thin 

AlCrN nanolayers are applied to the thus prepared gradient layer. 

The final top layer of nACRo4 is formed by a nanocomposite 

coating of nc-AlCrN/a-Si3N4. AlTiN is a hard coating that solves 

many tribological problems with components that can be coated at 

temperatures of 450°C - 475°C. The contact angle on the Advex 

Instruments was measured by the attached bubble method according 

to ISO 19403. The following liquids were used: distilled water and 

2 types of separating agents Safety Lube 7815 and 8801, which are 

used in the process of high-pressure casting of Al and its alloys. The 

samples were cleaned in acetone and ethyl alcohol in the ultrasonic 

cleaner before the measurements. 
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3. Results and discussion  

3.1 Surface without laser texturing 

     When measuring the contact angle of the base material and 

applied PVD nanostructured coatings without texturing, the best 

results were achieved by separating agent Safety Lube 8801, where 

the average value of contact angles ranged from 28.4° in the case of 

duplex naCRo4 coating to 32° in the case of base material 

(polished). Another of the used safety agents Safety lube 7815 

reached a slightly higher value of contact angles. The highest 

average values of contact angles when measuring coated surfaces 

without texturing were achieved by distilled water in the range from 

65.8° to 78.2°. Figure 7 shows examples of the appearance of 

bubbles when measuring the contact angle without laser texturing of 

surface. 

 
Fig. 7 Appearance of bubbles when measuring the contact angle (without 
laser texturing) 

 

The measured average values of the contact angles are given in 

Table 2. 

Table 2: Average values of contact angles without laser texture 

 

Figure 8 is a comparison of average values of contact angles in 

the form of a graph of the base material and PVD nanostructured 

coatings for the type of liquid used (distilled water, Safety Lube 

7815, and Safety Lube 8801). 

 

 

Fig. 8 A comparison graph of average values of contact angles without 
textured surface 

3.2 Surface with laser texturing 

   The laser used in the texturing process was described in the 

previous chapter. Dimple textures have been created to serve as a 

reservoir for the separating agent in a process of repetitive cycles in 

high-pressure casting of Al and its alloys. AFM images of the 

textured surface of the base material without and with PVD 

nanostructured coatings are shown in Figure 9. 

 

Base material with texture               AlTiN G with texture 

 

 

 

nACRo4 with texture                     AlXN3 with texture 

Fig. 9 AFM images of the created textures of the base material and the 
material with PVD nanostructured coatings  

 

 Even when measuring the contact angle of the base material 

and duplex PVD coatings with texturing, the best values were 

achieved by the separating agent Safety Lube 8801, where the 

average values of contact angles was ranged from 27° in the case of 

nACRo4 coating to 31.9° in the case of Uddeholm Dievar base 

material with laser random texture. The second separating agent 

Safety Lube 7815 achieved higher values of contact angles 

compared to Safety Lube 8801. When evaluating, the contact angles 

using distilled water, the highest contact angles were measured, 

which means that the wettability of the surface is insufficient in the 

case of the base material with the texture. Figure 10 shows 

examples of the appearance of bubbles when measuring the contact 

angle with laser texturing of surface. 

 
Fig. 10 Appearance of bubbles when measuring the contact angle (with 

laser texturing) 

 

The measured average values of the contact angles are given in 

Table 3.  

 

Used 

fluid 

Average value of contact angles without texture 

Base material 

(ground) 

Base material 

(polished)  

AlTiN 

G 
nACro4 AlXN3 

Distilled 
water 

67.6 65.8 78.2 77 78.6 

Safety 

Lube 

7815 

45.5 46.8 42.5 38.5 37.2 

Safety 

Lube 

8801 

29 32 30.4 28.4 28.9 
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Table 3: Average values of contact angles with laser texture  

 

 

Figure 11 is a comparison of average values of contact angles in the 

form of a graph of the base material and PVD nanostructured 

coatings with laser texturing for the type of liquid used (distilled 

water, Safety Lube 7815, and Safety Lube 8801). 

 

 

 
Fig. 11 A comparison graph of average values of contact angles with a 

textured surface 

5. Conclusions 

  The paper was focused on the evaluation of the effect of the 

textured surface on the wettability of the surface. The contact angle 

of the base material Uddeholm Dievar, which is used on the shaped 

part of molds used in high-pressure casting of Al and its alloys with 

and without texturing was measured. PVD nanostructured coatings 

were applied to the base material: AlTiN G, nACRo4 and AlXN3. 

Before the coating process, the base material was pre-treated by wet 

sandblasting and polishing technologies. Dimple textures were 

created and served as reservoirs for the separating agent used in the 

high-pressure casting process of Al and its alloys. Three types of 

liquids were used during the measurement of contact angle: distilled 

water and 2 types of separation agent Safety Lube 7815 and Safety 

Lube 8801. The best surface wettability in both cases was achieved 

by the separating agent Safety Lube 8801, where small contact 

angles were measured. When evaluating contact angles using 

distilled water, the highest values of contact angles were measured, 

which means that the surface has insufficient wettability. No 

significant effect of surface texturing was demonstrated, which 

affected the resulting wettability values of the surface with texturing 

in comparison to the wettability of the surface of the material 

without texturing. The importance of texturing should become 

apparent in the next stages of the experiment, where the tribological 

properties will be evaluated. 
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Abstract: The paper presents the results of research focused on the renovation of worn surfaces. Four progressive welding technologies 

were used - Cold Metal Transfer, MIG Pulse, TOP-TIG and laser technology. The layers were evaluated by non-destructive tests - visual, 

capillary and ultrasonic methods. The layers were evaluated under dry-friction adhesive wear conditions by the Ball-On-Disc method. A 

Si3N4 bead was used. Analyzes confirmed the impact of the renovation method on the quality of the resulting surface. 
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1. Introduction 

High Pressure Die Casting (HDPC), or high-pressure casting, is 

a technological process widely used for casting complex aluminum 

castings, mainly associated with the automotive industry. In this 

process, molten metal with a temperature of 670-710 °C is pushed 

into the mold cavities at filling speeds of 30-100 m/s, under 

pressures ranging from 40-80 MPa [1]. This load, combined with 

the corrosive properties of liquid aluminum, leads to aluminization 

or oxidation of the surface of the molds, which causes thermal 

fatigue of the surfaces followed by their cracking, soldering and 

erosive wear. The service life of mold matrices made of steel alloys 

is approximately 100,000 cycles and can be increased either by heat 

treatment, application of thin coatings or welding [2-4]. Nowadays, 

the issue of surface treatment of various materials is increasingly 

coming to the fore. It offers the saving of strategic materials and at 

the same time enables the production of components with specific 

surface and volume properties [5-6]. As resources are limited by 

conventional technologies, it is increasingly difficult to satisfy more 

advanced customer needs. There are many methods for substrate 

treatment, but coatings developed using, for example, electrostatic, 

chemical, physical deposition techniques have a lower bond 

strength with the base material or very little reproducibility 

compared to those by welding. Refurbishment of worn parts of 

machines is a very effective and ecologically acceptable form of 

their maintenance. This option can reduce the impact on the 

environment during the entire life cycle of the component by up to 

63.8% [7]. 

Laser welding 

Laser welding is a technology used to create coating layers with 

improved properties, or to restore defects in worn parts of the 

surface and base layers of components. Due to the high energy 

density and relatively small thermally affected area, this method is 

suitable for processing a wide range of materials [8]. It is mainly 

used in the automotive, aviation, medical, nuclear and oil industries. 

In the aviation industry, the welding of layers on aluminum alloys 

to improve their surface properties has an increasing potential. 

This technology uses highly concentrated light waves, 

concentrated to a certain point [9]. Atomic bonds break down in the 

area hit by the laser beam, which causes it to heat up. The three 

most common types of lasers used in laser welding equipment are 

gas, semiconductor and fiber [10]. The laser beam is guided to the 

welding device by one or more optical fibers concentrated at one 

point. With each added fiber, the intensity of the laser beam 

increases. Before the laser beam leaves the welding equipment, a 

combination of a collimator and a focusing lens is often used to 

direct this radiation into a very small area [11]. An important part of 

the laser welding equipment is also the nozzle supplying the gas of 

the protective atmosphere, most often CO2. this gas prevents 

contact between the weld pool and the atmosphere [12]. Another 

option is laser welding without a protective atmosphere, for 

example when welding plastics. Although vacuum welding is 

possible, it is difficult to use, due to the high demands on the 

construction of the welding equipment [13].  

 

 

Fig. 1 Schematic representation of laser beam welding [13] 

MIG/MAG welding (GMAW) 

MIG/MAG welding is currently the leading method in most 

industries. Gas metal arc welding (GMAW) also referred to as 

metal inert gas (MIG) if the shielding gas is inert, or metal active 

gas (MAG) with an active shielding gas [14]. The main advantage 

of this technology is its flexibility. The construction of the welding 

equipment allows welding in all positions, to weld surface-treated 

metals such as zinc-coated steel, as well as all commonly occurring 

materials such as stainless steel, alloys of aluminum, copper, nickel, 

and the like [15]. The disadvantage is its limited use outdoors, 

where the protective gas may be blown off due to air flow [16]. 

 

Fig. 2 Schematic representation of the MIG/MAG method 
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The principle of the MIG/MAG method consists in the burning 

of an electric arc between a continuously supplied melting electrode 

and the welded material [17]. The welding wire is wound on a coil, 

from which it is fed to the welding gun through a system of drive 

rollers. Electrical voltage is applied to the electrode through the 

contact nozzle, which is usually connected to the positive pole of 

the source, while the workpiece is connected to the negative pole. 

The shielding gas is supplied through a gas nozzle surrounding the 

contact nozzle. With an increased load of 300-500 A, the welding 

gun is usually cooled by water. Additional material in the form of 

wire is divided into 2 basic groups [18]. The first is solid wire 

intended for welding with inert and active gases in diameters of 0.6-

2.4 mm. Such wires, especially if they are of larger diameters, are 

coated with a thin layer of copper, due to the increased power 

supply. The second group are wires with a core, which consist of a 

metal outer shell, covering the flux, or metal powder located in the 

electrode core [19]. such electrodes are mainly used when welding 

thicker sheets, for rounded and butt welds, or when welding with 

robots in a horizontal position. The use of these wires increases the 

resistance of welds to cracking, they ensure deeper penetration into 

the welded material, and increase the range of usability of the 

welding equipment [20]. The disadvantage is the higher price, 

finishing operations of the weld surfaces and increased production 

of harmful fumes. 

2. Materials and Methods 

Two different technologies were used for the production of the 

samples listed below, while the aim of the work was to determine 

the impact of individual technologies not only on the quality, but 

also on the chemical composition of the welds and the minimization 

of the heat-affected area. Each of the technologies listed below has 

a different heat input, which, in addition to the quality of the weld, 

is also reflected in the degree of mixing of the base material with 

the weld metal. 

Two samples of disc laser welding (sample 01), MIG Pulse 

(sample 03) were applied to the additional material. Sample welds 

marked 01, 03 were applied to a substrate of nickel-chromium-

molybdenum-vanadium steel 1.2714, DIN - 56NiCrMoV7. The 

welding wire Uddeholm Dievar 1.2344, DIN - X40CrMoV51 with a 

diameter of 1.2 mm was used as an additional material. Peg tests 

and hardness curves were performed on the samples. 

Coatings were applied to samples of two basic materials. On the 

basic material nickel - chrome - molybdenum vanadium steel 

1.2714, DIN - 56NiCrMoV7, with a hardness of 44 HRC 

Tab. 1 Chemical composition   Table 2. Chemical compositon 

           of the base material               of the additive material [16] 

 

 

Element Wt. [%] 

C 0.397 

Mn 0.72 

Si 0.238 

Cr 0.969 

Ni 1.253 

Mo 0.438 

V 0.089 

W 0.12 

 

Element Wt. [%] 

C 0.35 

Cr 5.00 

Si 0.20 

Mo 2.30 

Mn 0.50 

 V 0.60 

 

 

 

 

 

The welding wire Uddeholm Dievar 1.2344, DIN-

X40CrMoV51 with a diameter of 1.2 mm and a hardness of 51 

HRC [8] was used as an additional material for the formation of 

welding layers. 

Table 3. Parameters of laser welding 

 

Welding technology Disc laser welding 

 

Welding  equipment The TruDisk 4002 solid-state 

disk laser with BEO D70 

focusing 

Focal length 200 mm 
Laser power 1.8 kW 
Optical fiber diameter 400 μm 
Welding speed 10 mm. s-1  
Focusing - +6 mm 
Wire feed speed 70cm. min-1 
Shielding gas flow rate Ar30l. min-1 

 

Table 4. Parameters of Mig Pulse welding 

 

Welding technology MIG Pulse Welding: 

Welding equipment Fronius TPS600i 

welding power source 

Welding current 196 A 

Welding voltage 23.8 V 

Wire feed speed 6.5 m. min-1 

Welding speed 8 mm. s-1 

Arc length correction 3 

Pulse/dynamics correction 0.0 

Shielding gas flow rate Ar 30 l. min-1 

 

3. Results 

Chemical analyzes have shown that in the heat-affected area, 

individual materials are mixed, ie. base and additional material in 

the weld metal. The value of chromium in the weld metal is crucial, 

which in no case reached the limit of 5.00%, soaked in the additive 

material. The decrease of this element can be attributed mainly to 

the thermal influence of the material in the process of welding. The 

value of mixing the base material and the weld metal is minimal, 

which is confirmed by the fact that the hardness of all welds 

evaluated in the previous analysis was around 500 HV0.5. 

 

 

Fig.3 The graph shows individual weld hardness values 

measured in two lines and the hardness value of the base material 

on sample 01, created by disc laser welding 
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Fig. 4 The graph shows individual hardness values measured in 

two lines and the hardness value of the base material on sample 03, 

created by MIG Pulse technology 

Since one step was 0.3 mm in the hardness measurement, the 

weld thicknesses ranged from 2.8 to 4.7 mm. Weld 01 had an 

average hardness value in the range of 450-500 HV0.5. In sample 

03, see In Figure 5, 20 measurements were made, while the average 

value of the weld metal hardness was in the range of 400-500 

HV0.5. From the fact that the hardness of all samples is in the range 

of 500 HV0.5, it is clear that the mixing of the base material and the 

weld metal has been eliminated, therefore there is no need to apply 

an additional layer during welding in either method. In weld 03 

(MIG Pulse), the width of the heat-affected zone was around 1.2 

mm. a wider heat-affected area was recorded by disc laser welding 

on the sample marked 01, the width of which was about 1.8 mm. 

 

Fig. 5 Schematic of the tribo wear track on sample 01 produced 

by the Pin-on-Disc test 

 

Fig. 6 3D image of the tribo wear track on sample 01 produced 

by the Pin-on-Disc test 

 

Fig. 7 Schematic of the tribo wear track on sample 03 produced 

by the Pin-on-Disc test 

 

Fig. 8 3D image of the tribo wear track on sample 03 produced 

by the Pin-on-Disc test 

A comparison of the coating surface of sample 01 (see Figure 6) 

with that of sample 03 (see Figure 8) showed that the wear mark of 

this coating was much shallower and smoother, and that the coating 

material moved from the center to the sides of the wear mark was 

less pronounced. 

Weld 01, made by disk laser: 

 The width of the scanned area in the ultrasonic inspection 

of the weld marked 01 was 72mm and 6 scanning lines were used. 

The direction and designation of the scan lines are shown in Fig. 9. 

 

Fig. 9 Top - S-scan, right - A-scan (amplitude in the path), 

bottom - B-scan (cross section), in the middle - C-scan (area 

distribution of errors)  

On scan no. 1, 2 internal errors were found, differing in depth, 

which was 3.8 mm at size 1 and 3.3 mm at size 2. On scans no. 2, 5, 

6 no relevant internal errors were found, whiles-cans 5,6 are the 

same as scan 2 without internal errors, therefore they are not in Fig. 

9 shown. In scan no. 3, only one relevant internal error with a depth 

of 3.6 mm was found. On scan no.4, internal defects were found, 

with depths ranging from 3.2 mm to 3.6 mm.  

Weld 03, made by MIG Pulse technology: 

  The width of the scanned area in the ultrasonic 

inspection of the weld marked 03 was 82 mm and 8 scanning lines 

were used. The direction and designation of the scan lines are 

shown in Fig. 10. 

 

Fig.10 Top - S-scan, right - A-scan (amplitude in the path), 

bottom - B-scan (cross section), in the middle - C-scan (area 

distribution of errors) 
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On scan No. 1, 3 internal errors were found, while the depth of 

the error varied in the range from 1.7 mm to 1.8 mm. On scan No. 

3, 6 internal errors were found, while the depth of the error varied in 

the range from 1.9 mm to 2.7 mm. No relevant internal errors were 

found on scans 2, 4, 5, 6, 7, 8, with scans 4, 5, 6, 7 being the same 

as scans 2 and 8 without internal errors, therefore they are not 

shown in Fig. 10. 

4. Conclusions 

The presented article is focused on the analysis of the quality of 

two types of deposits intended for the renovation of molds in high-

pressure aluminum casting. Two different welding technologies and 

disc laser welding and MIG pulse welding were used for the 

production of test specimens. In all samples, UddeholmDeivar 

1.2344 welding wire was used as a supplementary material, because 

this material is used in the restoration and renovation of functional 

parts of molds for aluminum pressure casting. In the theoretical 

part, the issues and mechanisms of die matrix wear for high-

pressure aluminum casting are characterized, along with an 

overview of welding technologies used in the formation of weld 

layers in various industries. The experimental part was aimed at 

determining the quality of the above-mentioned navars. The quality 

of the welds was assessed on the basis of the heat-affected zone, 

which was determined from the course of the graphs, when 

measuring the hardness. The tribological parameters of the welds 

were investigated using the Pin-on-disc test. From the hardness 

measurement of the individual samples, it can be deduced that the 

narrowest heat-affected area had a weld marked 03, created by the 

Mig Pulse method. The widest heat-affected area was recorded on 

the sample marked 01, created by the disc laser. Based on the Pin-

on-disc test, it can be used that sample 03 is much smoother and the 

shift of the coating material from the center to the worn sides was 

less pronounced. Based on the experimental work carried out, it is 

possible to recommend these technologies in practice for the 

purpose of renovating molds. Better results were achieved with the 

sample of weld 3 labeled Mig Pulse. 
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Abstract: CMT technology provides significant advantages, such as reduced deformation due to high temperatures, high welding speed and 

a significant reduction in spatter compared to the MIG/MAG method. The experimental work was focused on verifying the possibility of 

renovating the surfaces of molds for high-pressure aluminum casting using CMT technology. A mold wear analysis was performed and a 

method of restoring functional surfaces was proposed. Two types of additive materials were used – Thermanit 625 and Thermanit X. The 

quality of the layers was evaluated by SEM, EDX microanalysis and the coefficients of friction of the layers were determined by the Ball-on-

disc method. The renovation layers were also subjected to an immersion test in Al alloy at 680 °C.  

Keywords: CMT, CLADDING, MOLD, IMMERSION TEST, DIE CASTING 

 

1. Introduction 

The CMT (Cold Metal Transfer) welding process uses a short-

circuit arc with a droplet release method at a reduced temperature 

compared to conventional MIG/MAG welding. The CMT method is 

the result of long-term research and innovation of the conventional 

MIG/MAG welding method. Currently, it is used for welding 

heterogeneous materials and materials with a thickness of up to 1.5 

mm. This technology also makes it possible to minimize the amount 

of heat introduced into the weld area and thus significantly reduce 

the negative effect of internal stresses, structural changes, and 

deformations of welds. An important difference between CMT 

welding and MIG/MAG is the overall digital control of the process. 

With the controller (or automatically) it is possible to control the 

feed of the wire using the feeders. An initial high electrical pulse 

creates an arc between the moving electrode - the additive material 

and the base material [1,2].  

The transfer of metal in an electric arc is included among the 

basic characteristics of the electric arc welding method with a 

melting electrode [2]. The process is dependent on the welding 

parameters, i.e., current, voltage and welding speed. The 

composition of the shielding gas, technology, and Filler material 

also play an important role. Now when a short arc is created, the 

current and voltage are subsequently reduced, and the process takes 

place at very low current values. This results in spatter-free metal 

transfer. The CMT process consists of the following stages (Fig.1): 

arc ignition (a), a subsequent short arc phase, wire ejection using a 

feeder (b), wire inversion (c) and arc ignition again (d). The passage 

of the material takes place in an almost current-free state [3,4].  

 

Figure 1 Stages of the CMT process 

 

The basic parameters of CMT welding are [4]: 

- Feed rate of Filler material 

- Welding current 

- Welding voltage 

- Interval of feed/removal of Filler material 

Among the advantages of this method, we can include the 

possibility of creating smooth surfaces (does not depend on the 

material); flexible method; HAZ in the CMT welding process is 

minimized due to the low heat input; high application speeds using 

one wire (5kg.h-1). Among the disadvantages of this method, we can 

include welding of coarse materials due to low bonding and low 

heating of the material, which causes defects and low leakage, as 

well as a higher price compared to the MIG/MAG method [4,5]. 

 

The high-pressure die casting process is used to produce parts 

mostly from aluminum, magnesium, zinc, and cooper alloys by 

injection of the molten metal in the mold cavity. The mold cavity 

that are used to produce those parts are constantly exposed to highly 

severe conditions, such as high pressure, rapid temperature 

fluctuations and erosion from fast moving molten metal [6]. 

In high-pressure aluminum casting, molten aluminum is 

injected into the mold at a temperature of 670 - 710 °C at a speed of 

30 - 100 m.s-1. These conditions result in wear of the molds and 

significantly reduce the lifetime of the molds. Basic wear 

mechanisms of molds and their functional parts include corrosion, 

soldering, erosive wear, and thermal fatigue [7]. Corrosion and 

soldering are caused by the physical impingement of the incoming 

liquid aluminum. Die corrosion in die casting is characterized by 

the loss of matrix material from the die surface and is a 

metallurgical process. Die soldering can be divided into two 

categories: (1) metallurgical die soldering, which is characterized 

by a high number of forming cycles and high temperature of the die 

surfaces (2) mechanical die soldering, which is characterized by a 

low number of load cycles and high melt pressure. The bonded 

layer is usually the product of the simultaneous action of 

metallurgical and mechanical bonding [8,9]. Thermal fatigue results 

from the change in stress caused by alternate heating and cooling of 

the die surface during the casting process. Under the combined 

effects of these failure mechanisms, the die will crack; fragments 

are broken off the die, necessitating die removal and a consequent 

increase in process costs. One of the major damage mechanisms 

occurring in die casting process, under cyclic thermal loads is the 

formation of a network of interconnected cracks [10].  

The stress cracking, which presents another variant of thermal 

fatigue cracks, was clearly marked in areas exposed to local stress 

concentrations and can lead to crack initiation in a die casting mold. 

Then, these cracks can grow and became, more pronounced driven 

by several factor including thermal fatigue, erosion, oxidation, 

soldering of the molten metal to the die surface, deformation of die 

contact surface and dangerous fracture [11]. The formation of 

thermal fatigue cracks may lead to a loss of surface material as 

small fragments splinter off from the surface. The main cause of 

thermal cracking of die casting dies is high temperature and 

pressure gradients. The main causes of thermal cracking include 

maximum heating temperature and heating / cooling rate, oxidation, 

hardness, and microstructure of the matrix material [12].  

The Fig. 2 shows the degradation mechanism of the mold part - 

the mold insert used for high-pressure aluminum die casting due to 

the repetitive cycles of the casting process. 
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Figure 2 Degradation of the mold part 

 

2. Materials and Methods 

Uddeholm Dievar tool steel was used as the basic material for 

the experiments. This material is mainly used ford molds in high-

pressure casting of light non-ferrous metals and their alloys. It is a 

tool steel alloyed with Cr, Mo, and V. It offers very good resistance 

to heat control, rough cracking, hot wear, and plastic deformation. 

The material excels in good toughness and ductility, has good 

weather resistance, good strength at high temperatures and good 

dimensional stability during the heat treatment and coating process. 

The chemical composition of the material is given in Tab. 1. 

 
Table 1: The chemical composition of Uddeholm Dievar 

     Element       C       Si      Mn      Cr      Mo       V Fe 

   Weight %    0.38     0.2      0.5       5      2.3      0.6 Res. 

        

Experimental work was aimed at verifying the possibility of 

renovating the surfaces of molds for high-pressure aluminum 

casting with CMT technology. The parameters of CMT technology 

are listed in the table 2. 
 

            Table 2: Parameters of CMT process 

Parameters of CMT process 

Current 155 A 

Voltage 15.5 V 

Velocity 6 m.min-1 

Protective atmosphere Ar 4.8 

Corrected arc length 10 % 

Burner mode 2-stroke 

Inter-caterpillar temperature 70 °C 

Current polarity DC+ 

       

An analysis of mold wear was performed and a method of restoring 

functional surfaces was proposed. Two types of Filler materials 

were used - Thermanit 625 and Thermanit X. The diameter of the 

Filler materials was Ø 1.0 mm. 

Thermanit 625 – marking according to the standard EN ISO 

3581-A (E 18 8 Mn B 2 2) is a welding wire made of nickel alloy. 

This material is very resistant to corrosion, heat-resistant at elevated 

temperatures. Suitable for joining and surface treatment of materials 

with the same characteristics.  

Thermanit X – marking according to the standard EN ISO 

18274 - S Ni 6625 (NiCr22Mo9Nb) highly alloyed stainless solid 

wire. It is used for welding or brazing chrome steels, casting, and 

heat-resistant austenitic steels. 

The mechanical properties of the used Filler materials are in 

Tab. 3 

 

 

Table 3: Mechanical properties of additive materials 

 Mechanical properties 

Yield 

strength 

[MPa] 

Tensile 

strength 

[MPa] 

Ductility 

[%] 

Thermanit 625 420 760 30 

Thermanit X 350 600 40 

 

Weld cladding were made on the equipment shown in Fig. 3.: 

     

Figure 3 Equipment for cladding 

 

To determine the quality of the cladding, non-destructive testing 

tests were used, namely visual inspection according to the EN ISO 

13018 standard and capillary test according to the EN ISO 23277 

standard. The Vickers method according to EN ISO 6507-1 was 

used to measure microhardness. The quality of the layers was 

evaluated using SEM, EDX microanalysis, and the friction 

coefficients of the layers were determined by the Ball-on-disc 

method. The renovation layers were also subjected to an Al alloy 

immersion test at 680 °C at 120 and 300 minutes. Fig.4 shows the 

welding process (left) and the appearance of welds (right). 

 

 

Figure 4 Course of cladding (left), samples after welding (right) 

3. Results and discussion  

Information was obtained on the extent (depth) of damage to 

those areas that were in contact with the aluminium melt and those 

parts of the mold surface that were outside the zone of contact with 

the aluminium melt and were mechanically damaged by the moving 

cores. The capillary test confirmed that there were cracks extending 

to a depth of 5 mm on the inserts of the fixed and movable part of 

the mold around the ejectors of the casting from the mold, (Fig.5). 

Several groups of surface and subsurface defects were identified on 

the surfaces of the inserts of the fixed and movable parts of the 

mold by capillary testing. In the places of contact of the moving 

cores with the surface of the inserts there was mainly mechanical 

pressing.  

On the parts of the surface of the inserts that were in contact 

with the aluminium melt there was a discontinuous layer of 

separation agent. 
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Figure 5 Appearance of cracks on the bottom of the mold after the capillary 
test 

 

Columnar and coaxial dendritic microstructures were present in 

the upper and middle part of the layer. The main axes of the 

dendrites were oriented in the direction of the maximum 

temperature gradient during solidification of the weld melt. The 

orientation of the growth dendrites indicates the direction of heat 

dissipation through the base material. The direction of heat flow 

during cooling was perpendicular to the surface of the material and 

as a result directionally oriented dendrites were formed. Good 

metallurgical bonding of the weld metal to the base material was 

confirmed by light and electron microscopy. One Fm3m phase was 

identified in Thermanit 625 material, which corresponds to the 

austenitic phase in steels. In Fig.6 is the structure of the base 

material (left), the transition region (middle) and the weld metal 

(right) of Thermanit 625. 

 

Figure 6 Structure of base material (left), transition area (middle) and weld 

metal of Thermanit 625 (right) 

 

Two phases were identified in Thermanit X material. Majority 

phase same as for Thermanit 625 material. To specify the minor 

phase, the Im3m phase corresponding to the α-Fe phase was used. 

In Fig.7 is the structure of the base material (left), the transition 

region (middle) and the weld metal (right) of Thermanit X. 

 

Figure 7 Structure of base material (left) transition area (middle) and weld 

metal of Thermanit X (right) 

 

When immersed in the melt, both welds reacted with the 

aluminum alloy melt with different intensity. The intense reaction 

of the aluminum melt with Thermanit 625 was in the corners and 

edges of the sample. During 120 and 300 minutes of exposure to 

AlSi8Cu3 aluminum with the alloys present in the welds. 

Chromium, nickel, iron, molybdenum, and niobium were detected 

on the surface of Thermanit 625 weld metal in individual complex 

phases by qualitative elemental EDX microanalysis.  

 

Figure 8 Transverse metallographic cut of the Thermanit 625 after 

immersion test 

The hardness of the Thermanit 625 is shown in Fig.9: 

    

Figure 9 Course of hardness of Thermanit 625 

 

In the case of Thermanit X welds after 120 and 300 minutes of 

exposure in the aluminum alloy melt, a lower intensity of the 

reaction of the AlSi8Cu3 aluminum alloy with the alloys present in 

the welds was observed in the solidified aluminum alloy layer on 

the surface of the welds. The resistance of the Thermanit X weld 

and the base material in molten aluminum was greater than the 

Thermanit 625 weld. 

 

Figure 10 Transverse metallographic cut of the Thermanit X after 

immersion test 

 

The hardness of the Thermanit X is shown in Fig.11: 

    

 

Figure 11 Course of hardness of Thermanit X 

 

Despite the different material composition, the evaluated welds 

reached approximately the same value of the coefficient of friction 

(Tab.4). The lowest value of the coefficient of friction was reached 

by the coating Thermanit 625, which corresponds to its hardness 

value. Thermanit X weld achieved the lowest rate of wear. 
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Table 4: Tribological characteristics of the Thermanit 625 and Thermanit X 

Filler 

material 

Load Fp 

[N] 

Distance 

L [m] 
COF 

                                               

Wear rate x 10-6 W 

[mm3/m.N] 

  

  

Thermanit 

625 

3 500 0.37 18.13 

5 500 0.4 20.4 

10 500 0.38 25.1 

Thermanit X 

3 500 0.47 4.68 

5 500 0.48 7.25 

10 500 0.43 9.54 

 

Different track shapes corresponding to the given load were 

obtained. During contact between the material and the counterpart, 

surface irregularities are first leveled out, followed by surface wear 

of the evaluated material. The amount of wear depends on the 

hardness of both involved tribological pairs as well as on the 

structure of the surface layers of the material. The picture shows the 

stop after the Ball on disc test with a load of 10 N: a) Thermanit 

625, b) Thermanit X 

 

Figure 12 3D AFM images of traces after the Ball-on-disc test: a) 

Thermanit 625, b) Thermanit X 

 

4. Conclusions 

The paper was focused on the use of CMT welding technology 

to restore the shape of parts of molds for high-pressure aluminum 

casting, as well as to increase the technological lifetime of the mold. 

NDT methods (visual and capillary method) were used to identify 

the quality of the cladding. The capillary test confirmed that there 

were cracks extending to a depth of 5 mm on the inserts of the fixed 

and movable part of the mold around the ejectors of the casting 

from the mold. The quality of the layers was evaluated using SEM, 

EDX microanalysis. Columnar and coaxial dendritic 

microstructures were present in the upper and middle part of the 

layer. One Fm3m phase was identified in Thermanit 625 material, 

which corresponds to the austenitic phase in steels. Two phases 

were identified in Thermanit X material. Majority phase same as for 

Thermanit 625 material. To specify the minor phase, the Im3m 

phase corresponding to the α-Fe phase. The resistance of the 

Thermanit X weld and the base material in molten aluminum was 

greater than the Thermanit 625 weld. Despite the different material 

composition, the evaluated welds reached approximately the same 

value of the coefficient of friction. The lowest value of the 

coefficient of friction was reached by the Thermanit 625, which 

corresponds to its hardness value. Different track shapes 

corresponding to the given load were obtained. The lowest rate of 

wear was achieved by Thermanit X compared to Thermanit 625. 
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Abstract: Modern communication and digital technologies allow us to talk about digital art as a separate concept with a complex structure. 

Communication technologies combine the individual components of digital art into a single whole. Modern digital technologies contribute to 

the implementation of creative ideas, promotion and implementation of projects in the field of art. The technologies used in this area have 

their own characteristics. 
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Introduction. Prerequisites 

 

Currently, digital technologies are used in various areas of human 

activity, for example, in advertising, in the implementation of legal 

frameworks, the provision of legal information, the creation of 

legal documents, in managerial and economic activities, in 

education, and so on. Modern art uses technology to create artistic 

images, to create electronic music. Digital formats immerse 

viewers in virtual reality. The computer writer has an almost instant 

connection with the reader. This, as well as the development of 

modern communication technologies and the features of the current 

political and epidemiological situation in the world. allow us to talk 

about digital art as a separate direction. 

 

Basic provisions 
 

Digital art can be characterized as a direction for the 

implementation of activities in the field of art, based on the use of 

modern computer and telecommunication technologies in order to 

create both independent works of art in various forms, and 

individual components of a composite work, as well as for the 

targeted exchange of information both between specialists and and 

between professionals and end users of services to ensure the 

accessibility and quality of art projects. By specialists we mean 

persons involved in the creation and implementation of projects in 

the field of art. These include authors, directors, actors, artists, 

producers, administrators, accountants, cashiers, and so on. 

The system-forming principle of digital art is based on the fact that 

one of the target points of the system should be the end user, that 

is, the viewer. Other components are digital media 

(telecommunications, computer programs) and professionals 

involved in the creation and implementation of art projects of 

various forms. The main components of digital art include works 

realized with the help of digital technologies (video clips, digital 

music, etc.), "digital" blocks of complex works (media stage 

design, on-line museum tour, etc.), digital advertising , virtual 

platforms for on-lone ticket sales, on-line training, management 

and planning software, economic activity software, accounting and 

tax accounting software, legal activity software. Activities are 

carried out with the help of digital software and modern 

communication technologies. Modern digital software offers a set 

of convenient tools for producing new non-trivial information in an 

efficient and attractive way. 

Communication technologies are an important link between 

individual blocks and links of this system, which allows you to 

interact remotely. They allow us to talk about digital art as a 

separate concept. [1] 

Digital technologies offer optimal solutions for collecting statistical 

information, remote monitoring of the primary preferences of the 

audience, that is, end consumers, taking into account the 

characteristics of groups, such as gender, age, social and 

geographical location, determining the most significant indicators 

of end consumer preferences, solving a number of management 

tasks, including digital advertising, automated accounting, 

economic and management accounting, for the operational analysis 

of legal norms and the creation of up-to-date legal documents. The 

latter is the most relevant in the current situation of a rapid change 

in the legal framework, the introduction of a number of legal acts, 

some of which also relate to issues of international law. Modern 

digital technologies allow you to quickly get acquainted not only 

with domestic legal acts, but also with the legal acts of other states, 

if necessary, turning to the help of computer auto-translators, which 

is especially important when implementing, for example, licensed 

projects, the copyright holders of which are located in other 

countries. 

Another trend is digital learning. Conducting lectures, video 

seminars, conferences using telecommunication equipment enables 

the teacher to have interactive contact with the audience. Digital 

learning technologies provide a real opportunity for a specialist to 

improve their professional level without leaving their place of 

work. 

 Modern communication technologies provide both quick access to 

the necessary digital resources and the interaction between various 

participants in objects of such a complex structure as digital art. 

Tools for the implementation of digital art have their own 

characteristics. First of all, this is due to the creation and 

transmission without distortion of graphic, sound and video 

information. Since it is sound, color and light that have the greatest 

emotional impact on the audience, on end consumers. 

Let's dwell on this in more detail. At present, for example, the 

concept of “CG artist” has become familiar and understandable, 

that is, a computer graphics artist is a specialist who creates digital 

images and various videos using computer technology. The works 

of a CG artist are indispensable in rendering films, developing 

video games, computer setting up lights and scenes, texturing 

objects, as well as in composing scenes, realizing the digital 

combination of captured frames with programmed objects, that is, 

when implementing the so-called VFX effects. When creating 

modern projects, the synchronization of light-sound-video with the 

help of digital technologies becomes significant; digital computer 

programs for working with sound, video, and light are used. 

Currently, there are a number of sound programs aimed at 

specialists in the relevant field. The creation of computer sound 

processing programs can be carried out in various programming 

languages, for example, in the widely used C ++, in Linux, as well 

as in specially designed environments. Sound programming is 

based on sound coding, that is, the creation of a digital signal as a 

result of the transformation of air vibrations, which is essentially 

the sound propagated in the form of elastic waves, into an electrical 

signal, air vibrations are converted into electric current vibrations 

of a particular frequency and amplitude . Of course, when 

digitizing sound, you cannot get an absolutely smooth line, we are 

dealing with one or another degree of sampling. When 

implemented on computer devices, the value of the amplitude of 

the analog signal is read by a digital converter at specified time 
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intervals; when reading, numerical coding is carried out, fixed in 

bytes, and it is recorded. The device that sets the recording and 

playback levels is called a mixer. Most sound cards are equipped 

with mixers. As a rule, the following generalized algorithm is at the 

heart of writing the code for sound digitization programs. The 

mixer is opened, microphone recording support is checked, 

microphone is set as the recording source (in the absence of a 

microphone, data can be recorded from an audio CD), the current 

recording level value is read, if necessary, increasing it, ... 

Currently, there are a large number of commercial and free audio 

editors. With their help, you can perform both basic functions 

(recording, editing audio files, “pulling” an audio track from a 

video, copying, adjusting the volume, trimming), as well as 

“advanced” processing, such as noise reduction, changing the tone, 

setting a frequency filter and spectrum, echo, audio effects and so 

on. For example, Sound Forge, Adobe Audition, Audacity, 

WaveLab, AudioMaster and others. The creators of electronic 

music (DJs) prefer, for example, such programs as Traktor Pro or 

Abliton. The German professional software Traktor Pro supports 

the iTunes library, and also allows you to use your own collection 

of sound files, music, which is done by specifying in the settings 

with the indication. The program analyzes tracks (audio tracks, 

possibly with text accompaniment) by tone, tempo, and other 

parameters, and makes it possible to build a rhythmic grid. The 

program provides the ability to create mixes, that is, play multiple 

files (MP3, WAV, AIFF, Audio CD) at the same time. Traktor Pro 

is equipped with a user-friendly and intuitive control panel. 

Ableton software, compared to Traktor, does not have such a 

convenient control panel, transport part, but a wider range of 

actions with plug-in effects and audio routing. Also, the creators of 

electronic music actively use such types of software as Serato, 

Rekordbox DJ, Virtual DJ. 

When implementing digital art, one cannot underestimate such a 

software block as computer video processing, which allows not 

only to produce digital video recording, but also to edit files, 

perform color and tone correction of the image, create and overlay 

titles, use special effects, synchronize sound with the image and so 

on. This is a promising direction, currently there is a set of software 

of the corresponding direction. As an example, let's take such 

commonly used digital computer video processing programs as 

Adobe Premiere Pro and Adobe After Effects. Adobe Premiere Pro 

is designed for direct editing, gluing and applying special effects to 

video. Whether you're editing a social media video or shooting a 

movie, this program provides you with convenient intelligent tools. 

Many parameters of color correction, contrast, etc. allow you to 

achieve the required video quality. 

Import and export of all projects in Adobe Premiere Pro is carried 

out in any format, which is important when fast or detailed and 

colorful video processing is required. Also, one of the advantages 

of Adobe Premiere Pro is full integration with other applications 

and services, including Adobe Photoshop, After Effects and 

Frame.io due to the fact that all Adobe applications are bundled 

into one Creative Cloud collection. Adobe Premiere Pro has the 

functionality of converting speech to text and automating the 

creation of subtitles, as well as a quick search for materials, which 

greatly speeds up the editing process. It should be noted that this 

program has support for the Russian language in its interface, 

which gives it an advantage over other programs whose main 

interface language, as a rule, is English. If we talk about the 

possibility of supporting audio files, then Adobe Premiere Pro 

provides convenient functions for working with them, as well as 

their simplest processing. The disadvantages of Adobe Premiere 

Pro include the demands on computer resources and some relative 

instability when working with large projects. 

Adobe After Effects software is often compared to Adobe Premiere 

Pro due to their similar functionality, but Adobe After Effects 

provides deeper functionality for creating and applying effects to 

video. Here you can add both ready-made basic effects, and create 

your own, as well as download various plug-ins (compiled software 

modules that are dynamically connected to the base program in 

order to expand its capabilities) from the Internet to expand the 

library of effects. This program can easily deal with dozens of 3D 

models, which can also apply effects, thanks to the use of a 3D 

design environment. It is worth noting that the latest versions of 

After Effects have significantly improved rendering algorithms, 

which has a very positive effect on speed. However, this software 

has a number of disadvantages. Firstly, this program is unstable, as 

it uses an excessively large amount of RAM resources. Another 

drawback of Adobe After Effects is incompatibility with some 

operating systems, such as Linux. Adobe Premiere Pro and Adobe 

After Effects are aimed at professionals who already have 

experience with editing, creating effects and other actions with 

video, and not at ordinary amateur users, so mastering them can 

cause some difficulties.[2] 

We quickly appreciated the possibilities of digital achievements not 

only in the film and television industry, but also in show business. 

Partly because show business is a large and actively developing 

sector of the economy, capable of generating large incomes. That 

is, in this area there are both needs and means for the effective use 

of modern digital technologies. An additional incentive is a serious 

competition in show business. Here, as in no other area of  art 

projects, the object of art acts as a commodity, and the viewer as a 

consumer. 

The technologies under consideration are also an effective tool for 

creating stage projects that are not usually classified as show 

business, at their various stages - from an idea, a sketch, a layout to 

the creation of scenery. As we have already shown, one should not 

underestimate the opportunities that digital technologies provide us 

with for the successful organization of space - one of the important 

components of the success of staging projects. Modern 

technologies can significantly expand the range of means to 

achieve the artistic expression of the performance. About digital 

control of light and sound, as well as computer artists, it was 

mentioned above. Currently, there is a set of computer programs 

for creating visual sketches in "projection" scenography. 

Scenographers use various technical, interactive means of 

expression when creating scenery, which often makes the scenery 

an independent work of art. When implementing the projects under 

consideration, modern projection devices, sound systems, video 

images, and so on can be used. 

As already mentioned, talking about digital art as a kind of a single 

integral concept provides an opportunity for digital communication 

technologies that ensure the integrity of the interaction of 

individual components, uniting them into a single system. 

Communication technologies is a dynamically developing area 

with active development of digital communication channels and 

programming methods used. As we have shown, digital audio and 

video information, as well as its correct transmission over 

communication channels, is essential in digital art. The difficulty of 

transmitting such information over communication channels lies in 

the fact that delays in the transmission of packets, in case of 

exceeding the maximum set size into which the transmitted 

information is divided, can lead to distortion of it in the final 

communication nodes. That is, audio and video digital information 

is very sensitive to delays in the transmission of initial data 

packets. To solve this problem, in particular, corresponding sets of 

data exchange rules are developed, which are programmatically 

implemented in the form of protocols at various levels. There is a 

MOSPF (Multicast Open Shortest Path First Protocol), a Sparse-

mode PIM protocol that defines the shortest routes between the 

media server and workstations. With the help of RTCP (Real Time 

Transport Control Protocol), specialists apply methods to 

compensate for distortions in case of shortcomings in the real-time 

quality of the functioning of multimedia applications. Resource 

Reservation Protocol - Resource Reservation Protocol makes it 

possible to optimize bandwidth and resort to other resources. In 

order to transfer the required information to network routers 

between clients that are members of multicast groups, the IGMP 

group management protocol is used. 

It should be noted that in modern conditions for the implementation 

of communication channels, virtual private networks (VPNs) are of 

particular importance, some abstractions that work on the basis of 
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routing through a virtual server that transmit traffic from a given 

workstation through a virtual (third-party) server. In other words, a 

VPN is an abstract network implemented on top of another 

network. Through the use of encryption methods, information 

exchange channels are created that are closed from outsiders.  

VPN provides data protection, protection from hackers and 

malware. As we understand, security and, in some cases, ensuring 

data confidentiality is an important factor both for the application 

developer and for other participants in the creation, implementation 

and consumption of art projects implemented through digital 

communication channels. Through tunneling technology, packets 

of transmitted messages are transmitted over a public network as if 

over a traditional point-to-point connection, while a secure logical 

connection, the so-called tunnel, is established between the sender 

and the recipient, making it possible to encapsulate the data of one 

protocol in another protocol. The components of a tunnel include 

an initiator, a routed network, a tunnel switch, and a tunnel 

terminator. Tunneling, encryption, and authentication are at the 

heart of VPN development. Tunneling hides the source and 

destination of the rendered data from the network infrastructure 

that lies in between. Problems that may arise when trying to 

intercept data are solved by methods of cryptographic information 

protection. There is currently a set of VPNs such as NordVPN, 

ExpressVPN, CyberGhost, Turbo VPN, Free VPN, Windscribe, 

and more. [2] In principle, a programmer can write a VPN for 

himself, for example, in Ubuntu, by choosing connection protocols, 

one of them is IPsec IKEv2 and OpenVPN, specifying the server 

part used, programmatically creating access certificates, providing 

configuration of network parameters using code, including 

forwarding packages. 

 

Сonclusions 
 

Modern communication technologies make it possible to securely 

unite networks, nodes and users, to correctly transmit information 

of various types. This direction continues to develop actively, 

quickly responding to changes taking place in the real world. 

Digital communication technologies, modern computer software of 

various types make it possible to implement a holistic approach to 

such a non-trivial concept as digital art, with a prompt response to 

changes that arise in the world around us. 
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Abstract: Free form or shaped surfaces are found on a large number of modern engineering products. 3- or multi-axis CNC milling is 

usually used in their production. CAM systems are almost exclusively used in the creation of control programs. The aim of the presented 

research was to compare the quality of shaped surfaces made by 3- and 5-axis milling using three frequently used strategies. A sample with 

hemispherical surfaces was designed for the experiment. The surfaces predicted by the CAM system were compared with the surfaces 

actually produced. The disagreement of the predicted surface deviations with the deviations of the produced surfaces was demonstrated. In 

the evaluation of surface roughness, the advantage of 5-axis milling was partially demonstrated when one of the strategies achieved lower 

roughness, at two strategies the roughness was identical to 3-axis milling. 
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1. Introduction 
The requirement to produce increasingly complex parts with 

better quality requires the use of efficient production processes. 

Product diversity increases and seriality decreases, which 

complicates process standardization and the use of known 

technological settings. Shaped surfaces occur on an increasing 

number of engineering products, and CNC milling is considered to 

be the most productive and flexible method for manufacturing such 

surfaces.   

3- or 5-axis milling machines are most often used in the 

production of parts with shaped surfaces. the decision to use a 3- or 

5-axis milling machine is not simple. Decides the complexity and 

required accuracy of parts, operating costs of machines, their 

productivity, knowledge and, last but not least, the experience of 

CNC programmers and machine operators [1]. In general, the 

following applies to the use of a 5-axis machine: 

 production time is shortened because one clamping and one 

zero point are used instead of several clamps and individual 

zero points for each clamping, 

 the accuracy of the parts is higher, because in 3-axis milling, 

every loosening and clamping has an adverse effect on the 

accuracy. 

But the use of 5-axis machines also has its drawbacks: 

 the machine price and production costs are higher than with a 3-

axis machine, 

 staff with a higher level of education and experience are needed, 

whether they are programmers or operators, 

 programming and supplementary systems (CAM system, post 

processors) are more expensive, the cost of training people is 

necessary.  

Reference [2] points out the differences between the shaped 

surfaces made by 3-axis, 3 + 2-axis and 5-axis milling. Lists the 

advantages of 5-axis milling over 3 + 2-axis milling, which include 

increased milling accuracy, shortened cutting time, extended tool 

life, improved functional properties of the machined surface, 

reduced cutting forces, and more. When comparing the machining 

accuracy of 3-axis, 3 + 2-axis and 5-axis milling, the highest 

accuracy was achieved in 5-axis milling. 3 + 2-axis milling shows 

more favourable surface roughness values. CAM prediction of 

residual material corresponded most to the actually measured 

residual material in 5-axis milling. The results are valid for the 

CAM system used. Similar comparisons indicate the quality of the 

computational algorithm used in the CAM system. 

Sadílek et al. [3] compares 3-axis and 5-axis milling in 

making some basic geometric shapes. It is stated that both milling 

methods achieve almost the same shape deviations. However, the 

deviations achieved by 5-axis milling were smaller with a better 

quality of the machined surface. 

Stejskal et al. [4] describes a method for optimizing the 

orientation of tool axes in multi-axis milling. the toolpath is 

optimized to achieve a more constant cutting speed, which leads to 

improved surface quality and increased productivity. However, the 

authors state that the position of the tool is limited by the shape of 

the machined surface, the kinematics of the machine and the shape 

of the machined part due to possible collisions. Therefore, it is not 

always possible to achieve the ideal value of the contact diameter of 

the tool on the entire machined surface. 

The mathematical model for predicting the roughness of the 

milled surface is defined in [5], the model for ensuring a constant 

scallop height is described in [6]. Kolar et al. [7] describes a virtual 

model of the machine, which can be used not only in simulations of 

the milling process but also for accurate determination of the 

milling time and surface condition after machining. The model 

allows to influence the accuracy, quality and productivity of 

machining by setting the interpolator. 

Deviations from the required shapes or dimensions are 

caused by machine errors, incorrect clamping or deformation of the 

workpiece and incorrect clamping of the tool, etc. Surface 

roughness is one of the primary requirements in the design of 

engineering products. It is a widely used product quality indicator 

and is usually measured off-line when the component has already 

been machined [8]. The quality of the milled surface also depends 

on various technological parameters such as cutting conditions or 

the properties of the coolants. The source presents a series of 

mathematical models for determining the surface roughness for 

commonly used shape milling methods (vertical, push, pull, 

oblique, oblique push and oblique pull) and determines the effect of 

the milling method used on the resulting surface roughness in ball-

nose end milling. 

Machining of shaped surfaces is generally associated with 

the concept of machining strategy. The milling strategy used 

depends on the relative position of the cutting tool and the 

workpiece, as well as the kinematics of the cutting tool during the 

operation. Strategies must meet increasing requirements for 

accuracy and surface integrity, shortening cutting times or reducing 

cutting forces. 

Bagci et al. [9] defines a simulation and optimization 

system based on body modelling, integrated with a CAD/CAM 

system. Experimental results show the impact of milling strategies 

on cutting time and their importance for shortening production time 

and reducing costs. Strategies also affect tool deflection, material 

removal rate values, cutting forces, and cutting errors. 

The use of different strategies in ball end milling on low-

curvature convex surfaces has a significant impact on cutting forces, 

surface texture, and machining time [10]. Radial paths provide good 

results in terms of a more even surface structure and lower cutting 

forces but have the highest machining time. Cutting forces are 

highest when using a spiral strategy due to the contact area between 

the tool and the material. Overall, the use of a spiral toolpath 

strategy to finish milling these types of surfaces is not 

recommended. 

Mali et al. [11] examines three strategies - linear, linear 

rotated by 90°, and offset. 3D offset is the best finishing strategy 

because it ensures uninterrupted tool work, which is favourable for 

milling. The tool life is increased and a better surface condition is 

achieved. The active cutting speed and the position of the contact 

surface are important parameters that control the chip removal 
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mechanism, affect the cutting forces, and the overall surface quality 

of the shaped surfaces. 

The influence of strategies on surface roughness in the 

application of dies and molds is addressed in [12]. The path strategy 

influences real machining time, polishing time and costs. When 

comparing several strategies, the best results were achieved by 3D 

offset and spiral which slice the part in a horizontal manner. 

Ramos et al. [13] compares three typical milling strategies, 

namely radial, raster, and 3D offset. Their effect on surface 

roughness, texture, and dimensional deviations was evaluated. Even 

in this case, the 3D offset strategy proved to be the most suitable. 

However, as the authors state, the results cannot be generalized. The 

study provides a general trend in machining surfaces similar to 

those tested. 

Logins et al. [14] evaluates three strategies of high-speed 

milling, namely linear, linear in two perpendicular directions and 

circular. surface roughness and texture were evaluated parameters. 

To achieve the lowest possible surface roughness, a linear path is 

recommended, the most even surface structure is provided by a 

circular strategy. The authors recommend avoiding a linear strategy 

in two perpendicular directions, and also emphasize that the results 

depend on the material being machined. 

Sales et al. [15] evaluates eight finishing strategies for 3- 

and 5-axis milling in terms of machining time and the average 

residual load per unit area. The comparison was performed with NC 

codes directly from the CAM system and NC codes modified by the 

optimization software. The authors determined the best strategies 

for specific types of surfaces and at the same time showed that the 

feed optimization balances the machining times of different 

strategies. By optimizing the feed rate, the machining time is 

reduced by 20 to 50%. 

 

2. Descriptions of experiments 
The aim of the experiments was to compare 3-axis and 5-

axis milling using 3 different strategies commonly used in the 

production of components with shaped surfaces. The following 

steps have been taken to achieve the goal: 

1. Analysis of deviations of areas virtually machined by the CAM 

system and analysis of deviations obtained by scanning 

actually produced surfaces. 

2. Comparison of deviations and determination of the reliability 

of the CAM system in predicting the accuracy of milled 

surfaces.  

3. Measuring and comparing the surface roughness of milled 

surfaces. 

The sample with six hemispherical surfaces on cylindrical 

protrusions was designed - Fig. 1. The purpose of the protrusions is 

to allow good access of the tool and measuring devices to the 

assessed areas. The dimensions of the base are 100 x 67 mm, the 

radius of the hemispherical surfaces is 10 mm. The material of the 

sample is aluminium alloy EN AW 6061 T651. The workpiece has 

the same floor plan dimensions as the sample, its height is 26 mm. 

 

 
Fig. 1 Sample with the outline of the workpiece 

 

Three frequently used strategies were selected, namely 

Constant Z, Radial, and Linear. The Linear strategy used the option 

of automatically generating additional paths rotated 90 ° to improve 

surface quality. The arrangement of the surfaces on the sample is 

shown in Fig. 2. 

 
Fig. 2 The arrangement of the surfaces on the sample 

 

The SolidCAM CAM system was chosen for the creation of 

NC programs. The advantage of the system is the ability to convert 

3-axis milling operations to 5-axis while maintaining the main 

settings, which was fully utilized in the experiment. The 

postprocessor for a 5-axis continuous milling machine DMG Mori 

DMU 60 eVo was used to generate NC programs. The sample was 

made on this machine. 

This machine is equipped with the Heidenhain TNC 640 

control system. The generated NC programs were transmitted by the 

DNC network to the machine control system. The functionality of 

NC programs was checked in the simulation mode of the control 

system. 

The roughing of the sample was carried out so that an 

addition of 0.25 mm remained on the hemispherical surfaces. The 

same parameters were used in the settings of all finishing strategies. 

The main requirement was the scallop height after machining, set at 

0.005 mm and a tolerance of deviations of the shape of 0.01 mm. 

The ball-end mill N.RD.10,0.45°.Z4.HA.K TI1000 with 

a diameter of 10 mm, manufactured by WNT with a set cutting 

speed vc = 400 m.min-1 and a feed per tooth of 0.04  mm was 

chosen to finish the shaped surfaces. By converting 3-axis 

operations to 5-axis operations, the monitored settings were 

maintained. The position of the tool axis was controlled by a curve 

(circle) at a defined distance below the shape surface. The size of 

the circle and the distance control the inclination of the tool axis 

relative to the Z axis. The angle of the tool axis improves cutting 

conditions because a tool area with a low cutting speed is excluded 

from the cut. 

 

3. Experimental works 
A separate NC program was generated for each 

hemispherical surface of the sample. For the first three surfaces, 

made by 3-axis milling, the generation of orders was allowed only 

for three axes - X, Y and Z. For the other three areas, the generation 

of orders was also allowed for rotary movements A and B. The 

sample after the production of all shaped surfaces is shown in Fig. 

3. 

 

 
 

Fig. 3 The sample after the production 
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The HandySCAN BLACK Elite scanner was used to scan 

the samples, and the VXelements Viewer software was used to 

evaluate the scans. For comparison purposes, the color scale with 

the assigned deviation values was set identically in the CAM 

software and in the VXelements Viewer evaluation software - Fig. 4 

and Fig. 5. 

 

 
 

Fig. 4 Color scale with assigned deviation values for CAM software 

 

 
Fig. 5 Color scale with assigned deviation values in the scanner 

evaluation software 

 

The result of the simulated CAM machining is shown in 

Fig. 6. The CAM system presented the virtual machined surfaces 

only with undercutting, the deviation in the positive direction 

(overcutting) was not presented. In 3-axis milling, undercutting 

exceeded -0.03 mm in all three strategies, the difference was in the 

distribution of undercut areas. The most significant undercutting is 

reflected in the Radial strategy in the form of several concentric 

circles. 

In the 5-axis milling and Constant Z strategy, a surface 

without deviations was obtained. On the contrary, the Radial 

strategy undercut almost the entire hemispherical surface, with the 

undercut value exceeding -0.03 mm. With the Linear strategy, 

undercutting took place on about 50% of the area, the maximum 

value of undercutting also exceeded -0.03 mm. 

 
Fig. 6 Deviations presented by the CAM system 

 

Scanning of the finished surfaces showed overcutting on all 

surfaces in the maximum value of 0.03 mm. The distribution of 

undercuts is similar in all cases – Fig. 7. 

 

 
Fig 7 Deviations obtained by scanning 

 

Mitutoyo Surftest SJ 410 was used to measure surface 

roughness. Four measurements were made on each surface – Fig. 8. 

The first two measurements were in the X-axis direction of the 

machine coordinate system on which the sample was made. The 

other two measurements were in the Y-axis direction. The 

instrument software recorded each measurement. The obtained 

profile is the result of filtering the measured profile by suppressing 

long-wave components, in this case in the shape of a semicircle. 

The results thus became relevant for roughness analysis. The cut-off 

value 0,8 mm was selected as recommended by standard ISO 4287: 

1997. In Fig. 9 is an example of a roughness measurement record 

for one of the surfaces. 

 

 
 

Fig. 8 The order of measurements on each surface 

 

 
Fig. 9 Surface roughness measurement record 

 

The values of the most common parameters Ra (arithmetical 

mean roughness value) and Rz (mean roughness depth) were 

recorded. The mean value was calculated from four measurements 

on each area. The values thus obtained are given in Tab. 1. 

 

Table 1 Mean values of parameters 

Milling method Strategy Ra [µm] Rz [µm] 

3-axis 

Constant Z 1,05 4,33 

Radial 0,98 2,73 

Linear 1,26 5,54 

5-axis 

Constant Z 1,04 4,43 

Radial 0,94 2,44 

Linear 1,13 4,00 

 

The comparison of the roughness of surfaces made by 3-

axis and 5-axis milling through the parameter Ra is in Fig. 10, the 

comparison through parameter Rz is in Fig. 11. The Constant Z and 
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Radial strategies achieved very similar values. There are more 

significant differences in the Linear strategy, where the values are 

lower in 5-axis milling. 

 
Fig. 10 Comparison of the surface roughness parameter Ra 

 
Fig. 11 Comparison of the surface roughness parameter Rz 

 

4. Discussion 
The prediction of residual material and undercutting in the 

CAM system did not correspond to the facts actually found. In all 

cases, the CAM system predicted only negative deviations 

(undercutting). On the contrary, positive deviations were found by 

scanning the produced surfaces. The prediction of milled surfaces 

by the CAM system is not convincing. However, such predictions 

are not unnecessary, they allow CNC programmers to better 

evaluate the milling process when selecting an effective toolpath 

strategy and milling method. The obtained results cannot be 

generalized, because each CAM system works with a different 

mathematical model and the results, especially in 5-axis milling, 

depend on the setting of a number of parameters. 

Finishing operations take up approximately 70% of the total 

machining time for the production of shaped surfaces. Surface 

roughness is a key indicator of surface quality. Therefore, it is 

important to optimize the relationship between the milling 

parameters and the surface roughness of the finished part. This will 

eliminate or minimize finishing operations such as polishing or 

EDM. 

The evaluation of the achieved surface roughness shows 

that with the Constant Z and Radial strategies, the milling method 

has a small effect on the surface quality. Linear strategy achieved 

better results with 5-axis milling compared to 3-axis milling.  

Surface roughness depends on many factors. The 

parameters with the greatest influence are stepover and feed per 

tooth, the position of the tool in relation to the machined surface is 

also important. In general, 5-axis milling produces a more 

favourable surface quality, a smaller and more balanced value of the 

parameter Rz due to the constant position of the tool relative to the 

surface to be machined. This finding was only partially confirmed 

by the performed experiments. 

It should be noted that the results obtained by similar 

experiments depend on many decisions and settings. The results can 

be influenced by the sample material, tool, strategies, machine, 

programming method, and the used programming system. The study 

provides a trend in the quality of treated surfaces under conditions 

similar to those used. 
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Abstract: The report presents a developed Desktop Information System for Employee Management. The system includes database 

development and encryption using a special algorithm to create an encryption key. The main goal of the development is to provide two types 

of protection: at the entrance to the system and in the transmission and data storage. The system includes four access levels: Employees, 

Executives or Managers, Directors and Administrators. 

The information system includes the following functionalities, depending on the access levels: entering tasks, registering users, entering 

priorities for tasks, entering the status of tasks, reviewing entered tasks, editing tasks and their status, deleting tasks, reviewing , add, edit 

and delete all users in the system; and others. 
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1. Introduction 

There are a lot of software products that offer services related to 

personnel management. A research has been done on what some of 

the better-known software have to offer and based on a research a 

comparative feature has been made with the current development. 

"BambooHR" is a well-designed software solution that helps 

automate operational tasks. This software collects valuable 

employee information and provides it to the team so they can 

streamline processes and be more efficient. Millions of users use 

“BambooHR” worldwide. It has the following functionalities: 

- Centralized employee database; 

- Management of job applications; 

- Data management, export, reporting, visualization; 

- Performance management module; 

- Integrations of third party products; 

-Information security; 

- Online signature; 

- Monitoring of working hours. 

Advantages: 

- Good reporting; 

- Good user support; 

- Integrated possibility to use the services of third parties. 

Disadvantages: 

- Difficult to use; 

- Not suitable for a large organization with more than 1000 

people. 

BambooHR strives to assist the workflow as much as possible 

by extracting reports and reports [1]. The application monitors the 

time the employee has worked and offers secure storage of the data 

in the system. A big advantage of "BambooHR" is the ability to 

integrate third-party software. In this way, the capabilities of the 

product are expanded without further complicating its logic. 

However, the product has a limit on the number of employees a 

business can manage in the system. Like most such developments, 

there is a monthly fee that increases with each employee. 

"IceHRM" is one of the simplest and most effective information 

systems due to its security and accessibility. Most companies prefer 

IceHRM because of its centralized support, which makes managing 

the company and its resources easy. It has a rich user interface that 

makes it extensible and customizable. "IceHRM" provides the 

following functionalities: 

- Attendance management; 

- Cost management; 

- Payroll processing; 

- Work time tracking; 

- Recruitment of candidates; 

- Performance review; 

- Email integration; 

-Information security. 

Advantages: 

- Convenient for recruiting; 

- With its professional version, the software can be deployed 

locally on the users' system; 

- Easy to configure and good customer support. 

Disadvantages: 

- Some functions are difficult to understand; 

- Too many features can sometimes confuse users. 

- Some features do not work in the offline version. 

"IceHRM" offers a rich interface and multiple functionalities, 

such as employee time tracking [1]. The big advantage of this 

product is the automation of monthly salaries, the possibility of 

insurances and recruitment of candidates. "IceHRM" uses AES 256 

data encryption. The software has a 45-day trial period, after which 

a monthly fee must be paid based on the number of employees in 

the company. 3D CAD data of a part are imported into the 

procedural software of the printer EOSINT M 270. Software 

designed to the data preparation allows choosing the appropriate 

thickness of production layers with regard to accuracy / resolution 

and speed of production (0.020 mm or 0.040 mm ‒ thinner layer 

means higher accuracy, but longer production time) [2]. 

2. Design of Desktop Employee Management 

System 

The phase of desktop information system development includes: 

1) creating a database and 2) design of an encryption algorithm 

using a special algorithm for creating a key. The main goal of the 

development is to ensure protection, both at the entrance to the 

system and in the transfer and storage of data. 

The designed information system uses database with 4 tables: 

TASK_PRIORITIES, TASK_STATES, EMPLOYEES, 

TASKS_ARCHIVE (Fig. 1). 

 

Fig. 1 Table Relations 

 

The system must include the following safeguards: 

- Control of access to the system by filling in the personal 

identification number and password, individual for each employee; 

- Control over the number of failed login attempts. 

- Ensuring the possibility of secure communication between the 

application and the server; 

- Ensuring protection of input data through irreversible 

encryption of the password with a specially created system key and 

measures against SQL injections. 

The system must include the following levels of access: 
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- Employees; 

- Executives or managers; 

- Directors. 

- Administrators; 

The information system should include information on: 

- Introduced tasks; 

- Registered users; 

- Entered task priorities; 

- Entered task states. 

Employees must have access to the following functionalities: 

- View the data entered for them in the system. 

Managers must have access to the following functionalities: 

- View the data entered for them in the system; 

- View the tasks assigned to them and edit only their status. 

Directors must have access to the following functionalities: 

- View the data entered for them in the system; 

- View, add, edit and delete all tasks; 

- Review of all registered users in the system. 

Administrators must have access to the following functionality: 

- View the data entered for them in the system; 

- View, add, edit and delete all tasks; 

- View, add, edit and delete all users in the system; 

- Setting task status types and task priority types. 

Four different levels of access are available in the system (Fig. 

2): 

- employees; 

- supervisors or managers; 

- directors; 

- administrators. 

Review, adding, 

editing and deleting of 

task priorities

Review, adding, 

editing and deleting of 

task status

Employee review

Adding, 

editing and deleting of 

employees

Review and editing of 

tasks

Adding, 

and deleting of 

tasks

Review of system data 

for employees

Employees Management Assistant

Administrator

Director

Supervisor or 

manager

Employee

 

Fig. 2 Use Case Diagram of System 

 

3. Protection types. Encryption algorithm 

The current development ensures data protection through the 

following methods: 

- Control of access to the system, by entering the personal 

identification number and password; 

- Control of entered data to protect against SQL injections; 

- Password length control; 

- Encryption of the access password; 

- Ability to maintain an encrypted connection between the 

application and the server; 

- Control of the number of attempts to enter the system; 

- Blocking of the account in case of three incorrectly entered 

passwords. 

The access control to the system is achieved with the following 

steps: 

1. When entering the employee's personal identification number 

and password, it is checked whether the personal identification 

number is only numbers and 10 characters long, and whether the 

password is more than 8 characters. 

2. If the validation from step 1 is successful, the system opens a 

connection to the database. It searches for an entry in the table for 

employees by the entered social security number. If it finds such a 

record, it reads it and loads it into the system memory. 

3. If the record is successfully read, the status is checked to see 

if it is active. 

4. If the status is active, the entered password is encrypted using 

the same algorithm and key that were used to encrypt the password 

stored in the database. 

5. If the encryption is successful, the two encrypted strings are 

compared: the entered password and the one loaded into memory 

from step 2. 

6. If there is a match, the employee enters the system. The 

counter for failed login attempts is reset. Its database ID and 

privilege level data remain loaded in memory until the application is 

closed. 

In order to provide protection against Traffic Interception 

attacks, an encryption method has been developed with a key 

created uniquely for the system [3],[4]. Password encryption is 

achieved using PBKDF2 (Password-Based Key Derivation Function 

2) with 10,000 iterations (Fig. 3) as recommended by NIST 

(National Institute of Standards and Technology) in their 

publication "SP800-63B-3" from 02/03/2020. A system-unique key 

is added to the encryption algorithm for the uniqueness of each 

user's encrypted password. This also adds an extra layer to security. 

It is 128 bits or 16 bytes long, and the recommended size from the 

latest NIST publication is 32 bits or 4 bytes. Entered passwords 

must be 8 characters long as recommended by NIST. Password 

encryption is an irreversible process achieved through HMAC 

(Keyed Hash Message Authentication Code) and the SHA-512 

(Secure Hash Algorithm 2) algorithm, using 64-bit words, as 

opposed to SHA-256, which uses 32-bit. 

 

PBKDF2

Key (salt) Password
Number of 

Iteration 

Protected password
 

Fig. 3 A method to store the password in the system 

 

The unique key is generated when a new user is registered in 

the system. It is formed from the current date and time of 

registration in seconds and the last three digits of the EGN in 

reverse order. The date is a fractional number and the whole part is 

divided by the fractional part. The three parts: the whole number of 

the date and time, the fractional number of the date and time and the 

three digits of the TIN in reverse order, are combined into one 

common string, separated by a dash, in the order of enumeration. 

For an example of creating a key, let's assume that the current date 

is 17.07.2021 and the last 3 digits of the personal identification 

number are 123. The date in seconds will be 44394,473993. The 

generated key will have the form: "44394-473993-321". This key is 
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recorded in the database as a "unique identification key" to the 

respective user. 

4. System Architecture 

The current development is based on the Document-View 

architecture. The document stores the data, manages its printing, 

and coordinates the updating of multiple data views. The view 

displays the data and manages the employee's interaction with it, 

including selecting, adding, editing, and deleting. 

In this model (Fig. 4), the document reads and writes data to 

persistent storage. A document may also provide an interface to 

data such as that in a database. A separate view object controls the 

display of data. It can be from displaying the data in a window for 

user selection to view, add, edit and delete data. The view receives 

data from the document and reports to the document any changes to 

the data. 

 

Fig. 4 The Architecture document View. 

 

The architecture are the following base classes: 

- CDocument – a class for supporting objects used to store or 

control program data and provides the basic functionality of 

documents defined by the programmer. 

- CView – provides the basic functionality of views. A view is 

attached to a document and acts as an intermediary between the 

document and the user. The view renders the document data on the 

screen and interprets user input as operations on the document. The 

current development uses the CListView class, a descendant of 

CCtrlView, which in turn is a descendant of CView, to visualize the 

data. CListView simplifies the use of the list control and CListCtrl, 

the class that encapsulates the list control functionality, with the 

MFC document view architecture. 

- CDialog – this class is used to work with a dialog. 

- CFrameWnd – supports objects that provide the frame around 

one or more document views. In current development, it is inherited 

from CMDIFrameWnd, which in turn is inherited from 

CMDIFrameWndEx. CFrameWnd's successors build on its base 

functionality. 

- CDocTemplate – maintains an object that coordinates one or 

more existing documents of a given type and manages the creation 

of the correct document window, view, and frame objects for that 

type. It can be either CSingleDocTemplate or CMultiDocTemplate, 

depending on whether the system uses one or several different 

documents for different data. 

In current development, "Smart" classes have been developed, 

inheriting from the base classes and upgrading them according to 

the needs of the application. Additional classes added: 

- CSmartTable to work with the data (read, add, edit and delete) 

directly from a specific table in the database. 

- CSmartDataAccessor takes care of the conditions under which 

it is read, written, deleted, takes care if changes are required on the 

other tables, except the one on which it is the main one for the class. 

4. Conclusion 

The current development offers an information system with 

access control and different levels of access for each profile. It 

provides information security against some of the better-known 

cyber-attack methods. The software allows visualization of reports 

on registered employees and their tasks. A mechanism has been 

developed to add different priorities and states to tasks, which 

allows freedom to customize the system according to the needs of 

the owner and. Despiting the available functionalities, the system 

can be improved with the following developments: 

- Encrypt server access profile password from ServerConfig.ini 

via AES 256. 

- Protect against "Password Spraying" attacks by adding a 

mechanism to change the password in a certain period. 
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Abstract: This paper presents an overview of hybrid technologies for joining dissimilar materials in automotive applications. CMT 

welding/brazing technology has been experimentally verified for the purpose of joining dissimilar steels or steels and aluminium alloy. Two 

types of filler material were used, one based on Cu and the other based on Al. When joining dissimilar steels, a true brazed joint was formed, 

while when joining steels and aluminium, a hybrid - welded/brazed joint was formed. Subsequently, metallographic analysis of the joints and 

testing of their load carrying capacity was carried out. 
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1. Introduction 

The combination of dissimilar materials within a specific 

structural subgroup in the automotive industry is a consequence of 

the desire to save material resources, to create tailored structures 

with locally reinforced parts, to create zones with increased 

absorption of deformation work, to reduce the weight of the final 

product by saving material by locally reducing the thickness, etc. 

Combining materials in a " tailored" way also requires mastering 

their joining together in a way that does not interfere with the 

continuity of force transfer and meets the requirements for joint 

safety. For joining thin-walled materials in automotive applications, 

welding (spot resistance, laser, CMT MIG, FSW) or mechanical 

joining (clinching, flowdrill, riveting and their many variations with 

or without a fastener) are most commonly used. The problem with 

fusion welding of dissimilar materials is their different melting 

temperatures and different chemical compositions, which affect 

their weldability to each other. Some material combinations have 

low or no solubility of major elements, which makes it impossible 

to form a joint. Some material combinations form brittle 

intermetallic phases in the fusion zone which crack at low joint 

loads. These problems can be solved by using interlayers which 

mitigate the differences in the chemical composition of the 

materials to be joined and are at least partially soluble in both, or by 

modifying the technological parameters of the welding process, in 

particular by ensuring low heat input (e.g. CMT welding, laser 

welding, etc.), which limits the formation of IMCs [1-6]. 

Mechanical joining of dissimilar materials, in turn, encounters 

problems with different formability of the materials being joined 

and different physical properties, which negatively affect the 

strength of the joints. Welded and mechanically formed joints can 

also be combined with adhesive bonding, which increases the load 

carrying capacity of the joint, spreads the stresses in the joint over a 

larger area, increases the seal and corrosion resistance of the joint, 

reduces the risk of crevice corrosion, and reduces the ability to 

absorb energy under load on the joint. 

The aim of the experimental work presented in this paper was to 

validate the CMT welding technology for the formation of joints of 

dissimilar materials based on steels and aluminium alloy. 

2. Materials and Methods 

The following matrials were used to create the joints: 

TL 1550-220+Z - structural high-strength HSLA steel with fine 

microstructure and enhanced cold formability. It is hot-dip 

galvanized with a Zn layer thickness of 100g/m2. Hereinafter TL.  

DC04 - unalloyed, uncoated, deep-drawn cold-rolled steel for 

cold forming of the most complex profiles with high deformation 

capability. Weldable by various technologies. Hereinafter DC. 

EN AW-6082 T6 (AlSi1MgMn) - precipitation-hardened Al 

alloy, well weldable by all common aluminium welding 

technologies (especially MIG and TIG). Hereinafter Al. 

 

 

The chemical composition and mechanical properties of the 

materials are given in Tab. 1 and 2. 

 
Table 1: Chemical composition of the materials used, wt.% 

steel C Mn Si P S Al Ti Nb Fe 

DC 0.04 0.25 - 0.009 0.008 - - - Bal. 

TL  0.10 1.00 0.50 0.08 0.03 0.015 0.15 0.1 Bal. 

Al 

alloy 

Si Fe Cu Mn Mg Cr Zn Ti Al 

Al 1.0 0.4 0,06 0.44 0.7 0.02 0.08 0.03 Bal. 

 

Table 2: Mechanical properties of the materials used 

Material  
Re Min 

(MPa) 

Re Max 

(MPa) 

Rm Min 

(MPa) 

Rm 

Max 

(MPa) 

A80 

Min 

(%) 

Zn 

(g/m2) 

DC  210 270 350 38 - 

TL  220 310 320 420 28 100 

Al 289 298 339 346 14 - 

 

The materials were cut into 100×200 mm plates overlapped by the 

longer side with an overlap size of 12 mm and joined by CMT 

welding/soldering. Subsequently, the welded plates were waterjet 

cut into test specimens, Fig. 1. 

 
Fig. 1 Dimensions of test specimens 

 
Two brazed filler metals were used for joining: for steels - 

CuSi3 and for combinations with Al alloy - AlMg5. Welding 

equipment used: Fronius VR 7000 CMT, welding parameters: 

welding speed 7.5 m/min, wire feed speed 4 m/min, current 82 A, 

voltage 17 V. The material combinations created, the solder used 

and the successful connections made are summarised in Tab. 3. 

Table 3: Positions of materials in the joint, solder used (bright grey - CuSi3, 

dark grey - AlMg5) and successfully formed joints (OK – successful joint, 

NOK – failed joint) 

Position Upper sheet 

Lower sheet 

material DC TL Al 

DC OK OK NOK 

TL OK OK OK 

Al NOK OK OK  

The joints were tested in tension at a speed of 10 mm/min with 

continuous force and displacement recording on a universal tensile 

test machine TIRATEST 2300. The maximum force at failure of the 

joint was recorded and the location of the failure was monitored. 

The metallurgical interface was assessed on transverse 

metallographic sections. 
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3. Results 

The appearance of the surface of the formed joints is shown in 

Fig. 2. 

 
DC-DC (top view) 

 
DC-DC (bottom view) 

 
TL-TL (top view) 

 
TL-TL (bottom view) 

 
DC-TL (top view) 

 
DC-TL (bottom view) 

 
Al-TL (top view) 

 
Al-TL (bottom view) 

Fig. 2 Appearance of the joints 

 

From Fig. 2, a pattern of weld beads can be seen, with a slight 

spatter on the top plate. If galvanized steel is in the bottom position, 

when CuSi3 solder (with a melting temperature of 980°C) is used, 

evaporation of the Zn layer is visible, indicating a weakening of the 

corrosion resistance of the joint. In the case of AlMg5 solder, which 

has a lower melting temperature (575-633°C), no damage of 

protective Zn layer on the TL sheet in the hybrid joint occurred. 

The metallographic sections of the formed joints are 

summarized in Fig. 3. In the metallographic sections, it is necessary 

to note the wettability of the surfaces by the solder, i.e. the angle 

between the surface of the sheet and the solder. A wetting angle 

<15° indicates perfect wetting, good surface wettability is up to an 

angle of 75°. 

 
a) DC-DC, braze filler metal CuSi3 - steel surfaces are well wetted with 

the braze, continuous contact between the sheets and the braze - true 
brazed joint 

 
b) TL-TL, braze filler metal CuSi3 - solder contains bubbles that have 

not escaped from the solidifying braze, surface wettability is good, 

weaker contact between sheets and braze on the bottom sheet - true 
brazed joint 

 
c) TL-DC and DC-TL joint, braze filler metal CuSi3 - connection 

between sheets and braze good, good wettability, large amount of 
bubbles in the joint 

 
d) Al-Al joint, braze filler metal AlMg5 - weaker connection is evident 

on the lower plate on the left, there was melting and mixing of the 

base materials with the additional material, there is no clear interface 
between them - true welded joint 

 
e) Al-TL, braze filler metal AlMg5 - there is a welded joint between Al 

sheet and braze, there is a brazed joint between TL steel and braze, 

weak contact between TL and braze left, hybrid joint 
Fig. 3 Metallographic cross-sections of joints 
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Fig. 3 shows that the braze filler metal must be selected with respect 

to the melting temperature of the materials to be joined, and the 

melting temperature of the braze filler metal must not exceed the 

melting temperature of the base material with the lower melting 

point. Thus, in CMT welding/brazing of dissimilar materials, a 

weld-brazed hybrid joint is formed. The load capacity of the formed 

joints is shown in Fig. 4. 

 

Fig. 4 Load-carrying capacity of joints and indication of the place and mode 
of their failure 

The highest load carrying capacity are steel-steel solder joints, 

either similar or dissimilar, using CuSi3 braze. Failure occurred 

either well outside the joint or in the heat-affected zone near the 

joint. Aluminum-steel and aluminum-aluminum joints with AlMg5 

braze exhibited lower load carrying capacity. The Al-Al welded 

joint failed in the HAZ, and in the hybrid welded-brazed joint Al-

TL, the brazed joint - i.e. the joint between the braze and the TL 

steel - failed. 

4. Conclusion 

The paper presents the original research results of experimental 

work on joining dissimilar materials by CMT technology. For 

joining steels, a braze filler metal based on Cu-CuSi3 alloy, which 

has a lower melting temperature than the materials to be joined, is 

suitable. The braze has good wetting properties for both galvanized 

and non-galvanized steel materials. However, care must be taken to 

optimise the brazing process to eliminate significant porosity in the 

joint. When joining dissimilar aluminium-steel alloy materials, it is 

recommended to select an additional material with a lower melting 

temperature so that the lower fusible material of the joining pair 

does not burn through. This results in a hybrid brazed-welded joint. 

For a hybrid joint, the limiting factor will always be the load 

carrying capacity of the brazed part of the joint. 
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Abstract: Additive Manufacturing (AM) Technologies are in constant development since their emergence in the late 80s. However, 

standardization is still in its infancy, owing to the numerous changing variables in each process. One of the most common are the material 

extrusion process, in which thermoplastic is extruded, also known as fused filament fabrication (FFF). The popularity of this process is due 

to the relatively simple method as well as the relatively good mechanical properties of the fabricated parts. There are numerous research 

studies evaluating mechanical properties because the FFF process allows for the investigation of many variables and the production of many 

parts with a wide range of characteristics. But how good are those characteristics in reality, and how good do we need them to be? It all 

depends on the application for which those parts are required. 

Keywords: MECHANICAL PROPERTIES, FABRICATION, FUSED FILAMENT FABRICATION (FFF), ADDITIVE MANUFACTURING 

(AM) 

 

1. Introduction 

Additive Manufacturing (AM) technologies are group of 

processes that build physical model using a three-dimensional 

Computer-Aided Design (3D CAD), without the need of process 

planning [1]. Fused filament fabrication (FFF) is an AM process 

in which the material (most often: thermoplastic) is being 

extruded though heated nozzle. It is also known under the name 

fused deposition modeling (FDM), term that is patented by 

Stratasys. FFF works in the same working manner as all the AM 

technologies, by building the model layer by layer. This offers 

many advantages such as geometry complexity, lattice structures, 

diversify small series and personalized parts fabrication. At the 

same time, the unique working manner creates challenges for the 

designers and engineers. One of those challenges are the 

mechanical properties of the fabricated parts. Mechanical 

properties of the parts fabricated via FFF differ from the 

properties of the injection molding parts, even when made from 

the same material. Determining the cause that influence on the 

mechanical properties is complex task since it involves many 

variables, such as: working conditions, process parameters, the 

material and the machine. 

2. Methodology 

Determining the mechanical properties of the fabricated 

parts and what influence the most on them are the concerns for 

this study. In order to have systematic analysis, two research 

questions are set: Q1. Which process parameters are taken into 

consideration for mechanical properties?; Q2. What are the 

outcomes and findings of these studies and how can they be used 

in further research?. 

In the reviewing process papers from relevant journals and 

conferences from 1998 to 2022 year were taken into 

consideration. Papers regarding the mechanical properties of 

parts fabricated with commercial and open-source FFF machines 

are analyzed. 

3. Analysis 

In the text below brief overview of the analyzed paper is 

given, while in Table 1 detail classification is presented. Bertoldi 

et al. [2] observed the connection between the mechanical 

properties and the part orientation. According to their study, the 

highest values for the modulus of elasticity and the maximum 

tensile stress were obtained for specimens placed in the y-z 

plane. The specimens made in the x-z plane have the lowest 

value for the maximum tensile stress. A critical position is the 

vertical placement of the test tube (x-z), due to the high number 

of layers (> 600), which causes brittle failure. Bellini and Güçeri 

[3] conducted a similar research with identical results. The 

samples placed in XZY show the highest values for ultimate 

tensile stress of 15.99 MPa and Young's modulus of 1653 MPa. 

While the specimens placed in ZXY show the lowest values for 

ultimate tensile stress of 7.608 MPa and Young's modulus of 

1391 MPa. Ahn [4] takes into consideration the raster width 

(RW), but report that it has no particular impact on the 

mechanical properties of the part. Regarding the orientation of 

the part in the build chamber, the same results are reached by 

Hussein et al. [5] analyzing pieces of PC (polycarbonate). The 

highest values for the maximum tensile strength were achieved 

for the specimens placed in the XZY position, and the lowest for 

those placed in the ZXY position. In their research, Sood et al. 

[6] analyze the influence of the part positioning and orientation 

on the build plate. According to them, the maximum tensile 

strength and the maximum bending strength decrease with an 

increase in the angle with respect to the build plate. In later 

research, Sood et al. [7] investigate the influence of the process 

parameters on the compressive strength of the parts fabricated 

with FDM. It is concluded that a maximum compressive strength 

value of 17.4751 MPa is achieved at the following process 

parameters: layer thickness 0.254 mm, position 0.036°, screen 

angle 59.44°, screen thickness 0.422 mm and screen gap 0.00026 

mm. Lee et al. [8] analyze the influence of the part positioning 

and orientation on compressive strength. According to the results, 

the compressive strength is 11.6% higher when the piece is 

placed axially than when placed transversely on the build plate. 

Uddin et al. [9] conduct research in exploring the influence of 

key printing parameters on mechanical properties of ABS 

(Acrylonitrile butadiene styrene) specimens. Three parameters 

were taken into consideration: layer thickness (0.09 mm, 0.19 

mm, and 0.39 mm); build plane (XY, YZ, and ZX); and printing 

orientation (horizontal, diagonal, and vertical). Highest Young’s 

modulus of 1524MPa is noted on specimens with layer thickness 

of 0.09mm and YZ-H orientation. However, the highest yield 

strength of 39 MPa is noted in specimens with layer thickness of 

0.09mm and YZ-H and YZ-D orientation. In this research it is 

concluded that the build plane orientation does not have high 

effect on compressive properties. Slonov et al [10] analyzed the 

influence of the process parameters on the mechanical properties 

of PPSU (polyphenylene sulfone) parts. They found out that the 

best mechanical properties are obtained under the conditions of 

longitudinal orientation of filaments with a minimum width and 

negative air gaps between them.  

Es-Said et al. [11] investigate the influence of the layer 

orientation on the mechanical properties. The conclusion is that 

in the case when the piece is placed horizontally on the bed (0° 

orientation), with the layers being longitudinal, superior strength 

and impact resistance is achieved compared to all other positions. 
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This is also confirmed by other research [12, 13]. Specimens 

placed along the x axis at an angle of 0° have good maximum 

bending strength, while specimens placed along the y axis at an 

angle of 0° have good maximum tensile strength [12]. According 

to their results, the specimens made along the z axis have 

significantly the worst results with the highest value of 22.51 

MPa for the elongation at a position of 45° in relation to the axis. 

When it comes to anisotropic features, they are most likely 

caused by the way the layers are joined [11]. Onwubolu and 

Rayegani [13] analyze the process parameters (layer thickness, 

position, raster angle (RA), RW, air gap) to see their influence on 

the maximum tensile strength. An improvement in the maximum 

tensile strength is achieved with a minimum layer thickness, 

minimum RW, a larger RA and a negative air gap [13].  

Ahn et al. [4] conducted an investigation on the maximum 

tensile strength by varying the RA and RW as well as the 

perimeter to the raster beam. Their research shows that the RA 

has an effect on the maximum tensile strength, but at a constant 

RA of 0° and an angle beam perimeter of -76.2 µm, the tensile 

strength increases by about 30%. The RA has no influence on the 

tensile strength. Similar results have been reached by Sood and 

colleagues [14]. In this research, it was concluded that at a 

positive value for the air gap, the material "flows" between the 

adjacent layers, which leads to an increased contact area between 

the layers, and this leads to an increase in the maximum tensile 

strength of about 15% for thinner layers, for example 0.127 mm. 

Shubham [15] came to a conclusion that the layer thickness 

has influence on the mechanical properties. By increasing the 

layer thickness, the maximum tensile strength decreases by 46%, 

the impact force by 54.5% and the flexural strength by 40%. The 

only exception are the specimens with layer thickness of 0.5 mm, 

which show deviations in the mechanical properties [15]. This 

research is followed up by Masood [16] and Hossain [5], 

considering PC parts. According to Masood [16] the highest 

value for the maximum tensile strength of 58.8 MPa was 

achieved at a grid angle of 45°/-45° and a layer thickness of 

0.60064 mm. But according to this research, no general rule can 

be adopted for the maximum tensile stress in relation to the angle 

of the grid and the layer thickness. Hossain [5] take into account 

the position, in addition to the RA, RW, air gap and the contour 

width (CW). 

Syamsuzzaman et al. [17] compared the mechanical 

properties (tensile and compressive properties) of a specimens 

fabricated on commercial and open-source low-cost FFF 

machine. In their research they varied the layer thickness (0.2540 

and 0.3302 mm) printing with 100% infill. Their results showed 

that the layer thickness of low-cost machines has higher effect on 

the tensile stress of the specimen. This means, in order to get 

higher tensile stress, the parts fabricated using the low-cost FDM 

machine must use lower layer thickness setting. Concerning the 

compression test the results were pretty close which shows that 

the low-cost FDM machines are reliable in fabricating small 

parts. For achieving these results the following parameters should 

be taken into consideration: small layer thickness (< 0.1 mm); 

orientation of 45°/−45°; and negative air gap. Rajpurohit and 

Dave [18] also conducted research on an open-source FFF 

machine. They focused on the flexural strength of PLA 

(Polylactic acid) parts fabricated on an open-source FFF machine 

and how it is influenced by the following process parameters: 

raster angle, raster width and layer height. They concluded that 

the flexural strength decrease with the increase of the raster angle 

and the layer height. Regarding the raster width the intermediate 

values provide the higher flexural strength. 

Torres et al. [19] used Design of Experiments (DoE) to explore 

the tensile and fracture properties of the fabricated PLA part. 

Following process parameters were taken into account: layer 

thickness, density or infill percentage, extrusion temperature, 

speed, infill direction, and component orientation. Layer 

thickness could then be lowered with little concern to decreased 

strength, as has been previously shown. Though this would 

decrease strength, an increase in the number of perimeter layers 

could be used to reduce the negative effect, decreasing the 

amount of hollow space. For components which will experience 

negligible mechanical loading, relative density may be sacrificed 

to the lower setting as strength will not be an issue and an 

increase in perimeter layers could be used to prevent it from 

being too fragile so that mishandling the component would not 

cause damage. Taylor et al. [20] conducted a research on the 

mechanical properties (flexural properties, specifically modulus 

and yield strength) of Ultem 1010 coupons. Build orientation, 

raster angle and working temperature were varied for the 

experimental analysis and virtual simulations. The date from the 

experimental analysis and simulation were found to be within 

good agreement. For the elevated flexure testing up to 205°C 

(400°F), as expected, both modulus and yield strength of Ultem 

1010 decreased as the testing temperature increased.  

 
Table 1: Classification on researches on mechanical properties of fabricated parts via FFF 

Ref Mater | Machine | Standard Variable 

parameters 

Testing Findings 

[2] 
ABS | Stratasys 1650 | 
ASTM D5937-96 

6 build orientations, 
4 raster orientations 

Tensile testing, 
termal expansion,  

Build orientation strongly affects the tensile strength, the 
elastic modulus and the thermal expansion coefficient of 

fabricted parts. 

[11] 

ABS 400 |  

Stratasys 1650 | 
ASTM D638, D790, 256-88 

5 layer orientations 

(45/-45,0,45,90, 45/0) 

Tensile, flextural and 

impact testing  

Tensile testinge showed that the highiest UTS and yield 

strengths are achived in the 0° orinetation, as well as the 
modulus of rupture. The Izod impact test data indicated 

that the 0° orientation samples had the highest absorbed 

energy values. 

[21] 

ABS P400 |  

Stratasys 1600 | 

ASTM D3039 

Mesostructure, air 

gap 

Tensile testing Mesostructure has a significant influence on the stress-

strain response. Modulus values 11-37% lower and 

strength values 22-57% lower than the ABS monofilament 
were observed for the fabricated parts. The highest 

stiffness and strength 

values were found for an aligned mesostructure with a 
small 

negative air gap. 

[4] 
ABS | Stratasys 1650, 
ASTM D638, D3039 

RA, RW, air gap Tensile and 
compressive  testing 

vs injection molding 

At a RA of  0° and air gap of -76.2 µm, the tensile strength 
increases by about 30%. The RW does not affect the tensile 

strength. 

[3] 

ABS | Stratasys 1650 |  

ASTM D5937-96, ASTM 
D790-96 

Build orientation, RA Tensile  and flexural 

testing 

Mechanical properties depend on the build orientation and 

the RA. The samples placed in XZY show the highest 
values for the maximum tensile strength and Young's 

modul. Samples placed in ZXY show the lowest values for 

peak tensile strength and Young's modul. 
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[22] 
ABS | Stratasys 3000 |  Layer thickness, RA, 

RW, air gap (3 levels 

each) 

Elasticity testing All the parameters have heavy influence on the elasticity. 

[8] 

ABS | Stratasys | ASTM 

D695 

Build orientation Compressive testing Build direction has strong influence in the mechanical 

properties. Compressive strength is 11.6% higher when the 
build direction is axial than transversal. 

[23] 

ABS P400 | Stratasys 2000 | 

ASTM D1184-98 

Build orientation, 

envelope temperature 

Thermal and flextural 

testing  
Envelope temperature and the cooling conditions have 

strong repercussions on the flextural properties as well as 
the accurancy of the final part. 

[24] 

ABS P400 | Stratasys 

Vantage SE | ISO 

R527:1966, ISO 
R178:1975, ISO 179:1982 

Layer thickness, 

orientation, RA, RW, 

air gap 

Tensile, flexural and  

impact testing 

Optimized factors for tensile, impact and flexural strength 

of specimen using the bacterial foraging technique. 

[6] 

ABS P400 | Stratasys 

Vantage| ASTM D638, 
D790 

layer thickness, build 

orientation, RA, RW, 
air gap (3 levels each) 

Tensile testing, 

flextural testing 

Tensile and flextural strength decrease with the increase of 

the angle with the build plate. 

[14] 

ABS P400 | Stratasys 

Vantage | ISO R527:1966,  
ISO R178:1975 

Layer thickness, 

orientation, RA, RW,  
air gap 

Tensile, flexural  and 

impact testing. 
 

By changing the raster angle from 60°/-30° to 90°/0°, the 

value of the maximum tensile stress decreases. At a 
positive value of the air gap, the material "flows" between 

adjacent layers, which leads to an increase in the maximum 

tensile strength. For flextural strength the parameters were 

found to be the same, but it differed in factor levels for 

impact strength. 

[16] 
PC | Stratasys Vantage RA, RW, air gap (3 

levels each) 

Tensile testing Highiest values for the tensile strength are achived with 

raster angle 45°/-45° and raster width 0.60064 mm. 

[25] 

ABS P400 | Stratasys 

Vantage | 

ISO R291:1977 

Layer thickness, 

orientation, RA, RW, 

air gap 

Compressive testing The developed relationship between compressive stress and 

process parameters is able to explain the 96.13% of 

variability in the response. 
  

[26] 

Ultem 9085 | Stratasys 

Fortus 400mc | 

ASTM D638 

RA, CW, air gap (3 

levels each), layer 

thickness (2 levels) 

Tensile testing 

comparison to 

injection 
molding  

The best results were achieved for all directions by using a 

negative raster air gap. With thick filaments better 

mechanical data can be achieved for the X and Z build 
direction, while a thinner filament improves the strength 

properties for Y-specimen.  

[27] 

ABS | Stratasys Dimension 
SST-768 

RA (4 levels) Tensile, flexural  and 
impact testing. 

 

Specimens with raster angle of 45°/-45° (crisscross) had 
higher strength for deflection, flexural and impact tests. 

The tensile test result showed higher strength in cross-

orientation (0°/90°). 

[7] 

ABS P400 | Stratasys 
Vantage SE | ISO 604-1973, 

ISO R291:1977 

Layer thickness, 
build orientation, 

RA, RW, air gap (3 
levels each)  

Compressive 
testing (analytical 

and experimental) 

Maximal compressive strength can be achived with layer 
thickness of 0.254 mm, orientation of 0.036°, RA 59.44°, 

RW 0.422 mm and air gap 0.00026 mm. Low part strength 
is caused by distortion and anisotropy. 

[28] 

ABS M30 | FDM | ASTM 

D638-10 

Build orientation, 

number of contures 

Tensile testing, 

stiffness 

The results have been processed for the determination of 

the Ultimate Strength and of the Young’s modulus. Design 

of an algorithm able to model the rupture event of every 
single bead and, consequently, to predict the failure of the 

whole part. 

[29] 

ABS, ABS+ | Stratasys 
Dimension, Dimension Elite 

| ISO 527-1 

Build orientation Tensile testing for 
fatigue 

ABS+ part's properties were found to be isotropic than 
properties of ABS parts. The UTS for the ABS specimens 

ranged from 50-80% of the ABS wire data and for the 

ABS+ specimens ranged from 75-80% percent (omitting 
the Z-direction). 

[30] 

PC | Stratasys Vantage SE | 

ASTM D638 

Build orientation Tensile testing, 

elastic modulus  

The results also show a degradation in strength compared 

to bulk material properties (30%–53%, depending on 

orientation) and as manufactured properties as reported by 

the FDM vendor (36%–63%, depending on orientation 

[31] 

ABS | Stratasys Dimension 

BST | ISO R527:1966,  ISO 
180:1982  

Build orientation (5 

levels) 

Tensile and 

compressive testing 

The build orientation has more influence on the 

compressive strength than tensile strength. Compared to 
the injection molded parts, tensile strength is lower for 48-

60 % and compressive strength has a reduction in the range 

of 57- 64 % for build orientation varying from 0°-90° 
respectively. 

[32] 

PLA | Bits - Bytes 3DTouch 

| ISO 178:2010, ISO 

5271:1996, ISO 180:2001 

Build orientation, 

infill pattern/density, 

layer thickness, print 
speed 

Tensile, flexural and 

impact testing 

Combination of impact (X oriented) and flexural (Z 

oriented) tests are more practical for assessing impact 

strength and flexural modulus when applied to parameter 
set B specimens, and hence the quality of a build on a 

FDM machine. 

[13] 

ABS | Fortus 
400mc |ISO 

R527:1966, R178:1975 

RA, RW, air gap, 
layer thickness, 

positioning 

Tensile testing Improvement in tensile strength is achieved with minimum 
layer thickness and raster width, larger raster angle, and 

negative air gap. 

[5] 

PC |  

Fortus 900 mc | 

ASTM D638  

RA, RW, CW, 

air gap, build 

orientation 

Tensile testing Maximum tensile strength is achieved for the specimens 

placed in the XZY position, and the lowest for those placed 

in the ZXY position. 

[12] 

ABS P400 | Stratasys FDM | 

ASTM D638, ASTM D790 

Part orientation, layer 

orientations  

Tensile  and flextural 

testing 

Maximum flextural strength is achived with specimens 

placed at an angle of 0° to the  x-axis. Maximum tensile 

strength is achived for specimens placed at an angle of  0° 
to the y-axis have a good maximum tensile stress. The 

specimens at an angle of 45° with respect to the z axis have 

the worst results. 
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[33] 

 

ABS, PLA | Lulzbot Prusa, 
Prusa Mendel | ASTM D638 

Layer thickner, raster 
orientation 

Tensile testing Investigated the association between raster pattern and a 
layer height of open source printers to tensile strength, 

modulus and strain at tensile strength. 

[34] 

ABS P430 | Dimension 3D 

Printer | ISO 178:2006, ISO 
527:1997 

RA (5 levels), build 

orientation (3 levels) 

Compressive strength Smaller raster angles (0°) provide maximum strength 

because of larger effective raster length. 

[17] 

ABS | low-cost FFF, 

commerical FDM 

Layer thickness, 

build orientation, air 
gap 

Tensile  and 

compressive testing 

FFF open-source parts reached lower values for the tensile 

strength. For the compressive strength the results were 
almost same. For optimal results lower layer thickness, 

orientation 45°/−45° and negative air gap are advised. 

[35] 

PP (polypropylene),  GRPP 

(glass reinforced PP) | Prusa 
i3 | DIN 53504-S3a  

infill degree, build 

orientation, layer 
thickness 

Tensile and 

compressive testing 

The adhesion between adjacent filaments is evident but, 

and the samples are stiffer in the filament direction. The 
layer thickness has little influence on the mechanical 

performance of the samples. The infill degree has a 
dramatic and linear effect on the mechanical properties. 

The use of fibers as reinforcement is also effective in 3D 

printing. The loss in the mechanical performance of the 
printed samples is 20–30%, depending on the printing 

parameters values used, when compared to that of samples 

produced by compression molding. 

[36] 

ABS | Stratasys Vantage | 

ASTM D638, ASTM D7791 

raster orientation (4 

levels), defined 

machine default 

values for parameters 

Tensile and 

fatigue testing 

UTS and yield strength are highest for 0° raster orientation.  

[37] 

 

PLA | Prusa | ASTM D638 layer thickness, print 

orientation (2 levels 

each), infill 
percentage (3 levels)  

Tensile testing,  

elastic modulus 

The decrease in strength was observed as infill orientation 

comes closer to 90° and increases when perimeters 

increase. 

[38] 

PA12 (polyamide) | Fortus 

400mc | DIN EN ISO 527, 

DIN EN ISO 178, DIN EN 
ISO 604, DIN EN ISO 1133 

Layer thickness, 

build 

orientation (3 levels 
each) 

Tensile, flexural, 

compressive testing, 

thermal testing  

The highest tensile strength was recorded in X-direction.  

No anisotropy was visible for the flexural strength but a 

slight tendency for the flexural modulus. The highest 
compressive modulus is noticeable in Z-direction with a 

layer thickness of 254 μm. For the compressive strength, 

there are only slight differences recognizable. As thermal 
properties of the Polyamide 12, the flow ability is 

determined (MVR) and the melting behavior by means of 

DSC analyze.  

[15] 

ABS | Cubex 3D printer | 

ASTM D-1708, ASTM D-

256, ASTM D785 

Layer thickness Tensile, impact and 

hardnes testing 

The layer thickness plays a significant role in the 

mechanical propertied of ABS fabricated parts. As the 

layer thickness increases, tensile strength reduced by 46%, 
impact strength reduced by 54.5% and hardness reduced by 

40%; exception is with layer thickness 0.5 mm. 

[39] 

ABS | Lulzbot TAZ 4 | 
ASTM D638-10  

 

Build orientation, 
raster patterns 

Tensile testing The tensile test results exhibited an equivalency between 
the vertically printed specimens with horizontal printed 

specimens. The fracture morphology was also planar in 

nature and exhibited less plastic deformation than the 
longitudinal and crosshatched specimens.  

[19] 
 

PLA | Replicator 2 | ASTM 

D638;  D648, E143 

layer thickness, build 

orientation, infill 

percentage and 
direction, extrusion 

temperature, speed (2 

levels each) 

Tensile and flexural 

testing 

 

Layer thicknes and infill percentage have highies influence 

on the tensile and flexural strength. 

[40] 

Z-ABS, Z-Ultrat, 

Z-glass-PETG | Zortrax | 

EN ISO 
527-4 type 5 

5 samples for 

each material 

Tensile testing Results show some distinctions between tensile modulus of 

the fabricated parts and its base materials, i.e. Z-ABS prints 

Young modulus have mean value of 1.12 GPa and the 
encyclopedic value is between 1.7 up to 2.1 GPa.  

[9] 

Z-ABS | Zortrax M200 | 

ASTM D638 

layer thickness , build 

plate, and build 

orientation (3 levels 
each) 

Tensile testing, 

compession testing 

Specimens with layer thickness of 0.09 mm and YZ-H 

show  the highest Young’s modulus of 1524 MPa. YZ-H 

and YZ-D with layer thickness of 0.09 mm show the 
highest yield strength of 39 MPa. Compression tests show 

that XY-H and XY-D have the highest stiffness and yield 

strength. 

[41] 

Ninjaflex (5 colors), 

SemiFlex (4 colors), HIPS 

(5 colors), T-Glass (5 
colors), PC (1 color), Nylon 

(2 Types), ABS (1 color) | 

Lulzbot TAZ 3.1 and 4 | 
ASTM D638 

Different extrusion 

temperature for 

different materials, 
mass 

Tensile testing The study demonstrates that the tensile strength of 

fabricated specimens depends largely on the mass of the 

specimen, for all materials. The strongest material among 
those tested was polycarbonate with a maximum tensile 

strength of 49 MPa. The most flexible material was 

Ninjaflex, which did not break after an extension of about 
800%. Nylon materials were stronger than Ninjaflex and 

SemiFlex, and much more flexible than ABS, HIPS, T-

Glase, and polycarbonate, which provides a good balance 

between strength and flexibility. 

[20] 

Ultem1010 |  FDM  build orientation, RA, 

air gaps 

Flextural testing  The XYZ 0°/90° build combination was chosen for 

elevated temperature flexure testing. For the elevated 
flexure testing up to 205°C (400°F), both modulus and 

yield strength decreased as the testing temperature 

increased. Similarly to the elevated temperature tests, the 
XYZ 0°/90° build combination was chosen for sparse-build 

flexure coupons. The experimental and simulation data 

were found to be within good agreement.  
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[42] 

PLA | WitBox desktop 3D 
printer | ASTM D638, 

ASTM D790 

Build orienatation, 
feed rate (3 levels 

each), layer thickness 

(4 levels) 

Tensile and flextural 
testing 

On-edge orientation may be selected for the optimal 
mechanical performance in terms of strength, stiffness and 

ductility. If ductile behaviour is desired with the optimal 

printing time, strength and stiffness, high layer thickness 

and low feed rate values are recommended for upright and 

on-edge orientations. Low layer thickness and high feed 

rate values are recommended for on-edge and flat 
orientations. If minimum printing time is desired, high 

layer thickness and high feed rate are recommended. 

[18] 

PLA | FFF open-source Layer thickness, RA, 

RW 

Flextural testing A higher flexural strength was observed at 0° RA and 

decrease with highier angle and higher layer thickness. At 
the intermediate value of the RW, a higher flexural strength 

is achived. 

[10] 
PPSF | FDM | Build orientation, 

RA, RW, air gap 
Tenisile and flexural 
testing 

The best physical and mechanical PPSF characteristics, are 
achieved by printing in a longitudinal filament orientation, 

with minimum width and negative air gaps between them.  

[43] 

PLA, PC, PETG | 
Prusa Mk3S | 

ISO 527-1:2019, ISO 

178:2019 

100% infill, change 
in material 

Tenisile and flexural 
testing 

PLA specimens have the highies tensile strength, largest 
mean Young’s modulus and flextural stress. PETG showed 

the largest elongation before breaking in both test cases. 

PC specimens have the highes UTS. 

4. Discussion 

As can be noted from Table 1, most of the researches are 

conducted for ABS parts, as this material is most widespread. But 

in the last few years studies on different materials emerge, such 

us: PLA and Ultem. As can be seen from the Table 1 there is not 

unified standard used for testing of the fabricated specimens, 

since the standardization for AM is still in its infancy. This is one 

element that really makes it difficult for the researchers not being 

able to compare results, working under different standards. 

ASTM and ISO has joined forces into creating standards faster, 

but AM technologies are consisted on many different processes 

that use different materials and consequently work under 

different working conditions. 

Most of the presented studies focus on the tensile and 

flexural properties of the specimens, but not all of them 

concentrate on the same process parameters. From Table 1 can be 

concluded that there is high connection between the mechanical 

properties and the part or layer orientation as well as the layer 

thickness. There are also important parameters such us: working 

temperature, speed, which are not subject of concern in many 

studies. 

5. Conclusion 

In this study more than 40 paper dealing with the 

mechanical properties of the fabricated parts with FDM and FFF 

were reviewed. From the stated facts and analyzed papers it can 

be concluded that FFF process has come a long way since its 

beginnings, the materials and the machines are more advanced 

capable of fabricating parts with decent mechanical properties. 

Although it should be noted that many elements such as working 

environment, process parameters, used material, machine have 

influence on the mechanical properties of the final part. This is 

why the application of the part should be taken into consideration 

in the design phase and according to that the appropriate process 

and process parameters will be chosen. 

It is important to be noted that these processes are not meant 

to substitute the conventional technologies such us injection 

molding and there for comparison is not necessary. These 

processes are meant to create new opportunities and enable 

application in areas that were not expected. 

References 

1. I. Gibson, D.W. Rosen, B. Stucker, M. Khorasani, D. 

Rosen, B. Stucker, & M. Khorasani. Additive 

manufacturing technologies. 17. Cham, Switzerland: 

Springer (2021) 

2. M. Bertoldi, M.A. Yardimci, C.M. Pistor, S.I. Guceri, 

& G. Sala. International Solid Freeform Fabrication 

Symposium (1998) 

3. A. Bellini, & S. Güçeri, Rapid Prototyping Journal 

(2003). 

4. S.-H. Ahn, M. Montero, D. Odell, S. Roundy, P.K. 

Wright, A. Rapid Prototyping Journal, 8(4) 248–257 

(2002)  

5. Hossain, M.S., Espalin, D., Ramos, J., Perez, M. and 

Wicker, R. Journal of Manufacturing Science and 

Engineering, 136(6) 061002. (2014). 

6. A.K. Sood, R.K. Ohdar, S.S. Mahapatra, Mater. Des., 

30, 4243–4252 (2009) 

7. A.K. Sood, R.K. Ohdar, S.S. Mahapatra, J. Adv. Res., 

3, 81–90 (2012) 

8. Lee, C.S., Kim, S.G., Kim, H.J., Ahn, S.-H., J. Mater. 

Process. Technol. 187–188, 627–630. (2007) 

9. M. Uddin, M. Sidek, M. Faizal, R. Ghomashchi, A. 

Pramanik, Journal of Manufacturing Science and 

Engineering, Transactions of the ASME. 139(8) 

081018 (2017)  

10. A.L. Slonov, A.A. Khashirov, A.A. Zhansitov, E.V. 

Rzhevskaya, & S.Y. Khashirova, Rapid Prototyping 

Journal (2018). 

11. O.S. Es-Said, J. Foyos, R. Noorani, M. Mendelson, R. 

Marloth, & B.A. Pregger, Materials and Manufacturing 

Processes, 15(1), 107-122 (2000) 

12. S. Raut, V.S. Jatti, N.K. Khedkar, & T.P. Singh, 

Procedia Materials Science. Elsevier B.V. 1625–1630 

(2014) 

13. G.C. Onwubolu, & F. Rayegani, International Journal 

of Manufacturing Engineering, (2014) 

14. A.K. Sood, R.K. Ohdar, S.S. Mahapatra, Mater. Des., 

31, 287–295 (2010). 

15. P. Shubham, A. Sikidar, T. Chand, Key Eng. Mater., 

706, 63–67 (2016). 

16. S.H. Masood, K. Mau, and W.Q. Song, Materials 

Science Forum, Trans Tech Publications Ltd. 654, 

2556-2559 (2010) 

17. Syamsuzzaman, M., Mardi, N.A., Fadzil, M. and 

Farazila, Y. Materials Research Innovations, 18(6), S6-

485 (2014).  

18. Rajpurohit, S. R., & Dave, H. K. Advances in 

Manufacturing, 6(4), 430-441. (2018). 

19. J. Torres, M. Cole, A. Owji, Z. DeMastry, A.P. 

Gordon, Rapid Prototyping Journal, 22(2), 387-404 

(2016) 

20. G. Taylor, X. Wang, L. Mason, M.C. Leu, K. 

Chandrashekhara, T. Schniepp, & R. Jones, Rapid 

Prototyping Journal (2018) 

 

MACHINES. TECHNOLOGIES. MATERIALS. 2022

300



21. J.F. Rodríguez, J.P. Thomas, & J.E. Renaud, Rapid 

Prototyping Journal (2001) 

22. B.H. Lee, J. Abdullah, Z.A. Khan, Journal of Materials 

Processing Technology, 169, 54-61(2005) 

23. Q. Sun, G.M. Rizvi, C.T. Bellehumeur, P. Gu, Rapid 

Prototyping Journal, 14(2) 72–80 (2008) 

24. S.K. Panda, S. Padhee, A.K. Sood, S.S. Mahapatra, 

Intell. Inf. Manag., 1, 89–97 (2009) 

25. A.K. Sood, V. Chaturvedi, S. Datta, and S.S. 
Mahapatra, Journal of Advanced Manufacturing 
Systems, 10(2), 241-259 (2011) 

26. A. Bagsik, V. Schoeppner, ANTEC, Plastics: Annual 

Technical Conference Proceedings, (2011). 

27. A.W. Fatimatuzahraa, B. Farahaina, & W.A.Y. Yusoff, 

IEEE Symposium on Business, Engineering and 

Industrial Applications (ISBEIA), 22-27, (2011). 

28. D. Croccolo, M. De Agostinis, & G. Olmi, 

Computational Materials Science, 79, 506-518 (2013) 

29. J. Lee, and A. Huang, Rapid Prototyping Journal, 

19(4), 291-299 (2013) 

30. C. Smith, R.W. Dean, Polymer Testing, 32, 1306–1312 

(2013) 

31. K.M. Ashtankar, A.M. Kuthe, & B.S. Rathour, ASME 

International Mechanical Engineering Congress and 

Exposition, 56406, V011T06A017 (2013) 

32. A.O. Stephen, K.W. Dalgarno, and J. Munguia, 

Proceedings of the 6th International Conference on 

Advanced Research in Virtual and Rapid Prototyping, 

31-35 (2013) 

33. B.M. Tymrak, M. Kreiger, & J.M. Pearce, Materials & 

Design, 58, 242-246 (2014) 

34. I. Durgun, & R. Ertan, Rapid Prototyping Journal 

(2014) 

35. O.S. Carneiro, A.F. Silva, & R. Gomes, Materials & 

Design, 83, 768-776 (2015) 

36. S. Ziemian, M. Okwara, and C.W. Ziemian, Rapid 

Prototyping Journal (2015) 

37. A. Lanzoni, M. Grasso, G. Staiano, and M. Martorelli, 

Rapid Prototyping Journal, 21(5), 604-617 (2015) 
38. F. Knoop, & V. Schoeppner, International Solid 

Freeform Fabrication Symposium, (2015) 
39. A.R. Torrado, D.A. Roberson, Journal of Failure 

Analysis and Prevention, 16(1), 154-164 (2016) 

40. K. Szykiedans, W. Credo, Procedia Engineering, 136, 

257 – 262 (2016) 

41. N.G. Tanikella, B. Wittbrodt, J.M. Pearce, Additive 

Manufacturing, 17, 40-47 (2017) 

42. J.M. Chacon, M.A. Caminero, E. Garcıa-Plaza, P.J. 

Nunez, Materials & Design, 124, 143-157 (2017) 

43. J. Djokikj, O. Tuteski, E. Doncheva, & B. Hadjieva, 

Procedia Structural Integrity, 41, 670-679 (2022) 

 

 

 

MACHINES. TECHNOLOGIES. MATERIALS. 2022

301



Disposal of Spent Ionizing Radiation Sources Cobalt-60 

 
Ulugbek Ashrapov*1, Ilkham Sadikov1, Bakhodir Mirzaev1, Shavkat Malikov1, Valery Nesterov2  

Institute of Nuclear Physics of Academy Sciences (INP AS), Tashkent, Uzbekistan1 

Joint Stock Company «National Technical Physics and Automation Research Institute», Moscow, Russia2 

ashrapov@inp.uz 

 

Abstract: The paper discusses the experience of work of specialists of the consortium as part of the  INP AS (Tashkent, Uzbekistan), JSC 

"National Technical Physics and Automation Research Institute" and CJSC "Mounting Firm "Radiy" (Moscow, Russia) at utilization of 96 

pieces of sources GIK-7-2 Co-60 of gamma installations of "RKhM-gamma-20" and "Issledovatel", including 2 emergency sources Co-60, 

their burial in specialization point for radioactive waste.   Also, the experience of specialists in the elimination of emergency situation with 

recharge a highly active source of GIK 8-4 Co-60 for radiation gamma therapy from emergency holder with crack to a new holder from 

depleted uranium.  The reason for the appearance of a crack on the body of the Co-60 source holder is discussed. 

Keywords: RADIONUCLIDE Co-60, EMERGANCY SITUATION, GAMMA-INSTALLATION, SOURCE HOLDER, DEPLATED URANIUM, 

RADIOACTIVE WASTE.  

 

1. Introduction 

Radiation technologies in scientific research, irradiation of  

materials and foods,  gamma therapy in oncology  is based on use 

gamma-radiation of closed source of ionizing radiation with 

radionuclide Co-60, which  has a half-life of 5.2714 years and very 

hard energy of gamma radiation (1.732 and 1.3325 MeV).  Sealed 

sources GIK 8-4 and GIK 7-2 Co-60 belong to dangerous 

radioactive sources of category 1 [1] and if safety rules are not 

observed or their protection is not reliable, they can cause 

irreparable harm to human health and the consequences can be fatal. 

There are 16 large medical institutions in Uzbekistan with 

devices for radiation gamma therapy with Co-60 sources for 

oncological dispensaries, as well as a gamma installation with GIK-

7-4 sources at the INP AN in Tashkent and a gamma installation 

GUBE-6000 of the Veterinary Research Institute with GIK- 7-2 in 

Samarkand region. Currently, the actual tasks are the utilization of 

expired Co-60 sources, and the related training of personnel to work 

with Co-60 sources, the development of technologies, special 

instruments and equipment used for their disposal. To work with 

high-level sources of Co-60, a consortium was created consisting of 

specialists from JSC "NIITFA", CJSC "MF" Radiy "and the 

Institute of Nuclear Physics of the Academy of Sciences of the 

Republic of Uzbekistan, the purpose of which is to utilize sources of 

ionizing radiation Co-60 GIK 8-4 and GIK 7-2 and eliminate 

emergencies with them. 

 The article is aimed at presenting the experience of the consortium 

in the elimination of accidents with high-level sources of Co-60, as 

well as their disposal.  

 

2. Materials and methods.  

Gamma-installations «RKhM-γ-20» and «Issledovatel» of JSC 

«Foton» were designed to conduct radiation research in the field of 

solid state physics, radiobiology, medicine and production and 

technological processes for gamma irradiation of semiconductor 

products. The assigned life of Co-60 sources has expired six times, 

however, the total activity of 96 pcs. sources of Co-60 GIC 7-2 in 

both gamma installations was 2.056 1013 Bq (555.4 Ci).  

To discharge Co-60 sources from gamma-ray plants, a reusable 

transport packaging kit UKT-1V-26-12 with a rechargeable 

container KTB-250-12 was used (Fig. 1). 

 
Fig. 1. Scheme of the transport packaging kit UKT1V-26-12: 1 - 

KTB-250-12 rechargeable container; 5 - cover of the protective 

container; 2 - drum; 6 - body of protective packaging; 3 - cork;  

7 - thermal protection. 

 

 

In Table 1 are shown specifications of the UKT1V-26-12 

packaging kit. 

  
Таble 1. Technical characteristics of the packaging kit UKT1V-26-12. 

Facing Steel type Х18Н10Т  
Protection Lead 
Maximum container dimensions       diameter – 680 мм,  

      height – 860 мм 
Nest dimensions 

 
      diameter - 14 мм,  

       height – 105 мм 

Weight, kg 2320  
Number of working channels 

  
12 

 Permission loading sources Co-60 up to 25 kCi 

 

Installations "RKhM-γ-20" and "Issledovatel" are lead 

containers, in the center of which there are working chambers 

located around the circumference with tubular cassettes ("squirrel 

wheel"), each of which could accommodate up to 6 GIK 7-2 sources 

Co-60 with dimensions: Ø=11.2 mm, h=81.5 mm. Fig. 2 shows the 

structural diagram of the "Issledovatel" gamma installation [2]. 

                    

Fig. 2. Structural scheme of the "Issledovatel" gamma-

installation: 1 - bed; 2 - counterweight; 3 - stock; lead container 

(radiation head); 5 - work table; 6 - cylindrical irradiator; 7-beam 

shutter; 8-shutter body; 9-cork; 10-lift mechanism; 11 - blocks; 12- 

cables. 

For the removal of GIK 7-2 Co-60 sources from the «RKhM-γ-

20» and «Issledovatel» gamma-installations, standard collets and 
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rod rigs were used. Fig. 3 shows a general view of the collets, rods 

and non-standard tools for removing 2 emergency Co-60 sources.  

 

   

    a                  b        с                                             c  

Fig. 3. Photo view of the collet (a), rod (b) and developed a new 

non-standard tools (c) for the removing 2 emergency Co-60 

sources.  

 

Non-standard tools are hollow tubes with pointed ends that 

attach to a drill and do the job of removing the epoxy around the 

Co-60 source. 

The specialists with DPG-03 thermoluminescent dosimeters and 

«Rados-60» dosimeters were provided. Dosimetric control of the 

exposure dose rate with an IdentyFINDER R400 dosimetric device 

was carried out. The radiation-hazardous work of the personnel was 

carried out under constant dosimetric monitoring of the radiation 

level in compliance with sanitary standards and radiation safety 

requirements of SanPiN No. 0193-06 [3]. 

 

 

3. Results and discussion 
 

The consortium performed work on the radiation-safe mode of 

unloading 96 sources of Co-60 GIK 7-2, including 2 emergency 

sources from the gamma-ray installation "Issledovatel", they were 

transported by special vehicles during 4 times (total 560 km) from 

JSC "Photon" (Tashkent city) to the Republican State Enterprise for 

the Disposal of Radioactive Waste (Tashkent region) accompanied 

by a police convoy and were buried in the storage of spent 

radioactive sources. An emergency situation is present when 

discharging from a gamma plant 2 emergency sources of Co-60, 

which are present in the hardened epoxy resin. In this emergency 

situation, standard equipment could not be used, so a non-standard 

tools was developed. Fig. 4 shows the use a non-standard tool for 

removing emergency sources 2 that were in the hardened epoxy 

resin and specially designed tools were used to destroy the epoxy 

resin (a). 

 

   
        a                                   b                                    с 

Fig. 4. Destruction of epoxy resin (a), removal of emergency Co-60 

sources from the «Issledovatel» gamma-installation (b), 

dismantling of the KTB-250-12 recharge container with Co-60 

sources (c). 

 

Another work of the consortium was the elimination of an 

accident with a 1 peace Co-60 source in an emergency holder of a 

gamma therapeutic remote apparatus of the Namangan Regional 

Oncological Dispensary, where the emergency situation arose due 

to a jamming in a transport and reloading container of the KTP-5M 

type of a clip with radioactive cobalt-60 of the GIK 8-4 type with an 

activity of 3750 Ci. The holder together with the source could not 

be removed from the rechargeable container using standard 

technology, which required the return of Co-60 to the manufacturer 

from the Russian Federation. Emergency situation by the personnel 

using special equipment with remote manipulators in a protective 

box was resolved. In the protective box, the holder with the Co-60 

source was removed through the inlet channel using remote  

manipulators, the source was transferred to a new holder, which was 

then placed in the KTP-5M container in accordance with the flow 

chart (Fig 5). 

   

 

                      a 
                          b 

Fig. 5. Preparatory work with recharge container KTP-5M (а) and 

recharging of the Co-60 source from the emergency holder into a 

new holder in protective box (b). 

The dosimetrically measurements on Radiagem-2000 

radiometer and gamma spectrometric measurements immersion 

liquid on DSA-1000 digital multichannel spectrum analyzer with 

Genie-2000 software (Canberra, USA) were carried out.  

The exposure dose rate (EDR) on the surface of the recharge 

container KTP-5M was 10.8 µSv/h, while the EDR in the working 

room was 0.25 µSv/h. After removing the Co-60 source from 

holder, a visual inspection of the holder body showed the presence 

of two longitudinal cracks on its serface, as a result of which the 

holder body swelled and increased by 0.94 mm in diameter, which 

led to a problem with its removal through the outlet channel of the 

container for recharging. Fig. 6 shows crack on the body of source 

holder. 

 

   

Fig. 6. Crack on the body of the source holder. 

However, a crack in the body of the holder did not lead to a 

violation of the tightness of the Co-60 source itself, the tightness of 

which was checked by the immersion method [4]. The 

spectrometric analysis data of immersion liquid was showed that the 

Co-60 source is sealed (activity of immersion liquid is ≤185 Bk) [5] 

and no radioactive contamination of the holder body was found.  

Fig. 7 shows a depleted uranium container (a) containing a 

source of Co-60 for disposal and a depleted uranium plug fully 

wedged into the container body due to expansion (b). 

  
                    a                                                   b 

Fig. 7. Depleted uranium container (a) containing a source of 

Co-60 and a plug of depleted uranium that was completely wedged 

into the body of the container during expansion (b).  

 

The emergency situation could be eliminated and the container 

lid opened only by repeatedly exposing the plug to alternating low 

temperature with liquid nitrogen (-196 0C) and high flame 

temperature with a gas burner (+500 0C). 
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When analyzing the cause of a crack in the depleted uranium holder 

body or jamming of the depleted uranium container cap, it was 

concluded that in the presence of oxygen, water vapor can be 

adsorbed on the walls of the holder with depleted uranium, which 

reacts violently with uranium with the release of hydrogen, which 

reacts with uranium to form pyroform uranium hydride [6]. The 

ongoing chemical reactions can be represented by the following 

equation: 

7U + 6H2O = 3UO2 + 4UH3 + Q ↑ (evaporation)             (1) 

As is known, the density of depleted uranium is 19 g/cm³, 

therefore, with the complete oxidation of uranium due to oxygen 

and moisture from the air, a twofold increase in the volume of the 

holder is possible. The cause of corrosion in the body of the holder 

is the thermodynamic instability of the metallic state of depleted 

uranium. It should be note that the IAEA classifies depleted 

uranium as category II nuclear material and defines the levels of 

physical protection during storage and transportation [7], which 

means that the handling of depleted uranium requires precautions. 
 

4. Conclusions 
    

In total 96 pieces of exhausted Co-60 sources from the «RhM--

20» and «Issledovatel» gamma-installations at the appointed time 

and in compliance with radiation safety were discharged and 

utilizated as radioactive waste [8]. Non-standard emergency with 

the removal of two emergency sources of Co-60 from the gamma 

installation successfully was completed. The IAEA news reported 

on the successful completion of the project [9]. 
The highly active source Co-60 GIK 8-4 from the emergency 

holder into a new holder of the gamma therapeutic installation was 

recharged. Replacement of the depleted uranium holder with a new 

one guarantees its further performance for 15 years.  

The results of work with depleted uranium products showed that 

hydrolysis corrosion is observed in majority depleted uranium 

products used for radiation protection against gamma radiation 

(radiation head of gamma flaw detectors, transport packaging 

containers and protective containers for high radioactive closed 

radiation ionizing sources).  
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Abstract: In this paper the deformation force of the forging process in step-wedge strikers was studied. At the first stage, the study of the 

deformation force using computer modeling in the Deform-3D software package was carried out. At the second stage, an experimental study 

of the deformation force during the broaching of workpieces in step-wedge strikers using thermometry was carried out. It is established that 

the experimental results have a high convergence with the simulation values. The increasing level of difference in results is associated with 

heat losses during intermediate operations, which are usually ignored during modeling.  

Keywords: FORGING, STEP-WEDGE STRIKERS, MODELING, EXPERIMENT, DEFORMATION FORCE. 

 

 

1. Introduction 

An important direction in the forging production development is 

to increase the mechanical properties of forgings made of ferrous 

metals by introducing new forging technologies into production that 

ensure the development of shear and alternating deformations 

throughout the volume of the deformed metal. This ensures the 

grinding of the cast structure to a fine-grained state and its uniform 

distribution over the entire volume of the metal. At the same time, 

one of the main effectiveness indicators of the new forging 

technology is the reduction of the energy-power parameters.  

New forging technologies include the technology of forging 

forgings such as plates and plates in step-wedge strikers of two 

configurations: 

- according to the first configuration, strikers with stepped and 

inclined sections are made with an inclination angle no more than 

45° to the horizontal plane of the section between the steps and the 

width of the step of a greater length of at least 1.5 of the total length 

of the smaller step and the inclined section, while the inclined 

section and the smaller step in the cross section of the upper and 

lower striker are made in the form of a wedge [1] (fig. 1, a); 

- according to the second configuration, the inclined section and 

the smaller step of the upper striker in the cross section are made in 

the form of a wedge, and the lower striker in the form of a similar 

wedge-shaped depression, and the length of the smaller step with 

the wedge-shaped depression of the lower striker is made longer 

than the upper one in order to avoid the formation of clips on the 

workpiece [2] (Fig. 1, b). 

Earlier in work [3] it was shown that the use of step-wedge 

strikers is more energy efficient compared to the use of 

conventional step strikers, which formed the basis of step-wedge 

strikers together with wedge-shaped strikers, since the values of the 

forging forces in these strikers in comparison with conventional 

step strikers turned out to be on average less by 30-35%. The 

purpose of this work is to study the deformation force of the forging 

process of workpieces in step-wedge strikers. 

 

2. Computer simulation 
At the first stage, the study of the deformation force using 

computer modeling of the forging process of workpieces in step-

wedge-shaped strikers (two configurations) in the Deform-3D 

software package was carried out. Two solid-state models of step-

wedge strikers of the first and second configurations with a wedge 

angle of 160° were built. AISI-1035 steel was chosen as the model 

material for the workpiece. The cross section of the workpiece was 

30x30 mm. Deformation was carried out at a temperature of 1100 

°C with a deformation degree equal to 10% of the initial height of 

the workpiece. 

  

   
a)       b) 

1 – upper striker; 2 – lower striker; 3 – smaller stage with a wedge of the upper striker, 4 – inclined section with a wedge of the upper striker; 5 – large flat 

stage of the upper striker; 6 – smaller stage with a wedge (a) and wedge depression (b) of the lower striker; 7 - inclined section with a wedge (a) and wedge 
depression (b) of the lower striker; 8 - large flat step of the lower striker 

Fig. 1. Step-wedge strikers 

 

Figure 2 shows graphs of the deformation force during 

broaching in step-wedge strikers of the first and second 

configurations, based on the values of maximum deformation force 

in each pass. It can be seen that when broaching the workpiece in 

the strikers of the first configuration (both strikers with a wedge) 

due to the compression intensificationf, the deformation force has 

higher values than when broaching in the strikers of the second 

configuration, this is especially noticeable when comparing the 
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central areas of the graphs, which correspond to the presence of 

metal in the all three zones of strikers. In the last passes, when the 

workpiece is no longer in the first two sections, the force values 

become comparable.  

 

 
Fig. 2. Values of the force during broaching in step-wedge strikers 

 

3. Laboratory experiment 
At the second stage an experimental study of the deformation 

force during the broaching in step-wedge strikers was carried out. 

Experiment was carried out only for step-wedge strikers of the 

second configuration, i.e. with a wedge on the upper striker and 

with a wedge-shaped depression on the lower striker, since the main 

purpose of experiment was to confirm the results of computer 

modeling. 

To measure the resulting deformation forces, it was decided to 

use a well-proven strain gauge method. The following equipment 

was used for this purpose: strain gauge station ZET-017-T8 (CJSC 

ETMS, Russia); strain gauges with TCFO1-2-200 resistors (CJSC 

ETMS, Russia). 

The diagram of the sticker connection of strain gages is shown 

in Figure 3. This scheme allows to register the change in electrical 

resistance under the influence of force in the longitudinal or 

transverse direction, while the second sensor always acts as an 

element with the thermal compensation function, which is important 

dirung  hot deformation. Since the broaching in these strikers is 

carried out in the longitudinal direction, the measuring strain gauge 

is glued across the striker, and the compensating strain gauge, 

perceiving only temperature changes, is glued along the striker. 

  

 

 
Fig. 3. Load cell sticker diagram 

 

Before the direct test, the upper striker with installed load cells 

was subjected to compression tests on the torsion-bursting machine 

MI-40KU. The purpose of these tests was the preliminary 

calibration of strain gages. On this laboratory stand it is possible to 

develop forces up to 40 kN with accurate fixation of their values. 

The essence of pre-calibration is to change the stress-strain state of 

the strain gages under load, which causes deformation and linear 

change in the resistance of the strain gages. With a sequential 

change in the load in the range from zero to 35 kN with a step of 5 

kN, the dependence of the electrical voltage in the circuit and the 

applied force is constructed. This dependence is always linear, so 

the result of calibration is a mathematical equation of the form Y = 

KX + B, where Y is the force and X is the voltage. 

To improve accuracy, 3 passes were carried out over the 

specified range – up, down, up, or 21 measurements (when 5, 10, 

15, 20, 25, 30 and 35 kN). The data obtained during the tests were 

statistically processed, and a linear regression equation was derived 

from them, linking the force applied to the instrument (P, N) with 

the voltage (U, mV) in the circuit. The equation for measuring the 

deformation force has the form: P = -4684.2U + 19625. The 

coefficient of determination R2 = 0.998; the standard measurement 

error, according to the results of 21 tests, was less than 0.2%. The 

obtained data were entered into the program for recording and 

processing measurements of the ZET-017-T8 strain station to 

ensure the possibility of recording the signal in the form of a force 

graph. 

After carrying out calibration settings, the striker with strain 

gages was installed on the upper plate of the press. When fixing the 

magnitude of the force, it was decided to carry out measurements on 

each successive feed of the workpiece, i.e. when the workpiece is 

crimped by one, two and three stages of strikers (stages 2, 4, 6 in 

Figure 4). This will make it possible to track the sequence of 

loading of the tool, as well as provide more opportunities for 

verification of measurement by comparing experimental values with 

simulation results. 

 
Fig. 4. Deformation scheme in step-wedge strikers 

 

As a result, the following data were obtained (Figure 5). 
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а)  b)  

  

 c)  
a – compression by one step; b – compression by two steps; c – compression by three steps 

Fig. 5. Change in the force during broaching in step-wedge strikers 

 

When analyzing the results of the effort measurement, it was 

noted that at all three stages, the nature of the effort curve is 

monotonically increasing. With the identical nature (appearance) of 

the curve, they differ significantly in vertical amplitude, which is 

the result of a significant increase in the area of contact between the 

metal and the tool at each subsequent stage. 

The force measurement data were summarized in Table 1. For 

each stage of the deformation process, the error values were 

calculated in comparison with the values obtained during modeling. 

 

Table 1 – Force measurement results 

 1st stage 2nd stage 3rd 

stage 

Value of the force during 

the experiment, kN 

70,5 173 367 

Value of the force during 

modeling, kN 

70 169 346 

Error rate, % 0,7 2,36 6 

 

In the course of the conducted studies, it was found that with 

each subsequent stage the error value increases, despite the fact that 

at the first stage the error is extremely small. This is due to some 

differences in the technologies of modeling and conducting the 

experiment. After each pass, the workpiece must be advanced by a 

certain amount of feed. In real conditions, this is done with the help 

of a manipulator (in laboratory conditions - manually with the help 

of ticks). These intermediate operations often take an average of 15 

to 30 seconds, which is reflected in the additional cooling of the 

workpiece. When modeling, the movement of the workpiece 

between the aisles occurs instantly, so there is no heat loss here. As 

a result, the values of the force in the experiment are always greater 

than the force in the modeling. 

 

4. Conclusion 

The conducted studies have confirmed the energy efficiency of 

the forging process of blanks such as plates in step-wedge strikers 

with a wedge on the upper striker and with a wedge-shaped 

depression on the lower striker, compared with forging similar 

blanks in step-wedge strikers with a wedge on the upper and lower 

striker, and accordingly, compared with forging in conventional 

stepped strikers. 

5. Acknowledgements 
This research was funded by the Science Committee of the 

Ministry of Education and Science of the Republic of Kazakhstan 

(Grant No. AP09057965). 

 

6. References 
 

1. Найзабеков А.Б., Лежнев С.Н., Панин Е.А., Толкушкин 

А.О. Инструмент для изготовления поковок, Инновационный 

патент РК №30420, 2015.  

2. Найзабеков А.Б., Лежнев С.Н., Панин Е.А., Богатов А.А., 

Толкушкин А.О. Инструмент для изготовления поковок, 

Патент РК №33694, 2019. 

3. Naizabekov A.B., Lezhnev S.N., Krivtsova O.N., Tolkushkin 

A.O. Simulation of the new technology of forging of blanks such as 

slabs and plates made of ferrous metals and alloys // Journal of 

Achievements in Materials and Manufacturing Engineering. – 2014. 

- Vol. 62. - P. 75-80. 

 

 

MACHINES. TECHNOLOGIES. MATERIALS. 2022

307



ТЕХНОЛОГИЯ И ПРИСПОСОБЛЕНИЯ ЗА МЕХАНИЧНО ОБРАБОТВАНЕ 

НА ДЕТАЙЛИ ЗА ГРАЙФЕРНИ КОФИ 

TECHNOLOGY AND FIXTURES FOR MACHINING OF PARTS 

FOR GRAPPLE BUCKETS 

Asst. Prof. Nikolay Stankov, PhD 

 University of Ruse, Bulgaria 

nstankov@uni-ruse.bg 

 

Abstract: The paper presents the developing of a technology and the designing of fixtures for machining of parts for grapple buckets. The 

presented clamshell grapple buckets are designed for bulk materials and they are part of the grapple construction. Grapples are installed on 

cranes, excavators and other specialized machines. The whole process related to the production of the parts is considered - from the 3D 

model to the real product. A technology and a fixtures for machining the parts have been developed. A control cards to control the 

dimensions of the production of the parts was made. Programs for machining on a specific CNC machine have been developed. The 3D 

models are designed using the CAD system SolidWorks. Complete design documentation is created for each of the fixtures and the process is 

automated by using SolidWorks template files. 

Keywords: GRAPPLE BUCKETS, GRAPPLES, CRANES, EXCAVATORS, DEVELOPMENT, DESIGN, CONTROL, 3D MODELS, CAD 

SYSTEM, SOLIDWORKS TEMPLATE FILES, DESIGN DOCUMENTATION 

 

1. Въведение. 
В доклада е представен съвместно разработен проект, 

свързан с конструирането и внедряването в производството на 

специализирана нестандартна технологична екипировка за 

изработването на детайли за грайферни кофи. Разработката е на 

екип от Русенски университет „Ангел Кънчев“ и фирма „СЛ 

Индъстрис“ ЕООД, град Русе [18]. Фирмата е производител на 

различни заваръчни конструкции (шасита, стабилизатори, 

предни и задни мостове, колони и стрели за кранове), машинно 

обработени детайли и изделия, компоненти и специализирана 

екипировка за кранове, мотокари, товарачи, влекачи, багери и 

други машини. Фирмата произвежда екипировка за различни 

модели грайфери – грайферни кофи, централни тела, ротатори, 

носачи и други. 

Грайферите се използват за товарно-разтоварни дейности 

на различни материали. Монтират се на кранове, автокранове, 

гондоли за скрап, лекотоварни автомобили, багери и други 

специализирани машини.  

Грайферите представляват конструкция, състояща се от 

няколко елемента – грайферни кофи (лява и дясна), централно 

тяло, ротатор и носач. Чрез кофите, грайфера загребва 

съответния материал. На централното тяло се установяват 

лявата и дясната кофа. Ротатора, осигурява завъртането на 

кофите по време на работа на 360°. Носача е тяло, което служи 

за установяване на грайфера към съответната машина. 

На фиг. 1 е показан грайфер на фирма KINSHOFER с 

черупкови грайферни кофи [19]. Приложението на грайфера е 

основно за насипни материали. 

 

В доклада е разгледан процеса на изработване на един от 

основните детайли на грайферните кофи, това са т.н. детайли 
ножове. 

Основен проблем при изработване на грайферните кофи е 

сложната форма и конструкция, която имат. Необходимо е 

постигането на точното разположение на детайлите, за да се 

получат зададените в конструкторската документация форма и 

размери на кофите.  

Съгласно изискванията в чертежите се прави механично 

обработване на функционалните повърхнини на някои от 

детайлите. 

Това налага за изработване на детайли ножове да се 

използват специализирани приспособления или т.н. 

нестандартна технологична екипировка. 

2. Предпоставки и средства за решаване на 

проблема. 

2.1. Общи сведения за грайферните кофи. 
Различните модели грайферни кофи се различават по 

предназначението си, габаритните си размери, конструкцията и 

натоварването, което могат да понесат. На фиг. 2 е показан 

общият вид на грайферна кофа, която ще бъде разгледана. 
Изделието е част от производствена програма на фирмата. 

 
Грайферните кофи от този модел са три вида, които се 

различават само по ширината си – 640 mm, 800 mm и 1000 mm.  

За всеки един комплект кофа (лява и дясна) трябва да се 

изработи комплект от ляв и десен нож. Тоест ножовете, които 

трябва да се изработят за всички кофи от този модел са общо 

шест вида. Всеки нож е с определена дължина, определен брой 

отвори и фаски с два различни ъгъла – 15° и 45°. 

На фиг. 3 са показани детайли ножове на грайферна кофа  – 

1000 mm. 

 

 
Фиг. 1. Грайфер за товарно-разтоварни дейности  

с голям обем на кофите, фирма KINSHOFER. 

 
а)    б) 

Фиг. 3. Ножове на грайферна кофа – 1000 mm. 

а) нож ляв, б) нож десен. 

 

Фиг. 2. Общ вид на грайферна кофа – 1000 mm. 
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Съгласно разработената технология за механично 

обработване на детайли ножове, със специализирани 

приспособления се изработват фаските с ъгли 15° и 45°. След 

изработване на ножовете с друго специализирано 

приспособление се сглобяват с всички останали детайли на 

грайферната кофа. 

За изработване на фаските на всички шест вида ножове ще 

се използват две приспособления. Приспособление I – за 

механично обработване на фаска с ъгъл 15° и Приспособление 

II – за механично обработване на фаска с ъгъл 45°. По-малкия 

брой приспособления значително ще намали времето за 

разработване и конструиране на необходимата технологична 

екипировка, както и разходите, свързани с производството й. 

Механичното обработване на детайли ножове ще се 

извърши на две установки: 

- първа установка – обработване на фаска с ъгъл 15°; 

- втора установка – обработване на фаска с ъгъл 45°. 

За всяка една установка ще се използва специализирано 

приспособление за установяване на ножовете върху машината. 

2.2. Технологична подготовка на изделието. 
Съгласно документацията на изделието, е необходимо 

предварително да се подготвят технологично детайлите му, за 

да бъдат изработени в условията на фирмата. 

Етапите от технологичната подготовка на изделието са 

следните: 

- създаване на тримерни модели на детайлите и на 

изделието; 

- разработване на технология за изработване на детайлите и 

на изделието [17]; 

- създаване на възли в изделието; 

- създаване на чертежи на детайлите, възлите и на 

изделието; 

- разработване на технология за сглобяване на изделието; 

- разработване на технологична екипировка за сглобяване; 

- разработване на технология за заваряване на изделието; 

- разработване на технологична екипировка за заваряване; 

- разработване на технология за механично обработване на 

изделието; 

- разработване на технологична екипировка за механично 

обработване; 

- разработване на методика за контрол на изделието; 

- разработване на ремонтна технология на изделието. 

Създаването на тримерни модели е важна стъпка от процеса 

на разработване на дадено изделие. Тримерните модели могат 

да се използват за създаване на нова конструкторска 

документация за нуждите на фирмата. В тримерните модели се 

задава необходимата информация чрез атрибути, която може да 

се използва за управление на документацията при налична 

PDM система, както и от другите отдели във фирмата при 

налична ERP система [4, 5, 12, 13]. 

На база моделите се разработва и технологията за 

изработване на детайлите – добавяне или премахване на 

отвори, прибавки за механично обработване, предварителна 

обработка на определени повърхнини и други. Това налага 

създаването на нова конструкторска документация, която да се 

използва в производството. След уточняване на всички 

особености, тримерните модели могат да се използват за 

създаване на файловете за разкрой на детайлите от листов 

материал.  

Много често се прилага метода на разделяне на изделието 

на възли, които предварително да се изработят, след което да се 

използва приспособление за сглобяването им в крайното 

изделие. 

Последен етап е създаването на необходимата екипировка 

за сглобяване, за заваряване и за механично обработване на 

изделието. 

В случая за грайферните кофи са разработени тримерните 

модели на детайлите, направени са технологични промени 

свързани с производството им и са създадени нови възли от 

изделието. 

Тримерните модели са разработени с CAD системата 

SolidWorks [1, 2, 3, 6, 7, 20]. 

Детайли ножове се изработват съгласно работните чертежи. 

Изрязват се от листов материал чрез лазерно рязане. 

Отворите могат също да се получат по време на разкроя или да 

бъдат механично обработени на машина с ЦПУ. Следва 

механично обработване на двата вида фаски чрез използване на 

разработените приспособления на машина с ЦПУ. 

3. Решение на разглеждания проблем. 

3.1. Технология за механично обработване на 

детайли ножове на първа установка. 
Разработена е технология за механично обработване на 

ножовете на първа установка. Описани са операциите и 

повърхнините, които се обработват, използваните 

металорежещи инструменти и режимите на рязане [8].  

Изделието се базира и закрепва в специализирано 

приспособление, предварително установено, центровано и 

закрепено на машината. 

В табл. 1 е показана технологията за механично 

обработване на ножовете на първа установка.  

Установяването е по черни технологични бази – задно чело 

на детайла и долната повърхнина. Закрепването е чрез болтове 
по горната повърхнина на ножа. 

Таблица 1. Технология за механично обработване на детайли 

ножове на първа установка. 

Операция, Режещ инструмент,  

Режим на рязане 

Обработвани детайли, 

Приспособление 

Операция: 

Фрезоване на фаска с ъгъл 15° 

на челната повърхнина на 

детайли ножове. Изпълнява се 

на един преход. 

Режещ инструмент: 

Челна фреза Ø125 mm 

Режим на рязане: 

Обороти 280 об/min,  

Подаване 200 mm/min 

Ножове за грайферни кофи, 

Приспособление I 

 

 

 
3.2. Технология за механично обработване на 

детайли ножове на втора установка. 
Разработена е технология за механично обработване на 

ножовете на втора установка. Описани са операциите и 

повърхнините, които се обработват, използваните 

металорежещи инструменти и режимите на рязане [8].  

Изделието се базира и закрепва в специализирано 

приспособление, предварително установено, центровано и 

закрепено на машината. 

В табл. 2 е показана технологията за механично 

обработване на ножовете на втора установка.  

Установяването е по черни технологични бази – задно чело 

на детайла и долната повърхнина. Закрепването е чрез болтове 

по горната повърхнина на ножа. 

 

 

 

 

  
а)   б) 

Фиг. 4. Механично обработване на фаска с ъгъл 15°. 

а) преди обработка, б) след обработка 
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Таблица 2. Технология за механично обработване на детайли 
ножове на втора установка. 

Операция, Режещ инструмент,  

Режим на рязане 

Обработвани детайли, 

Приспособление 

Операция: 

Фрезоване на фаска с ъгъл 45° 

на челната повърхнина на 

детайли ножове. Изпълнява се 

на един преход. 

Режещ инструмент: 

Челна фреза Ø125 mm 

Режим на рязане: 

Обороти 280 об/min,  

Подаване 200 mm/min 

Ножове за грайферни кофи, 

Приспособление II 

 

 

 

3.3. Контрол на детайли ножове след 

механичното обработване. 
След приключване на механичното обработване на 

ножовете на двете установки се извършва цялостен контрол на 

обработените повърхнини съгласно документацията на 

изделието. 

Контрола се извършва от контрольор по качеството 

(ОТКК), като за целта се попълват разработените контролни 

карти на детайли ножове.  

Контролната карта е направена така, че размерите, които 

трябва да се изпълнят съгласно чертежа се контролират по 

време на производството на детайлите. 

При констатиране на отклонения на контролираните 

размери извън допуска, се извършват коригиращи действия, 

съгласно разработената ремонтна технология. 

3.4. Разработване на приспособление за 

механично обработване на фаска с ъгъл 15° - 

първа установка. 
За реализиране на технологията за механично обработване 

на детайли ножове на първа установка, е разработено 

Приспособление I за установяването им на машината. 

 Приспособлението е разработено чрез CAD системата 
SolidWorks и на фиг. 6 е показан общия му вид. 

 
На приспособлението се извършва механично обработване 

на показаните с червен цвят повърхнини (фиг. 6 и фиг. 7). С 

механичното обработване се постига точност на размерите и на 

взаимното разположение на функционалните повърхнини на 

приспособлението. 

Фрезоват се външните повърхнини на хоризонталната и 

вертикалната основа. Пробиват се отворите Ø20 (за закрепване 

на приспособлението към масата на машината) и Ø16 (за 

центроване на приспособлението към масата на машината с 

центровъщи щифтове). Фрезоват се базиращите площадки на 

детайли поз. 2 (фиг. 7), осигуряващи позиционирането на 
ножовете на съответния ъгъл. 

На фиг. 7 е показано приспособлението с всичките му 

съставни елементи. То осигурява установяване (базиране и 

закрепване) на ножовете под ъгъл от 15° [8, 9, 10, 11, 14, 15, 

16]. 

 
Детайли позиция 3 и 4 се заваряват след механичното 

обработване на приспособлението. 

Приспособлението осигурява висока производителност, тъй 

като могат да се обработват едновременно три ножа. Не е 

сложно за манипулация, с цел да се избегнат всякакви грешки 

от субективен характер. 

На фиг. 8 е показано изработеното приспособление за 

механично обработване на ножове за грайферни кофи на първа 

установка. 

 

3.5. Разработване на приспособление за 

механично обработване на фаска с ъгъл 45° - 

втора установка. 
За реализиране на технологията за механично обработване 

на детайли ножове на втора установка, е разработено 

Приспособление II за установяването им на машината. 

 Приспособлението е разработено чрез CAD системата 

SolidWorks и на фиг. 9 е показан общия му вид. 

На приспособлението се извършва механично обработване 

на показаните с червен цвят повърхнини (фиг. 9 и фиг. 10). С 

механичното обработване се постига точност на размерите и на 

взаимното разположение на функционалните повърхнини на 

приспособлението. 

Фрезоват се външните повърхнини на хоризонталната и 

вертикалната основа. Пробиват се отворите Ø20 (за закрепване 

на приспособлението към масата на машината) и Ø16 (за 

центроване на приспособлението към масата на машината с 

центровъщи щифтове). Фрезоват се базиращите площадки на 

детайли поз. 2 (фиг. 10), осигуряващи позиционирането на 

ножовете на съответния ъгъл. 

 
Фиг. 8. Приспособление за механично обработване 

на ножове за грайферни кофи на първа установка. 

  

а)   б) 

Фиг. 5. Механично обработване на фаска с ъгъл 45°. 
а) преди обработка, б) след обработка 

 
Фиг. 7. Съставни елементи на Приспособление I. 

1 – Основа, 2 – Планка базираща, 3 – Планка фиксираща, 
4 – Втулка резбова, 5 – Ребро, 6 – Болт М24х100 

 
Фиг. 6. Общ вид на приспособлението за механично обработване  

на първа установка. 
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На фиг. 10 е показано приспособлението с всичките му 

съставни елементи. То осигурява установяване (базиране и 

закрепване) на ножовете под ъгъл от 45° [8, 9, 10, 11, 14, 15, 

16]. 

 
Детайли позиция 3 и 4 се заваряват след механичното 

обработване на приспособлението. 

Приспособлението осигурява висока производителност, тъй 

като могат да се обработват едновременно три ножа. Не е 

сложно за манипулация, с цел да се избегнат всякакви грешки 

от субективен характер. 

На фиг. 11 е показано изработеното приспособление за 

механично обработване на ножове за грайферни кофи на втора 

установка. 

 

3.6. Разработване на управляващи програми. 
За механичното обработване на детайли ножове за всяка 

една установка са разработени управляващи програми. 

Използван е програмен език SIEMENS SINUMERIK.  

Обработката ще се извърши  на машина с ЦПУ – 

HELLER PFU 3, показанa на фиг. 12. 

Програмите са разработени чрез използване на 

специализиран софтуер CIMCO Edit [21]. Програмите съдържат 

координатите на характерни точки от изделието, 

металорежещите инструменти,  движенията им и режимите на 

рязане. 

Софтуерът решава и обратната задача – от готова 

управляваща програма, се извеждат координатите на 

характерни точки от траекторията на движенията, които 

извършват инструментите, т.е. може да се симулира реалния 

процес на механично обработване. 

Създаването на управляващи програми за механично 

обработване чрез използване на специализиран софтуер, води 

до избягване на грешките, допускани при ръчното 

програмиране, които биха довели до разрушаване на 

инструментите или повреждане на обработваното изделие [20, 

21, 22, 23, 24]. Освен това, значително се намалява и 

необходимото време за разработване на програмите. 

 
На фиг. 13 е показано установяването на приспособленията 

на работната маса на машината с ЦПУ. 

 

3.7. Особености при моделирането на 

тримерните модели в CAD системата 

SolidWorks. 
За разработените приспособления е направена пълна 

конструктивна документация. Процеса на създаването ѝ е 

автоматизиран, чрез използване на шаблонни файлове на 

документите, които използва CAD системата SolidWorks. 

При създаването на тримерните модели на детайлите и на 

сглобените единици са използвани шаблонни файлове за Part и 

Assembly документите. За всеки един тримерен модел на 

детайл или сглобена единица, от меню File Properties, в 

прозореца Summary Information, в секцията Custom се избират 

необходимите атрибути. При разработването на 

конструктивната документация са използвани шаблонни 

файлове за Drawing документите, които представляват 

стандартните чертожни формати – А4, А3, А2, А1 и А0 [4, 5, 6, 

7, 12, 13]. 

В шаблона на всеки един тримерен модел на детайл или 

сглобена единица се задава необходимата информация чрез 

атрибути – потребителски и служебни. Тази информация е 

нужна при разработването на конструктивната документация, 

тъй като излиза автоматично в таблиците на чертежите и 

спецификациите. Информацията от атрибутите може да се 

използва за управление на документацията при налична PDM 

система, както и от другите отдели във фирмата при налична 

ERP системa [4, 5, 12, 13]. 

 

Фиг. 13. Установяване на приспособленията на работната маса 
 на машината с ЦПУ.  

 

 
Фиг. 11 Приспособление за механично обработване на ножове за 

грайферни кофи на втора установка. 

 
Фиг. 10. Съставни елементи на Приспособление II. 

1 – Основа, 2 – Планка базираща, 3 – Планка фиксираща, 

4 – Втулка резбова, 5 – Ребро, 6 – Болт М24х100 

 
Фиг. 9. Общ вид на приспособлението за механично обработване  

на втора установка. 

 

Фиг. 12. Общ вид на машината с ЦПУ.  
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4. Заключение. 
Въз основа на направеното по представената разработка, 

може да се направят следните изводи: 

1. Разработена е технология и приспособления за 

механично обработване на детайли ножове за грайферни кофи 

на две установки. Първа установка – обработване на фаска с 

ъгъл 15° и втора установка – обработване на фаска с ъгъл 45°. 

Чрез използване на приспособленията се намалява времето за 

базиране, закрепване и центроване на детайлите върху 

машината. 

2. Чрез разработените приспособления се постига висока 

производителност, поради възможността за едновременно 

обработване на три ножа. На приспособления могат да се 

установяват цялата гама от ножове, които се различават само 

по дължината си. 

3. Приспособленията за механично обработване могат да 

се използват за изработване на детайли ножове и на други 

модели грайферни кофи. 

4. Направена е пълна конструктивна документация на 

разработените приспособления. Процесът на създаване на 

конструктивната документация е автоматизиран чрез 

използването на шаблонни файлове за Part, Assembly и Drawing 

документите. 

5. Така създадената база данни може да се използва при 

решаване на сходни проблеми при подобни изделия. 
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Abstract: In the present work we have investigated the parameters of peripheral blood flow by using a non-invasive method for processing 

photoplethysmograms (PPGs). The developed original technique allows us to register a photoplethysmogram, isolate the pulse wave and 

determine the duration of cardio intervals, the duration of the anacrotic and dicrotic phases, the duration of fast and slow blood filling, the 

expulsion period, the dicrotic and diastolic indices, temporal and amplitude parameters of vascular tone, etc. We observe three types of 

PPGs after taking medicaments Corvitol-50 and nitroglycerin. The analysis of the amplitude-temporal characteristics of PPGs allows the 

determination of key diagnostic parameters. 

KEYWORDS: PULSE WAVE, VASCULAR SYSTEM, PHOTOPLETHYSMOGRAMS 

 

1. Introduction 

Optical diagnostics of biological objects has gained wide 

application in recent years. The advantages of optical diagnostic   

methods consist primarily in noninvasiveness, rapidness and high 

accuracy. Unlike radiological and ultrasonic methods, optical 

irradiation is natural for the organism and does not cause any side 

effects with the powers used. Determination of the relative 

saturation of arterial blood with oxygen (SaO2) - pulse oximetry has 

become the gold standard in resuscitation and intensive care. The 

spectral range between 600 and 1000 nm (near IR) is well suited for 

optical tissue oximetry because at these wavelengths, the absorption 

spectrum of hemoglobin is closely related to its oxygenation state. 

Moreover, the penetration depth of biological tissues is high in this 

spectral range. 

Today, cardiovascular diseases are the leading cause of death 

and disability. The most important tasks are the improvement of 

methods for diagnosing and monitoring, the development of 

effective methods for prevention. Doctors need non-invasive 

research methods that could record the main indicators of central 

and peripheral hemodynamics and would characterize the 

contractile activity of the heart. At the present stage of the 

development of medicine, it is no longer enough to take only 

electrocardiographic and blood pressure measurements to make a 

comprehensive diagnosis. In assessing the adaptive abilities of a 

person (physiology of labor and sports medicine, etc.), 

determination of basic hemodynamic parameters is necessary to 

establish rational modes of work and rest, optimal and maximum 

levels of physical activity. 

There are many methods of measuring cardiac output, both 

invasively and non-invasively; each has advantages and drawbacks. 

Invasive methods are well accepted, but these methods are quite 

complicated, traumatic and often lead to changes in heart rate. 

Consequently, the focus on development of non-invasive methods is 

growing [1]. Ultrasound Dopplerography is most used by these 

methods.  Being accurate and inexpensive, Doppler ultrasound is a 

routine part of clinical ultrasound; it has high levels of reliability 

and reproducibility, but it does not measure blood volume and is 

complicated to use. This method is most suitable for large clinics 

[2]. Еlectrical impedance plethysmography and electrical 

cardiometry are similar methods based on the model of electrical 

velocimetry, and non-invasively measures stroke volume, cardiac 

output and other hemodynamic parameters through the use of 4 

surface ECG electrodes. The disadvantage of rheoplethysmography 

to determine the parameters of peripheral blood flow is the 

placement of current and measuring electrodes at a great distance. 

At the same time, the signal is influenced by the properties of 

vessels throughout the pathway. 

Photoplethysmography (PPG) is a simple and low-cost optical 

technique that can be used to detect blood volume changes in the 

microvascular bed of tissue. It is often used non-invasively to make 

measurements at the skin surface. A PPG is often obtained by using 

a pulse oximeter which illuminates the skin and measures changes 

in light absorption. The PPG waveform comprises a pulsatile 

physiological waveform attributed to cardiac synchronous changes 

in the blood volume with each heart beat [3-5]. PPG offers 

significant potential for data mining and a range of innovative pulse 

wave analysis techniques. 

The aim of our study is to determine the parameters of 

peripheral blood flow using an optoelectronic method for 

processing photoplethysmograms. 

2. Materials and Methods 

The photoplethysmogram is a change in the transmittance of 

light by a biological tissue under the influence of a pulse wave. The 

sensor for recording photoplethysmography is a light-emitting diode 

and a photodetector, between which biological tissue is placed. 

Taking into account the absorption spectra of blood and tissue, the 

use of near-infrared emitters is most appropriate. The use of 

photoplethysmogram allows local research of peripheral blood flow. 

Similar to the analysis of the rheoplethysmogram proposed in 

[6], the information parameters of the photoplethysmographic pulse 

curves can be divided into primary (amplitude and time) and 

derivatives of the primary, obtained by simple mathematical 

operations. The pulse curve depends on the systolic ejection, blood 

flow intensity, blood viscosity, condition of the vascular walls, the 

ratio of precapillary and postcapillary pressure, etc. 

The pulse wave has the following main components (Fig. 1): a 

steep systolic ascent - the anacrotic phase and the descending part, 

which corresponds to the catacrotic phase. On the anacrot there are 

two sections - the period of rapid blood filling from the beginning 

of the anacrot to the point of maximum steep rise (maximum of the 

first derivative of the pulse wave) and the period of slow blood 

filling. On the catacrot is the so-called dicrotic wave. 

 

Fig.1 Pulse wave (upper curve) and its first derivative (lower curve) 
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Primary characteristics of the pulse wave: 

T -  the duration of the cardiac cycle. 

α -   the duration of the ascending part of the wave (anacrotic phase)  

α1 - the duration of rapid blood filling. 

α2 - the duration of slow blood filling . 

β -   the duration of the catacrotic phase  

γ -   the ejection period. 

h1 - the maximum amplitude of the pulse wave, the indicator of the 

magnitude of the pulse of blood. 

h2 - the amplitude of the pulse wave at the level of the incisura. 

h3 - amplitude of the pulse wave at the level of a dicrotic wave. 

h4 - amplitude of the pulse wave at the level of the projection of the 

maximum of the first derivative. 

There are other secondary indices that are left out of our study. 

In medical practice, the averaging of the SaO2 value over 8 or 

16 heartbeats is used, which simplifies the requirements for 

recording a photoplethysmographic signal. However, when we 

developed methods for determining changes in the relative volume 

of peripheral blood [7], the relative concentration of 

carboxyhemoglobin in arterial blood [8], and the relative oxygen 

concentration in venous blood [9], to reduce the error we need a lot 

of points, so it is necessary to record a photoplethysmogram with a 

frequency of 200-250 Hz [10]. Due to our original method of data 

processing, the accuracy of measurements is 3-4 times higher 

compared with standard systems. The system allows continuous 

photoplethysmographic monitoring, recording and data storage. 

Data acquisition was executed by a measuring block with a 

microcontroller connected to PC. The microcontroller includes a 

microprocessor, RAM, ROM, decoder, timer, quartz-stabilized 

clock generator, and input/output ports. The sampling frequency 

was 348 Hz, the LED flash pulse duration - 160 μs, the interval 

between pulses of red and IR emission 200 μs. Calculations were 

made on interval lengths of 200 to 400 points with a shift of 100 

points. This procedure provides a measurement with a smaller 

increment than the cardiac cycle length. This system enables to 

implement the diagnosis of the cardiovascular system by analyzing 

the volume pulse wave. The developed original technique allows us 

to register a photoplethysmogram, isolate the pulse wave and 

determine the duration of cardio intervals, the duration of the 

anacrotic and dicrotic phases, the duration of fast and slow blood 

filling, the expulsion period, the dicrotic and diastolic indices, 

temporal and amplitude parameters of vascular tone, etc. All results 

are given as mean ± (SD). The Student's test for connected sampling 

was used for the statistical calculations. Statistical results with a 

value of p < 0.05 were viewed as being significant. The evaluation 

was carried out using the program “Origin 7.5”. 

3. Results and discussion 

Measurements of these parameters were carried out with a 

medicament impact on a 51-year-old volunteer with coronary heart 

disease. The registration was carried out in a calm state with a 

satisfactory state of health. The measurements were carried out 30 

minutes after taking "Corvitol-50" and 2-3 minutes after taking 

nitroglycerin. The analysis revealed photoplethysmograms of 

several types (Fig. 2). The y-axis are arbitrary units, because we are 

only interested in the shape of the signal. We attributed the first 

type of photoplethysmogram (Fig. 2a) to a curve with a well-

expressed dicrotic wave, the maximum of which is located 

approximately in the middle of the catacrotic phase. The difference 

between the amplitudes of the wave at the level of incisura and 

dicrotic wave is small. Photoplethysmograms of the first type were 

observed in a calm state and after taking Corvitol-50. The 

photoplephysmogram shown in Fig. 2b was attributed to the second 

type. In this type the dicrotic wave is also well expressed, but is 

shifted closer to the end of the catacrota. Incisura has a much 

smaller amplitude than in the previous case and the difference 

between the amplitudes of the wave at the level of incisura and the 

dicrotic tooth is very significant. Such photoplethysmograms were 

observed after taking nitroglycerin. The third type of 

photoplethysmogram (Fig. 3b) is characterized by the absence of a 

expressed dicrotic wave. This leads to the fact that it is impossible 

to isolate the incisura and dicrotic prong and measure their 

amplitudes. This type of photoplethysmogram was also observed 

after taking nitroglycerin. 
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Fig. 2 Photoplethysmograms:  a) first, b) second, c) third type. 
 

 

After taking nitroglycerin, the second type of 

photoplethysmogram mainly occurs at the beginning of the 

recording, and the third is closer to the end. 

3.1.Temporal characteristics 
During the experiments, the following primary properties were 

determined: the duration of the cardio intervals, the duration of the 

anacrotic phase, the duration of the fast and slow blood filling, the 

ejection period. In a calm state, the temporal characteristics were: 

α1 = 0.053 ± 0.006 sec., α2 = 0.089 ± 0.007 sec., α = 0.142 ±0.008 

sec., γ = 0.279 ± 0.018 sec., T = 0.945 ± 0.023 sec. Changes in 

temporal characteristics after taking medications are shown in Fig. 3 

and Fig. 4. 
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Fig. 3 Temporal characteristics after taking "Corvitol-50". 
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              Fig. 4 Temporal characteristics after taking nitroglycerin 

After taking Corvitol, the duration of cardio intervals increased 

(T = 1.040 ± 0.031 sec), which corresponds to a decrease in heart 

rate. The duration of the anacrot decreased, the durations of the fast 

and slow blood filling were respectively α1 = 0.050 ± 0.007 sec., α2 

= 0.075 ± 0.007 sec., α = 0.124 ± 0.009 sec. The ejection period 

increased slightly - γ = 0.287 ± 0.040 sec., the spread of its values 

also increased. 
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The correlation characteristics between these parameters were 

determined. High correlation is observed between α1 and α and 

between α2 and α (0.53 and 0.67, respectively). The correlation of 

these values with the ejection period was 0.02 for α1, 0.31 for α2 

and 0.29 for α. With the duration of the cardio interval, the 

correlation was 0.13 for α1, 0.01 for α2, 0.11 for α and 0.23 for γ. 

After taking nitroglycerin, the duration of cardiointervals 

decreased (T = 0.899 ± 0.026 sec.), which corresponds to an 

increase in heart rate. The duration of anacrotic and the duration of 

slow blood supply decreased, but the duration of fast blood filling 

increased. They amounted to, respectively, α1 = 0.059 ± 0.007 

seconds, α2 = 0.070 ± 0.008 seconds, α = 0.129 ± 0.008 seconds. It 

is noted, unlike other experiments, the excess of the duration of fast 

blood filling over the duration of slow blood filling. The ejection 

period significantly decreased - γ = 0.227 ± 0.023 sec. 

The correlation between α1 and α and between α2 and α is 

slightly lower than in the previous case, but quite high (0.43 and 

0.64, respectively). The correlation of the duration of fast blood 

filling with the ejection period became negative and amounted to -

0.17, while the correlation between the duration of slow blood 

filling and the length of anacrot with the ejection period was high - 

0.74 for α2 and 0.59 for α. With the duration of the cardio interval, 

the correlation was 0.06 for α1, 0.26 for α2, 0.31 for α , 0.55 for γ. 

The secondary temporal characteristics were determined: the 

temporal index of the vascular tone and the specific time of the 

anacrot. The temporal index of vascular tone was 0.60 ± 0.10 for a 

calm state, 0.68 ± 0.11 after taking Corvitol and 0.88 + 0.18 after 

taking nitroglycerin, and the specific anacrot time was 0.15 ± 0.01 

for a calm state, 0.12 ± 0.006 after taking Corvitol and 0.14 ± 0.01 

after taking nitroglycerin. 

 

3.2Amplitude characteristics 

The amplitudes h1, h2, h3, h4 and secondary characteristics 

were determined: dicrotic index, diastolic index, amplitude index of 

vascular tone. At calm state, the dicrotic index was 0.48± 0.06, the 

diastolic index was 0.59 ± 0.03, and the amplitude index of vascular 

tone was 0.40 + 0.04. 

After taking Corvitol all parameters slightly increased and 

amounted to a dicrotic index - 0.53 ± 0.10, diastolic index - 0.67 ± 

0.05, amplitude index of vascular tone - 0.43 ± 0.03. Taking 

nitroglycerin leads to a decrease in the dicrotic and diastolic indices 

and is characterized by the appearance of a pulsogram without a 

dicrotic wave. The mean values were respectively: dicrotic index - 

0.20 ± 0.06, diastolic index - 0.35 ± 0.11, amplitude index of 

vascular tone - 0.45 ± 0.04. 

4. Conclusion 

The method of optoelectronic determination of the characteristics of 

the cardiovascular system allows the analysis of the amplitude-

temporal characteristics of the photoplethysmographic curve to 

determine such interesting diagnostic parameters as the duration of 

the anacrotic and dicrotic phases, the duration of fast and slow 

blood filling, dicrotic and diastolic indices, temporal and amplitude 

vascular tone. In contrast to the other methods, the use of 

photoplethysmography allows us to conduct local research, to 

determine changes in the state along the vessels, excludes electrical 

effects on the patient when conducting research. 
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Abstract: Residual stresses and distortions derivation into the welded constructions is one of the most significant disadvantages of the 

welding. To eliminate or reduce the distortions it is used different construction and technological measures which for example can be related 

to reduction of the vertical section of the beads and a suitable parts preparation. 

The paper present results on the influence of the parts preparation and in particular the size of the welding gap upon the distortions at 

submerged arc welding of high - strength structural steel S700MC. 
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1. Увод 

Внесената от заваръчния енергиен източник топлина води 

до получаване на области с различна структура и специфичен 

обем. Това  предизвиква образуването на напрежения и 

деформации в заварените съединения. [1, 4]  

Заваръчни деформации се наричат относителните 

удължения, премествания, огъвания, ъгли на завъртане, както и 

изменения на линейните размери на конструкциите. В теорията 

на заваръчните напрежения и деформации обаче не се прави 

разграничение между тези понятия и обикновено под 

понятието заваръчни деформации се разбира именно огъвания, 

т.е. провисвания, скъсявания и ъгли на завъртане. 

В заваръчното производство се различават 4 вида 

елементарни заваръчни деформации: скъсяване по дължина 

(надлъжно свиване), скъсяване напречно на надлъжната ос 

(напречно свиване), ъглово деформиране в резултат на 

несиметрично надлъжно или напречно свиване и измятане - не 

равнинно деформиране (надлъжно и напречно свиване) [7, 8]. 

Деформациите оказват съществено влияние върху 

геометричната и размерна точност на готовата продукция, а в 

редица случаи понижават и експлоатационните показатели и 

надеждност на изделията. Познаването на остатъчните 

деформации в заварените конструкции позволява тяхното 

оптимално проектиране, което е предпоставка за повишаване 

на надеждността, намаляване на брака и разходите при 

производство [2, 3, 5, 6, 10].  

За предотвратяване или намаляване на деформациите в 

заварените изделия се прилагат различни конструктивни и 

технологични средства и подходи, като: предварително 

нагряване на изделието, намаляване на броя и общата дължина 

на шевовете; намаляване на напречното сечение на шевовете; 

избор на подходяща подготовка на частите и метод на 

заваряване; увеличаване на коравината на елементите от 

конструкцията; отчитане на бъдещите деформации; подходяща 

последователност на заваряване; използване на заваръчни 

приспособления и много други [9, 11]. 

Високите изисквания по отношение на икономическата 

ефективност при производството и експлоатацията на 

строителни конструкции, инсталации и машини налага 

използването на стоманите с повишени якостни свойства. 

Положителният ефект се изразява в по-ниски производствени 

разходи и разходите за метал, подобряване на 

експлоатационните характеристики като: полезен товар, 

товароподемност и енергийна ефективност. Основната 

предпоставка за използване на тези стомани е подходящото 

съчетание между якост, пластичност и заваропригодност [12].  

При подготовката на краищата за заваряване на тази група 

стомани се използват най-често препоръките на стандартите 

EN ISO 9692-1,2. Когато обаче заваръчната междина се 

различава съществено от препоръките поради обективни 

причини (явява се затварящо звено при производството на 

конструкцията) е важно влиянието на този фактор върху 

деформациите да бъде изследвано и установено. 

Целта на работата е да се изследва влиянието на 

подготовката на частите и в частност на размера на заваръчната 

междина върху деформациите при подфлюсово заваряване на 

високояка стомана 700МС. 

2. Методика на изследването 

Използваната в изследването стомана е високояка, 

дребнозърнеста термомеханично валцована стомана марка 

S700МС (съгласно БДС EN 10149-2), под формата на листов 

прокат с дебелина 8 mm.  

Частите са заварени подфлюсово с постоянен ток и обратна 

полярност на свързване DC (+). Използваните заготовки са с 

размери 500х150х8 mm, съгласно изискванията на ISO 15614-

1:2017. 

Подготовката на частите е съобразена с EN ISO 9692-

2:2001, като изключение прави заваръчната междина, чието 

влияние се изследва. Скосяването е осъществено механично и е 

на 30° без притъпяване (фиг.1). 

 

Фиг. 1 Подготовка на частите за заваряване 

 

Използваните заваръчни междини са 0, 4, 6 и 8 mm. 

Изследвания диапазон се налага, тъй като при производството 

на реални конструкции калиброването на заготовките с цел 

постигане на изискванията на стандарта е много трудоемко и 

скъпо.  

Използвани са оставащи подложки с размери 500х25х3 mm 

(фиг.1) и входно-изходни планки. Електродният тел е с 

диаметър 1,2mm и с означение: G 69 4 M Mn3Ni1CrMo 

съгласно EN ISO 16834:2012. Флюсът е S A AB 1 56 AC H5 

съгласно EN ISO 14174:2019.  Заварените съединения са 

изпълнени в позиция РА съгласно EN ISO 6947:2019. В процеса 

на работа е спазвана препоръката за междуслойна температура 

от 100°С. За всяка заваръчна междина са изработени по две 

плочи. 

След заваряване е измерено напречното сечение на 

шевовете чрез софтуерния продукт ImageJ.  

Използваните режими на работа, броя на проходите и 

напречното сечение на шевовете са представени в таблица 1 

по-долу. 

Измерени са преместванията в 35 точки, получени при 

пресичане на взаимно перпендикулярните линии (които в 

изследването са използвани за определяне на деформациите в 

равнини, разположени перпендикулярно спрямо повърхността 
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на ламарината), както е показано на фигура 2. Измерването е 

реализирано с помощта на механизирана система, снабдена с 

индикаторен часовник с точност на измерване 0,01 mm.  

Поради симетричната форма на заварените съединения и за 

по-голяма достоверност на резултатите е извършено 

осредняване на получените стойности. То е направено за 

всички симетрично разположени точки спрямо геометричния 

център на завареното съединение. За точки с нулево 

преместване са избрани пресечните точки на линията D с 

линиите K1 и K2 (фиг. 2). Положението на плочата при 

измерване е със заваръчния шев надолу, както е показано на 

фигура 3,б. 

 

Таблица 1. Режими на заваряване и напречно сечение на шевовете 
Междина, b [mm] 0 

 
Напречно сечение на шева – 73,3 mm2 

Проход Ток, I 

[A] 
Напрежение, U 

[V] 
Скорост, V 

[cm/min] 
Корен (1) 240 31 28 

Основен (2) 270 31,9 10 

Междина, b [mm] 4 

 
Напречно сечение на шева –  90,7 mm2 

Проход Ток, I 

[A] 
Напрежение, U 

[V] 
Скорост, V 

[cm/min] 
Корен (1) 240 31 25 

Основен (2) 240 31 18 
Основен (3) 270 31,9 12 
Основен (4) 270 32,5 10 

Междина, b [mm] 6 

 
 

Напречно сечение на шева – 107,2 mm2 

Проход Ток, I 

[A] 
Напрежение,U 

[V] 
Скорост, V 

[cm/min] 
Корен (1) 240 31 25 

Основен (2) 240 31 18 
Основен (3) 240 31 18 
Основен (4) 240 31 18 
Основен (5) 240 31 18 
Основен (6) 270 32,5 18 

Междина, b [mm] 8 

 
 

Напречно сечение на шева – 114,0 mm2 

Проход Ток, I 

[A] 
Напрежение, U 

[V] 
Скорост, V 

[cm/min] 
Корен (1) 240 31 25 
Корен (2) 240 31 25 

Основен (3) 240 31 18 
Основен (4) 240 31 18 
Основен (5) 240 31 18 
Основен (6) 270 32,5 12 

 

 

 
Фиг. 2 Схема на измерване на преместванията след заваряване 

3. Резултати 

Външен вид на заварените съединения е показан на фигура 

3. Измерените премествания на избраните точки при 

различните режими на работа са посочени в таблица 2. 

 
а 

 
б 

Фиг. 3 Общ вид на съединенията след заваряване 
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Както се вижда от фигура 3а,б след заваряване на частите 

са налице ъглови деформации в резултат на несиметрично 

надлъжно (фиг. 3а) и напречно (фиг. 3б) свиване на 

елементите, като следствие от термомеханичното въздействие 

на заваръчния процес. Получените деформации са следствие от 

понижаването на механичните свойства на основния материал 

в следствие високата температура и структурните и фазови 

промени в процeса на заваряване. В зоните с напрежения 

надвишаващи границата на провлачане протичат процеси на 

пластична деформация при реализирането на всеки един от 

проходите. Това води до тяхното уякчаване и вкоравяване, 

поради което при следващо нагряване (за реализиране на 

поредния проход) деформациите могат да намалеят и дори да 

променят своя знак. 

Премествания в равнини успоредни на равнината на 

шева 

В таблица 2 са показани осреднените стойности на 

преместванията в избраните равнини на шева при изследваните 

заваръчни междини. 

Най-общо може да се отбележи, че деформациите са в 

посока обратна на подложките (фиг. 3а). 

Таблица 2. Осреднени стойности за преместванията в избраните 
точки 

Равнина 
Междина, 

mm 

Премествания, mm 

A1/A2 B1/B2 C1/C2 D 

К1/К2 

0 6.65 2.54 0.33 0 

4 7.53 2.90 0.35 0 

6 6.48 2.46 0.23 0 

8 6.28 2.42 0.24 0 

М1/М2 

0 9.29 5.74 3.60 3.38 

4 12.29 7.39 4.89 4.62 

6 12.79 8.56 6.54 6.36 

8 12.55 8.38 6.39 6.2 

S  

0 10.75 6.40 5.18 4.60 

4 14.00 9.84 7.68 7.63 

6 17.51 12.76 11.14 10.90 

8 17.06 12.55 10.83 10.73 

 

От таблица 2 и фигура 4 се вижда, че независимо от 

размера на заваръчните междини отчетените стойности на 

преместванията в равнините К1 и К2 са много близки. 

Стойностите на преместванията при заваръчни междини 6 и 8 

mm са минималните отчетени в тези равнини.  

 

Фиг. 4 Резултати от измерването на преместванията след 

заваряване в равнини К1/К2 

Що се отнася до преместванията в равнини М1 и М2, то 

най-големи са те при режимите с междини 6 mm (максимални) 

и 8 mm, като отчетените стойности при тях са почти равни. С 

намаляване на размера на междината, измерените 

премествания намаляват, като най-малки стойности са 

измерени при междина 0 mm. При анализа на големината на 

преместванията и сравняването им за различните режими се 

вижда, че относителните разлики в равнина М1/М2 са много 

по-големи отколкото в равнина К1/К2. В точките намиращи се 

в равнина D (табл. 2) преместванията отчетени при заваръчна 

междина 6 mm надвишават тези при междина 0 mm с 88%. 

 

Фиг. 5 Резултати от измерването на преместванията след 

заваряване в равнина S 

Най-големи стойности и разлики в преместванията са 

измерени в равнината S (съвпадаща с надлъжната ос на шева). 

Тук отново максималните отчетени премествания са при 

режимите с междини 6 mm, следвани от тези с междина 8 mm 

(фиг. 5).  

Получените резултати по отношение на преместванията в 

равнини успоредни на равнината на шева показват най-общо, 

че преместванията нарастват с нарастване на заваръчната 

междина и съответно напречното сечение на шевовете. 

Максималните стойности са отчетени при междина 6 mm, 

което най-вероятно е свързано с начина на полагане на 

отделните проходи, макар и с по-малко напречно сечение в 

сравнение с варианта с междина 8 mm. Нарастването на 

преместванията от равнини К1/К2 в посока равнина S пък се 

дължи на сумиране на деформациите в надлъжно и напречно 

направление. 

Премествания в равнини перпендикулярни на 

равнината на шева 

В таблица 2 са показани стойностите за преместванията в 

равнини A1/А2, B1/В2, C1/С2 и D, а на фигури 6 и 7 тези в 

равнини А и D. 
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Фиг. 6 Резултати от измерването на преместванията след 
заваряване в равнина А1/A2 

Получените резултати по отношение на равнината А1/А2 

(A) (перпендикулярна на равнината на шева) показват, че е 

налице нарастване на преместванията с нарастване на 

въвежданото количество топлина (броя на проходите и 

напречното сечение на шевовете) основно при пресичане с 

равнините М1/М2 и най-вече с равнината S. И в този случай 

максимални стойности на преместванията са отчетени при 

режими с междина 6 mm, като тези при междина 8 mm са 

много близки, но по-малки. Най-големи са преместванията в 

равнината S съвпадаща с шева. 

Тенденцията, описана за равнина А1/А2 се запазва напълно 

и за равнини В1/B2 (B), С1/C2 (C) и D, като разликата е в 

големината на преместванията. С придвижване в посока от А 

към D преместванията намаляват и най-малки стойности се 

регистрират в равнина D. Като причина може да се изтъкне 

отново сумирането на ъгловите деформации в посока 

успоредно и перпендикулярно на шева. 

 

Фиг. 7 Резултати от измерването на преместванията след 

заваряване в равнина D 

В равнина D нарастването на преместването при режимите 

с междина 6 mm, спрямо режима с междина 0 mm достига 

137%. 

4. Изводи 

1. Повишените изисквания към високояките стоманени 

заварени конструкции и в същото време негативното влияние 

на деформациите налага задълбочено изследване на факторите 

влияещи върху тях при заваряването на тези стомани. 

2. При заваряване на високояка стомана S700MC 

нарастването на заваръчната междина от 0 до 8 mm е свързано 

с увеличаване на необходимия брой проходи от 2 на 6 и 

съответно нарастване на напречното сечение на шевовете от 

73,3 на 114 mm2. 

3. С нарастване на заваръчната междина, броя на 

проходите и напречното сечение на шевовете нарастват 

деформациите и преместванията. Най-голямо преместване от 

17,5 mm е отчетено при заваръчна междина 6 mm, което е 

увеличение от 137% спрямо преместването в същата точка при 

междина 0 mm.  

4. Нарастването на заваръчната междина от 6 на 8 mm е 

свързано с минимално намаляване на отчетените премествания, 

което най-вероятно е свързано с начина и последователността 

на изпълнение на отделните проходи. 
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Abstract: The Arm Microcontroller Learning Kit is built with the STMicroelectronics STM32H750VB microcontroller. The device is a small 

development system based on an Arm Cortex-M7 microcontroller. It has a modern modular design. The kit includes the most necessary 

peripherals to illustrate the capabilities of the microcontroller and it also supports a large amount of external peripherals. The cost of the kit 

is low due to the built-in periphery and the small number of additional external elements. The software uses a small fraction of the libraries 

provided by the microcontroller manufacturer and can be upgraded. This makes the device suitable for learning an ARM family of 

microcontrollers by beginners and advanced students. 
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1. Introduction 

In recent decades, microcontrollers from various manufacturers 

have become widespread in various fields of human activity. They 

can to be found in the most unexpected devices and designs in the 

computerization and automation of the processes around us. 

Without knowing the basics of programming, it is almost 

impossible to create modern competitive devices. The use of off-

the-shelf microcontroller boards that eliminate the coding process 

and that students can use to create and prototype their work, is also 

widely used to meet demand [1]. 

The microcontroller modules use microcontrollers from 

different manufacturers with 8, 16 and 32 bit organization. The 

popularity of the microcontroller used is determined by cost and 

availability. The availability of technical information and the cost of 

software support play a significant role.The last few years have seen 

a rapid growth in the ArmRM Cortex-M group of 32-bit RISK Arm 

processor cores licensed by Arm Holdings. These cores are 

optimized for computing power, cost and energy efficiency 

microcontrollers, which are currently embedded in billions of 

devices worldwide [2]. 

Many manufacturers offer kits, development boards and 

systems based on Cortex-M Arm. There are 2 types: very cheap, in 

which the controller is mounted on a small board, where its legs are 

placed on rails, or expensive multifunctional development systems 

with a large amount of all kinds of peripherals, unusable for initial 

training. The former are unsuccessful for initial training, and the 

latter are too expensive and intended for professional development. 

The offered learning kit includes the necessary hardware for 

mastering the work with Arm microcontrollers up to generation M7. 

It is intended for initial training. Due to the modular construction 

and the mounted extended interface connectors, this kit is modern 

and would be usable in the next few years. 

2. Construction of the system 

The kit consists of one main board with 5 modules mounted on 

it:  

 microcontroller module,  

 programmer module,  

 keyboard module, 

 expansion slots i 

 input-output peripheral connectors.  

A block diagram of the proposed kit is shown in Fig.1.  

A photograph of the main printed circuit board (PCB) of the kit 

- side elements is shown in Fig.2. 

The processor module is a self-contained device that can be 

used as a building block for other projects. It can be replaced with a 

similar module, implemented with another microcontroller from the 

same manufacturer with different number of feet, which requires 

small changes the design of the printed circuit board of the module.  

 

  

Fig.1. Block diagram of the learning kit. 

 

 

Fig.2. Main kit’s PCB - side elements. 

 

The processor module is implemented with a microcontroller 

STM32H750VB in a case LQFP100. Instead, any STM32H7xx 
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series microcontroller (100 pins) can be mounted there, because in 

the case of the 7-series and the same housing, the integrated circuits 

have the same location of the pins signals. The built-in peripherals 

in the 7-series are the same too. All pins of the microcontroller and 

power supply for multifunctional use are connected to a universal 

slot. It is convenient for connecting various external boards, 

modules, sensors, etc. [3]. 

An electrical schematic diagram of the microcontroller module 

of the kit is shows in Fig.3. 

Filter capacitors and resistors for the four BOOT modes, a 

button and an RC group for automatic and manual initial setup are 

installed. There are connected quartz resonators HSE for 

frequencies 8 MHz and LSE for 32.768 KHz. 80 input-output pins 

are mounted on rails, which are organized in 5 input-output ports 

with 16 multifunctional lines. To the right of the schematic diagram 

are shown the signals for programming and debugging the serial 

synchronous SWD interface for connection to the programmer 

module. 

 

 Fig.3. Schematic of the microcontroller module. 

 

The STM32H750VB microcontroller that is used has a 32-bit 

Arm Cortex-M7 core that can operate at frequencies up to 480 

MHz. It has a built-in Floating Point Unit /FPU/, L1 cash 16 KB for 

data and 16 KB for instructions. The microcontroller has a built-in 

128 KB flash memory and 1 MB RAM memory. Its dual SPI 

interface operates at frequencies up to 133 MHz. The 

multifunctional external memory controller with a 32-bit bus 

running at 133 MHz supports SDRAM, 8-bit and 16-bit NAND 

flash memory. An external interrupt signal can be applied to each of 

the 80 input-output legs. The microcontroller has a regulator for 

analog reference voltage / VREF + /. The device can operate in 4 

low power modes: Sleep, Stop, Standby and VBAT with battery 

power. 

The microcontroller can use internal clock generators 32kHz, 4 

MHz, 48 MHz, 64 MHz or external clock generators 32 kHz, 4-48 

MHz. There are 4 built-in DMA controllers, 1 basic DMA 

controller of which has the ability to service 35 peripheral ports. 

The peripheral of the microcontroller includes 4 pcs. I2C interface, 4 

pcs. USART controller, 6 SPI interfaces, 2 pcs. interfaces for 

control of 2 SD/SDIO/MMC memory cards, 2 CAN controllers, 2 

pcs. USB OTG (1FS, 1HS/FS) interfaces, Ethernet MAC interface, 

analog camera connection interface, 11 analog peripherals. The 

microcontroller has 3 pcs. Analog to Digital Convertors /ADC/ with 

16 bit resolution, operating at a frequency of up to 3.6 MHz and the 

ability to include up to 36 analog input channels. In addition, the 

microcontroller has a built-in temperature sensor, 2 pcs. 12-bit 

Digital to Analog Convertors /DAC/, operating with a conversion 

frequency of 1 MHz, Liquid Crystal Display /LCD/ controller with 

resolutions up to XGA (1024x768), 22 pcs. timers. Two of them are 

32-bit, which can be used for different purposes, e.g. pulse counters, 

pulse generators, Pulse Width Modulation (PWM) generators. The 

microcontroller also has a Real-Time Clock (RTC). The 

microprocessor supports debug mode using SWD and JTAG 

programming interfaces. 

An electrical schematic diagram of the programmer module is 

shown in Fig.4.  

The programmer module is based on the microcontroller 

STM32F103C8T6 in LQFP48 housing. The module connects via 

USB port on PC module and STM32H750VB microcontroller via 

SWD programming protocol and Debug [4] – Fig.5.  

The linear stabilizer, mounted on the programmer module, 

converts the 5V input voltage from the USB connectors into a 3.3V 

common supply voltage for the kit at current consumption up to 500 

mA.  

The programmer module can be used stand-alone to program 

STM microcontrollers outside the kit. It can be replaced with a 

similar module, implemented with another microcontroller from the 

same manufacturer with different number of feet, which requires a 

small processing of the PCB of the module. 

 

Fig.4. Schematic of the programmer module. 

 

 

Fig.5. USB interface connectors. 

 

The electrical schematic diagram of the keyboard module is 

shown in Fig.6.  

 

Fig.6. Keyboard module. 
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A membrane keyboard is used. The keyboard matrix consists of 

four rows and three columns. The numbers 0 - 9 and the symbols *, 

#, F1, F2, F3, F4 are written on the keys. The buttons are connected 

to the terminals of port D of the microcontroller and are controlled 

by it. 

The expansion slots include:  

-an expansion slot with all the legs of the microcontroller, 

which allows the use of the full functionality of the microcontroller 

by connecting external boards and modules (for example, Arduino); 

-an expansion slot for Flexible Memory Controller (FMC) – 

Fig.7; 

 

Fig.7. FMC expansion slot. 

 

This hardware is software-activated for operation in parallel 

input-output mode. In this mode are activated: 24-bit parallel 

address bus, 16-bit parallel data bus, multiplexed with the lower 16 

bits of the address bus, control signals ALE, * WE, * OE, NE1 and 

NE2. 

The flexible memory controller (FMC) includes 3 controllers 

for different types of memory: NOR, NAND and synchronous 

DRAM memory. 

Its bus is designed to connect to external static, parallel 

memories and devices addressed throughout the 24 bit external 

address space, such as: Flash, SRAM, NVRAM, FRAM, parallel 

TFT LCD displays, etc .; 

-connecting rails for 3 types of displays – Fig.8. 

 

Fig.8. Display’s expansion slot. 

The first type is a color TFT LCD display module powered by 

an SPI bus. It can be a different type with a diagonal size of 1.8 "to 

3.4" and a resolution of 320x240, 320x480 and 960x480, with 65K 

or 256K colors. A display of this type with a resolution of 320x240 

and 65K colors is mounted on the demonstration board. 

The second type is a color TFT IPS LCD, with a size of 1.3" 

and a matrix of 200x200 pixels. 

The third type display is a black / white LCD with a resolution 

of 128x64 pixels, SPI interface and external backlight. It is possible 

to change the intensity of the backlight by PWM pulses. 

The I/O peripheral connectors consists of lines to external 

peripherals and standard interfaces for studying various 

communication protocols. There are 2 slots with output lines on the 

I2C, SPI and USART interfaces – Fig.9. 

 

Fig.9. I2C, SPI and USART slots. 

 

Connectors for I2C EEPROM or FRAM for the 24Cxx series, 

SPI EEPROM or FRAM for the 25Lxx series are mounted on the 

printed circuit board - Fig.10. 

 

Fig.10. Connecting I2C and SPI memories. 

 

There is a standard USB-B connector for programming and 

power supply of the kit, µUSB for connection of the microcontroller 

to PC as guest, encoder and speaker are installed. PWM and DAC 

outputs connected to the mounted speaker are provided. They 

generate and produce frequencies in the sound range. A voltage 

divider is implemented with a potentiometer and a voltage of 0-

3.3V is applied to one of the three 16-bit ADC channels of the 

microcontroller. On the PCB is also mounted a rotary encoder, 

which allows converting the angle of rotation into a number – Fig.3. 

The pulse encoder is of the mechanical type. It has one button with 

a normally open contact, which closes when pressing the shaft and 

two other keys that close and open when the shaft rotates. Thus, 

pulse sequences with a phase shift of 90° and a uniform pulse 

period are formed, which allows the conversion of the angle of 

rotation into a number. This encoder is convenient when working 

with menus for fast up and down navigation and marking. 

There are 8 digital outputs – the lines D8-D13 of the 

microcontroller, which are connected to separate slot of the PCB. 

Their levels are indicated by two-colour (red/green) LEDs – Fig.11. 

 

Fig.11. Digital outputs and LED’s indicators. 

 

3. Software support 

The following software is used to work with 

STMicroelectronics microcontrollers: 
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-µVision5 by Keil. This is a free development environment for 

short programs, up to 35-40 KB HEX file, which is enough for 

training purposes. For larger volumes the version is paid. In this 

environment, it is easy to write and edit Assembler and C/C++ code, 

it can be compiled and debugged. 

µVision IDE is an integrated development environment for 

project management and code execution. Offers tools for creating 

and editing source code and debugging the program. µVision 

Debugger provides an integrated environment in which the user can 

test, verify and optimize the code of their application. The debugger 

includes traditional features such as simple and complex 

breakpoints, performance monitoring and control windows, 

providing full visibility of device peripherals [5]. 

-STM32CubeMX, STM32CubeProgrammer is a part of the 

manufacturer's development software. STM32CubeMX is a 

graphical configuration tool that allows automatic generation of C 

initialization code using a graphical wizard. 

The programmer STM32CubeProgrammer supports STM32 

devices, based on Arm® Cortex® processors. It allows you to 

delete, program, view the contents of the device's Flash memory. 

The software includes both a GUI (graphical user interface) and a 

CLI (command line interface). 

-Keil® MDK / Microcontroller Development Kit / is the most 

comprehensive software development solution for Arm® based 

microcontrollers and includes all the components needed to create, 

build and debug embedded applications [6]. 

MDK-Core is based on µVision (Windows only) with leading 

support for Cortex-M devices, including the new Armv8-M 

architecture. MDK includes Arm C / C ++ compiler with assembler, 

linker and highly optimized libraries, which are adapted for optimal 

code size and maximum performance. 

Software packages can be added to MDK-Core at any time, 

making support for new devices and middleware updates 

independent of the toolkit. They include device support, libraries, 

middleware, PCB support, code templates, and sample projects. 

4. Conclusions 

The presented learning kit is intended for basic training in 

universities and high schools. It is modern, affordable and low cost. 

This makes it suitable for initial training. Specially designed 

processor boards for a wide range of microcontrollers from the 

same manufacturer can be used. The software can be easily 

upgraded. 

The kit can also be used by advanced users, because it provides 

full use of the set processor. 

The research, the results of which are presented in this 

publication, were carried out on a project NP3 “Research of models 

for management of processes for effective transition to an economy, 

based on 6G networks” within the framework of the scientific 

activity at Technical University of Varna, financed by the state 

budget, which is gratefully acknowledged by the author. 
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Abstract: A method was developed for contactless evaluation of the number and diameter of droplets in a jet, by means of gravitational 

separation and measurement of an electrical signal from a laser-induced electromagnetic echo effect (EMEE), at several points of the jet. 

With it, only with modulated laser radiation, an electrical signal is induced. The measured value of the signal from this EMEE depends on 

the parameters of the fog (number and sizes of droplets). This signal is measured at several points of the jet, as the droplets must be in 

laminar flow. After measuring the signal at the first point, the signals at the previous points are subtracted from its value at each subsequent 

point, in order to separate the measured signal at each point and determine the change in fog parameters. The method represents an 

affordable and reliable alternative to existing fog characterization techniques. 

Keywords: FOG PARAMETERS, ELECTROMAGNETIC FIELD-MATTER INTERACTIONS, SENSOR 

 

1. Introduction 

Characterization of airborne particles or droplets is crucial for 

research in a number of fields, such as air quality research, cloud 

and fog characterization, cleanroom monitoring, jet research, etc. 

Nowadays, there are various methods for determining the number 

and size of particles, including droplets. Some of them use 

separation to segregate the particles by size, but they are not 

suitable for the study of droplets, as they are only applicable to solid 

particles [1]. There are many instruments that use optical methods 

based on Fraunhofer diffraction and various forms of light 

scattering (dynamic, static, etc.), such as laser diffraction, to 

determine the number and spectrum of particle diameter 

distribution. Optical techniques require specific statistical 

processing of the results, and they are greatly influenced by the 

specific statistical method used for the purpose [2]. More modern 

technologies are based on the use of high-resolution cameras and 

image analysis, which are also used to determine particle velocities 

[3]. Other imaging techniques include optical and electron 

microscopy, holography, and photography. With these methods, the 

main problem is the overlapping of the particles, they are also quite 

expensive.  

2. Prerequisites for solving the problem 

We have developed an alternative method for contactless 

determination of the number and diameters of droplets in a jet, by 

means of gravitational separation and measurement of electrical 

signals from laser-induced electromagnetic echo effect (EMEE), at 

several points of the jet. The signals are generated using only 

modulated laser radiation, and their values depend on the fog 

parameters (number and sizes of droplets). These signals are 

measured at several points of the jet, in which the droplets are 

required to be in laminar flow. After measuring the signal at the 

first point, at each subsequent point the signals obtained at the 

previous points are subtracted from the measured value, in order to 

separate the signal at each point and determine the change in fog 

parameters.  

It was experimentally established that during the generation of 

fog, at a certain distance from the nozzle, the flow of drops is 

turbulent, after which the flow becomes laminar. It is from this 

moment on that a gravitational separation of the droplets by size is 

observed. The largest droplets of the stream fall to the ground first, 

and the rest continue forward. Then the next largest drops fall, and 

only the finest droplets reaching the furthest. The presented method 

and the corresponding device are protected by a patent issued by the 

Patent Office of the Republic of Bulgaria in 2020 [4]. 

3. Methodology for non-contact measurement of 

fog parameters in an artificially generated jet 

Consider a small cloud of fog, for which we are interested in the 

spectrum of the distribution of the diameter d of the drops by the 

number Nd for each diameter. Let us assume that a force F acts on 

the cloud in the direction indicated in Fig. 1. Such a force can be 

created in various ways - for example, by a constant airflow or an 

electrostatic field. As a result of the acting force, the drops will 

begin to move in the indicated direction, and at the same time they 

will also begin to fall. The heaviest drops will travel the shortest 

way. They will reach point 1. All drops of size up to d1 will settle 

there. Accordingly, drops of sizes up to d2, d3, d4, … dn will reach 

points 2, 3, 4, etc. We can measure with a suitable instrument the 

number Nd of drops for each point. 

 

Fig. 1 Gravitational separation of drops in laminar flow. 

Fog Detector 6 is a device that we developed and through which 

we implement our method. It works on the basis of EMEE and is 

very sensitive to the number and diameter of the drops (Fig. 2).  

 

Fig. 2 Device for measuring the number and diameter of fog drops (Fog 
Detector 6). 

The idea is to compare the signals it measures at the various 

points with the results of a laser particle analyzer. In this way, we 
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can calibrate it by the number of drops so that at each point we have 

a signal proportional to that number. It should be taken into account 

that in each point there will be an admixture from the number of 

drops in the following points. To neutralize this additive, we must 

subtract from the signal at a given point the signal at the next point. 

Thus, we will obtain an electrical signal that is proportional only to 

the number of drops that have settled to that point. 

For example, through point 1 all the drops from the following 

points will pass. We will measure a common signal V1n. To obtain a 

signal V2 that is proportional only to the number of drops that have 

settled between points 1 and 2, we must subtract the signal from 

drops that have passed through point 2 from V1n. In other words, V2 

= V1n – V2n. In this way, we obtain information about the number of 

drops with diameters between d1 and d2. The same is repeated for 

all subsequent intervals. The diameter distribution will appear 

simultaneously on the display. 

4. Experimental setup 

To realize the idea, we performed a series of experiments. We 

used an automated fog generation system and measured the number 

and diameter of droplets at various distances from its nozzle, with a 

laser particle size analyzer. Thus, we established the presence of 

gravitational separation of the drops after the jet has travelled a 

certain distance from the nozzle in the direction in which it is fired, 

i.e. when the flow changes from turbulent to laminar. The laminar 

flow zone is actually also our working zone where we can evaluate 

droplet separation. We then selected five specific distances from the 

nozzle at which we made measurements with a laser particle 

analyzer to determine the actual parameters of the generated fog and 

thus to be able to calibrate our device Fog Detector 6. 

The block diagram of the experimental setup for carrying out 

the measurements is given in Fig. 3. From a water source (1) water 

with a pressure of 6 bar is supplied to a nozzle (4), and the fog 

generation is carried out on pulses set by a control module (3). , 

which controls a solenoid valve (2). The produced jet passes 

through several Fog Detector 6 devices, consisting of an emitter (5) 

and a receiver (6), located along the jet. The measured signals from 

the electromagnetic echo effect at these several points are passed 

through a preamplifier (7) and transmitted to a measuring module 

EMEE Meter 1 developed by us. It forwards the detected values of 

signal amplitudes to a VLC-1 amplifier (9), after which they reach a 

processing and visualization module (10). 

 

Fig. 3 Block diagram of the fog generation system, measurement and 
visualization of its parameters: 1. water source (6 bar); 2. electromagnetic 

valve; 3. device for setting the duration of fog generation; 4. atomizing 

nozzle; 5. laser module; 6. sensor; 7. preamplifier; 8. measuring module 
(EMEE Meter 1); 9. amplifier (VLC-1); 10. signal processing and 

visualization module. 

5. Experimental results 

We conducted measurements with several nozzles from the 

company BETE Fog Nozzle, Inc. (http://www.bete.com). Here we 

present the results of the P40 nozzle (with an orifice diameter of 

1.07 mm). We experimentally found that the working area for the 

mist generation system starts at 120 cm from the nozzle, i.e. at this 

distance the droplet flow becomes laminar. We selected five points 

at 140, 160, 180, 200, and 220 cm from the nozzle, respectively, 

and measured the average droplet size with a laser particle analyzer. 

For each distance, 100 measurements were taken within 100 

seconds, which were then averaged. The results of these 

measurements are given in Fig. 4. The average droplet diameters for 

these distances are 69.415, 67.283, 61.156, 60.780 and 53.509 μm, 

respectively. 

a) 

 b) 

c) 

d) 

e) 

Fig. 4 Droplet diameter distributions produced by nozzle P40 at distances: 

a) 140 cm; b) 160 cm; c) 180 cm; d) 200 cm; e) 220 cm. 

A decrease in mean as well as maximum measured droplet 

diameter was observed as the distance from the nozzle increased. 

For the aforementioned distances, it is 354.020, 297.890, 250.660, 

229.932 and 193.476 μm, respectively (Fig. 5). 
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Fig. 5 Average and maximum diameter of fog drops as a function of 

distance from the nozzle. 

 

Fig. 6 Visualization of the method for non-contact measurement of fog 

parameters by matching EMEE signals with laser particle size analyzer 

results. 

6. Conclusion 

The results confirm the presence of drop size separation at 

distances greater than 120 cm from the nozzle. It can be concluded 

that it is quite possible to calibrate our Fog Detector 6 device in 

each of the five points using the results of the laser analyzer. In fact, 

a real implementation of non-contact drop measurement involves 

several such devices located at each point (Fig. 6). As the fog cloud 

moves from one point to the next, the drops begin to fall under their 

own weight. Naturally, at first the largest fall, at the next point the 

next largest, and thus a division by size is obtained. The second 

point, for example, will be missing the drops that fell between the 

first and second points. Accordingly, the signal must change. This 

change gives us the number of drops of that diameter. The 

difference in the processed signals between the individual points 

corresponds to the changes in the size distribution. 

The advantages of the method include high accuracy, quick 

access to results and the possibility of real-time measurements, 

without the need for complex equipment. Research on this 

development continues to improve the devices and optimize their 

operation. 
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Abstract: Proper laboratory design is a key element in minimising the risk of contamination in the laboratory. In most countries, ISO/IEC 

17025 is the standard for which most labs must hold accreditation in order to be deemed technically competent, and the studies for meeting 

the requirements of this standard starts from the design, especially in Forensic Genetic Laboratories. Contamination is the top concern in 

Forensic Genetic Laboratories. In the laboratories designed according to this standard, particular attention is paid to the physical 

separation between the post-PCR, PCR and pre-PCR area, avoiding the back-movement of samples and material from the post-PCR area to 

the pre-PCR area. Separate physical spaces for the processing and analysis of known and questioned samples must be guaranteed, and 

simultaneity must be avoided in the processing and analysis of high and low DNA content samples. In this study, a Forensic Genetics 

Laboratory has been designed regarding the requirements of 17025 standard. This is the first study demonstrating a prototype of a Forensic 

Genetics Laboratory design from an internal architectural point of view, regarding the compliance with the ISO/IEC 17025 standard, 

including some recommendations for the new Forensic Genetics Laboratories planned to be built. 

Keywords: LABORATORY DESIGN, NEW FORENSIC GENETICS LABORATORIES, MOVEMENT OF SAMPLES AND MATERIAL 

 

1. Introduction 

Interior design in laboratories is an important process that 

involves manipulating the interior spaces as well as surface 

treatment to improve functionality in labor and worker health, 

which requires a wide range of skills and technical knowledge in 

many disciplines (architecture, graphic design, decorative arts, 

furniture, lighting, etc.). Designing and building a forensic 

laboratory is a complicated undertaking [1]. Design issues include 

considerations and special requirements involving environmental 

health and safety, hazardous materials, management, operational 

efficiency, adaptability, security of evidence, preservation of 

evidence in an uncontaminated state, as well as budgetary concerns. 

There is no one globally correct design for a forensic laboratory. No 

two labs are the same. Requirements of the personnel and functional 

processes are the driving forces. Firstly, the scientists who will 

occupy the space in a building should be in contact with the 

designers to tell what are especially needed for the laboratory. The 

flexibility must be provided in crime labs to support adaptability, 

change or renewal in line with the latest technologies in time. 

Laboratory is a space where science and design is used together. 

To ensure the quality, reliability and certainty of reports produced 

by laboratories conducting genetic analysis in all member countries 

of the European Union, the European Council announced a 

framework decision: 2009/905/JHA on November 30, 2009, 

regarding accreditation of forensic services providers, who 

implement laboratory activities [2]. 

The correct construction, choosing the right technology and the 

correct material or product in a forensic genetics laboratory, require 

a detailed investigation first, considering the accreditation standard, 

the health of the analysis processes, results and needs of analysts 

and customers [3].  

A modern forensic laboratory should be designed with the 

flexibility to be able to meet different requirements and adapt to 

procedures. As the techniques in DNA analysis evolve, the 

laboratories are required to adapt to new designs for minimizing 

contamination and provide the maximum accuracy of the results.   

In our study; it is demonstrated how to design the laboratory 

along with the requirements of ISO 17025 accreditation, how to 

provide the ergonomy and health and safety of the staff andthe 

Forensic DNA laboratory environment and the sustained accuracy 

and sensitivity of the experimental results.  The design standards 

and recommendations presented in this paper mostly based on 

guidelines. Although most laboratories have many similar 

characteristics, there may be other specifications and/or 

requirements unique to a particular laboratory, according to 

different procedures used. 

2. Material & Methods 

In order to take architectural actions that will facilitate 

accreditation of the designed laboratory according to the ISO 17025 

standard, which will ensure international recognition in the courts, 

the articles of the standard related to “facilities and environmental 

conditions” were used. Standard operating procedures including the 

characteristics of the equipment to be used in the analyses, 

operating principles and practices were considered basicly in the 

placement of the equipment. In order to provide a suitable working 

environment and to facilitate the use of techniques and methods 

suitable for the latest technology; instrument instruction booklets, 

standard operation procedures, ISO 17025 standard and the related 

books and handbooks were utilized in the forensic laboratory. 

First of all, considering the facility layout plan (FLP) regarding 

the instruments;the points where the gas, electricity and water 

installations will circulate were decided, and the floors, ceilings and 

walls were covered with the necessary material to minimize the risk 

of contamination. Then, lighting and the placement of the benches 

in each room were carried out according to the layout plan. 

Instruments and equipment planned to meet the standard 

requirements for accreditation were placed in appropriate rooms and 

locations, taking into account occupational health and safety, and 

waste management of the laboratory. AUTOCAD was used to draw 

the inner plan of the floor where the laboratory building existed. 

The sketch drawn for the facilities is shown in Fig.1. 

 

Fig. 1. Process flow chart for the study area for Istanbul University-
Cerrahpasa, Institute of Forensic Sciences and Legal Medicine [4]. 
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Colors have been selected based on the knowledge gained in the 

discipline "Painting and Color Science", which will combine the 

requirements of standards and good style. In order to achieve the 

tasks in the design, a thorough literature review was made, both 

from printed publications and from internet sources.  

3. Results 

3.1. Laboratory requirements 

Quality control and assurance became a major element in all 

forensic laboratories. Due to the high sensitivity of PCR-based 

typing systems, contamination prevention is the most important 

requirement. To eliminate this risk, as recommended; dedicated 

work areas were established and complete physical separation of 

pre- and post-PCR processes was performed in our laboratory. 

Ideally, three separate work areas with dedicated equipment should 

be available for DNA extraction, PCR setup, and handling and 

analysis of amplified PCR products, in addition to contamination 

protection measures taken during analysis processes. 

A molecular genetic laboratory environment prototype for the 

forensic molecular genetic scientists who plan to build a new 

laboratory for every type of forensic DNA analysis was developed 

here, representing a two-storey object located in Istanbul: Istanbul 

University-Cerrahpaşa Institute of Forensic Sciences and Legal 

Medicine, Forensic Molecular Genetic Laboratory, taking the main 

steps that should be gone through as; making a dimensional plan, 

locating furnitures and equipment, choosing antibacterial furniture, 

flooring, covering and lighting fixtures, chosing the style and 

preferred colors; and to make a visualization of the laboratory 

environment. 

3.2. Technical and Functional Requirements in the 

Interior Design of a Molecular Genetics Laboratory 

A priority task to be solved was to create a functional, 

comfortable and modern interior. The laboratory space should be 

large enough to allow all procedures to be performed in the relevant 

laboratory. Adequate lighting and ventilation were provided. The 

colors chosen were soft and warm. The basic principles of design 

were applied on spatial and functional connections, emphasizing the 

structural and aesthetic qualities. Chairs, tables, etc. were selected 

specifically regarding ergonomy for a good concentration to work.  

3.2.1. Basic interior requirements 

Regulatory requirements in each country regarding the 

provision of healthy and safe working conditions, fire protection, 

storage of chemical, biological and radioactive materials, should be 

considered for each laboratory independently. At this stage of 

design, all factors relevant to the issue should be analyzed. For the 

future accreditation of the laboratory, laboratory design plans must 

be drawn up in accordance with the relevant local regulations. In 

order not to be responsible for accidents that may occur in the 

future, laboratory installations must be made in accordance with the 

relevant regulations. Auxiliary laboratory equipment is a necessary 

condition for providing experimental work. Appropriate apparatus, 

instruments and other facilities must be equipped according to the 

different experimental contents of each laboratory, e.g. ultra-clean 

furniture tables, centrifuges and sampling points. 

According to the guidelines in literature; the widths of the 

spaces are recommended as minimum 1.83 m (6 ft), for primary 

circulation and exit corridors, minimum 1.37 m (41 /2 ft) for 

secondary circulation and non-exit corridors (3). A minimum of 

0.914 m (36 inches) wide active leaf is enough for a Forensic DNA 

Laboratory door. The sign-in and badging area should be located at 

the visitors’ entrance and visitors cannot directly enter the 

experimental spaces but to the security area that is allowed for them 

to audit the experiments from other side of the windows with the 

accompaniment of a personnel. Card-key access system is 

indispensable features of our laboratory. By the way, the door, 

evidence delivery areas and all rooms inside the laboratory are 

monitored with cameras (closed circuit television (CCTV) systems). 

Electrical panels and power supply have been located outside the 

lab. In our laboratory, we have smoke detectors embedded in the 

ceiling. 

Chemically inert, light colored surface materials are used to 

facilitate better cleaning and they are endurable to the chemicals 

used as hypochlorite. The flooring is also chemically inert and non-

slipping. In constructing a laboratory, it should be noted that, using 

antibacterial polymers in surface materials are important for 

preventing contamination. Decontamination is much easier with 

such surfaces.  

3.2.2. Lighting & Color 

Lighting tools used in lighting design can have different types 

and different characteristics. Daylight provides the perception of the 

objects in their natural colors. In our laboratory, daylight is used as 

much as possible. At night, only fluorescent lighting is used to 

reach the required lighting levels. The lamps are at the same level as 

the ceiling, avoiding hanging lamps and hanging pipe systems in the 

laboratory. The color of the fluorescent light source is close to that 

of natural light. In daytime, natural sunlight is utilized directly 

because of the large outer windows.  

Color is one of the most important parameters of interior design 

gives identity to the space used and affects the psychological and 

personal motivation of the user. In this study, the criteria 

influencing the selection of the colors that are critical to the interior 

design of health structures were considered. 

First, the psychological effects of color, the spatial relationships 

between consumers, the composition of colors, the psychological, 

physiological and cultural meanings, the relationship between 

human character and the criteria that affect the designer and the 

consumer when choosing a color are taken into account.  Concepts 

such as color, light and formal qualities of the space, as well as the 

materials used are design elements that affect the visual perception 

of the space. Obviously, however, all plans for these studies must be 

completed in an integrated manner. 

3.2.3. Laboratory sections 

The first factor to be considered is the integrity of samples and 

correctness of the test results which can be affected by physical 

factors in the laboratory environment [5]. Physical environment 

must be designed in a way that eliminates contamination. To 

prevent unauthorized personnel having the potential to accidentally 

contaminate the samples, in order to protect the integrity of the 

materials, access control is critically important. As another measure 

to prevent contamination, the order of the rooms in the laboratory 

follow a single direction sequentially according to the order of the 

DNA analysis process. The general plan of the building drawn 

using AUTOCAD is given in Fig. 2. The order has been designed as 

sample receipt (1), isolation (2), PCR (3), electrophoresis (4) and 

report writing room (5) (Fig. 2). Outside the laboratory area; 

preferably four rooms where no special restriction is necessary for 

the non-staff individuals: (1) A storage room for supplies, (2) a 

room for quality documentation works (3) a room for the staff 

where they can work with documents, eat and rest and (4) a sample 

reception room where the patients/clients directly apply, are 

registered, giving their samples and where the results are submitted 

to the clients. These rooms are outside and separate from the 

experimental area in the building of our Institute. 

Isolation room and PCR room are covered with antimicrobial 

flooring; the walls are painted with antibacterial and special paint 

and the ceilings have special lighting. Doors are in the dimensions 

mentioned to open easily, the tables must have a special coating. 

The tables in the analysis area are resistant to weight due to the 

large weight of the devices that are placed on them. They have a 

long-lasting and antibacterial coating. The floor should be covered 

with special tiles and antibacterial coating. The lighting is mostly 

natural (sunlight is supported by fluorescent when needed). 
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Fig. 2. The interior design of the Forensic Molecular Genetics 
Laboratory 

 

Fig. 3. Area for analysis of the obtained product. 

Archived files should be kept in locked cupboards at room 

temperature around 22oC. Instruments for temperature and moisture 

control with logbooks also exist in this area. It is important that the 

tables are suitable for the room, the lighting in the room should be 

very good for reading (we used fluorescence). Special cabinets were 

placed in the room for archiving.  

The necessary cleaning should be carried out in laboratory WC 

and baths. A high level of hygiene for stuff before work should be 

provided. And ergonomy should be provided, with adequate space 

and adequate number of rooms for the comfort of the personnel. 

Sinks should be resistant to strong abrasion, impact and to 

contaminants. 

3.2.4. Properties in interior design 

The furniture should be suitable in terms of their purpose, their 

place in the interior space and price. Furniture that looks good may 

not be comfortable or the price may not suit us. The goal should be 

to buy furniture that is durable, comfortable and affordable. 

Using colorful, dynamic and exciting aesthetic new materials 

would motivate the stuff. Colorless, impersonal, overly tidy, 

monotonous spaces, equipped with stereotypical products, do not 

attract attention. There is a need to design aesthetic spaces with the 

use of colors and patterns, mixing modern and classic furniture, 

specific to a forensic DNA lab. New designs such as stretch 

ceilings, interactive light floors will contribute as a very impressive 

aesthetic dimension to the design. 

In order to increase the effectiveness of an action, the items 

used must be functional. Functional furniture is used to fulfil the 

purpose for laboratory work, comfort and convenience. In addition, 

for causing physical discomfort, such as back, lower back and leg 

pain, bad furniture will have a negative effect on the staff.  

3.3. Ergonomics of a molecular genetic laboratory 

The basic principles of ergonomics have been taken into 

account in the design, to maintain adequate comfort to motivate for 

work and to keep the attention of the personnel at highest level. The 

laboratory devices and equipment used are placed in such a way as 

to prevent unnecessary performance losses and body strains [6].  

The design was planned so as to minimize lifting, manipulation 

and repetitive movements. Laboratory equipment and materials are 

placed so as to prevent unnecessary loss of productivity and stress 

for the body. Articulations performed by the body, such as 

reversing, reaching or turning, must be minimized by additional 

equipment. Stairs and the benches are chosen according to the 

heights of the staff to work comfortably on the bench while sitting. 

No cabinets were mounted to higher locations, all cabinets are 

reachable for a sitting individual. 

The positions of machines and other laboratory devices are 

located in the best way to provide ease in movements and the 

processes. The tables and chairs were adjusted according to the 

body structure or length of the personnel. The working height of the 

tables, is considered to be 90 cm for an adult, in order to minimize 

movement during permanent work. 

3.4. Selection of materials for laboratory 

At the design stage, the materials to be used must be selected to 

meet certain standards in accordance with the studies to be carried 

out. The first step is to do the physical planning properly. Materials 

should be chosen with the appropriate parameters according to the 

study.  

In a general laboratory design; epoxy resin in laboratory spaces 

where fume hood or chemically rated biological hood is 

recommended as we have in our laboratory. Stainless steel was used 

in spaces of our hoods, where biological sample is to be placed on 

the work surface. Chemical resistant plastic laminate was used in 

benches of all other laboratory spaces. Standard plastic laminate 

was used in non-laboratory spaces such as offices, conference 

rooms, lunch room, toilet rooms, etc. 
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3.4.1. Selection of flooring, wall coverings and 

ceilings 

Floors are made of a easily cleanable, non-slip laboratory 

standard material, which have high chemical resistance and consist 

of as few parts as possible (industrial ceramics).  

Our laboratory floors are constructed with chemical-resistant 

sheet industrial ceramic with welded seams.  Vibration-proof and 

high-strength flooring is important for a comfortable work  

In modern buildings, the ceiling is not just a white flat board on 

which to place a light fixture. Modern trends require the use of the 

ceiling as a major part of the interior of the room, so its proper 

structuring and lighting are the key to comfort. When designing, 

levels and details of the ceilings, paints and colors to be used must 

be taken into account. 

3.4.2. Windows and Doors 

One-leaf opening windows with colorless glasses were selected 

at the request of the molecular genetics laboratory workers. 

Doors with one-leaf opening have been selected for all 

laboratory sections. The doors consist of approximately 1 m2 of 

active wing area. The glazing of the doors is with two-layer 

tempered glass. The laboratory doors must open to the outside. 

There is no equipment and workbench to prevent entry and exit near 

the laboratory door.  

3.4.3. Choice of furniture 

Furnitures should be in very vibrant and non-irritating colors. 

Another feature of the new generation of furniture is their 

flexibility. Furniture should have different and remarkable 

characteristics. The cabinets have a special surface with an 

antibacterial coating and portable system. 

Plastic laminate was preferred for standard laboratory work. 

White benching is recommended, to facilitate cleaning. The 

thickness of the benches in laboratory is approximately 18 mm. The 

outer surface layer is highly resistant to acidic environments. In 

addition, it has high resistance to shocks, heat and moisture. It can 

be used without any problems in Molecular Genetic Laboratories 

for chemical analysis.  

Approximately five-shelves filing cabinet located near the 

tables and at least a 3-drawer movable cabinet located under the 

table is provided for each analyst at the area of the non-laboratory 

workstation. 

A space for a big roundtable and chairs exist in another floor of 

the building where the staff can meet formally or informally. 

Laboratory chairs are height adjustable and are covered with an 

antibacterial non-porous material, which can withstand frequent 

cleaning. In our laboratory; there are ergonomic chairs which allow 

3D movement of the seat, being tilted not only backwards but also 

forwards, having the ability to rise and descending. These chairs are 

designed mainly for laboratories, which, in addition to the health of 

the employees to take care of their posture. Movable chairs were 

preferred, because they are appropriate to the criteria for a 

molecular genetics laboratory for comfort during operation. 

Bench workstation drawer units provide sufficient storage 

capacity to enable bench surfaces to be kept clear, other than 

equipment in daily use.  

3.4.4. Laboratory sinks and nozzles 

Sinks at the side of benches are corrosion resistant, heat 

resistant and UV-resistant stainless steel. The valves are epoxy 

coated ceramic, having switch life more than 500000 times. Parts 

that come into contact with liquids must meet the standard. The 

welding compounds used must not contain cadmium.                                        

 

4. Conclusion 

The current study presents a prototype of an interior design, for 

the forensic scientists who would like to build a forensic molecular 

genetics laboratory regarding the requirements of ISO/IEC 17025 

standard for accreditation and regulatory standards. The laboratory 

mentioned here is built at Istanbul University-Cerrahpaşa Institute 

of Forensic Sciences and Legal Medicine with the name: Forensic 

Molecular Genetics Laboratory.  

A discussion was held on the selection of laboratory furniture, 

lighting fixtures, cladding, furniture and construction materials. 

Measures have been taken to keep the laboratory under control are 

as follows; a) access to and use of areas affecting laboratory 

activities has been limited, b) contamination and interferences on 

laboratory activities have been prevented, c) an effective distinction 

has been made between areas related to incompatible laboratory 

activities d) measurements of the molecular genetic laboratory were 

made e) the diagrams of the technical units were drawn, together 

with projections of the walls. 

Information on our laboratory was given along with short 

evaluations about the possible division of the laboratory premises 

into zones, choice of style, materials used, the most important 

related regulations, ergonomical concerns that were considered 

during construction, preventive measures for microbial 

contamination, locating instrumentation and furnitures and their 

importance. The properties of the laboratory elements as preferred 

colors, lighting colors, lighting fixtures, furnitures (benches, chairs, 

cabinets, etc.), floors and windows, doors and walls, electrical 

appliances, security systems and sample furniture, were detailed.  

This laboratory, which has been established, is important in 

terms of providing an accessible prototype and giving inspirations 

to new entrepreneurs who want to design a Forensic Genetics 

Laboratory according to the requirements of ISO/IEC 17025 

standard. However, it should be considered that each laboratory has 

its own characteristics of interior design and no two labs are 

identical. Once such a laboratory is established, measures are 

required to keep the laboratory under control, opportunities should 

be periodically identified, selected for improvement and any 

necessary actions should be taken.  
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Abstract: A financial project was presented for the construction of a technological line for the production of high-quality replicas of the so-

called "yellow paving stones" and an additional assortment of products with different characteristics based on raw materials originating in 

Bulgaria. After many years of investigation in laboratory and semi-industrial conditions, polycomponent formulations and an original high-

temperature technological regime for the preparation of functional and long-lasting silicate products have been developed. The planned 

technological approach is in accordance with the existing machine park and the qualification of the industrial production personnel, 

characteristic of the silicate industry. The main possibilities for the realization of the production are the full restoration of the street areas of 

the central historical part of Sofia and the construction of long-lasting and aesthetic pavements with a variety of functional purposes in 

different areas of the capital and other populated areas. The current applied development is oriented towards possible potential producers 

and investors and various specialists from the field of public infrastructure and cultural-historical heritage. 
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1. Introduction 
 

With the intensive development of urbanization processes, an 

essential factor ensuring a full-fledged, productive and comfortable 

urban environment is the state of the transport infrastructure [1-3]. 

Currently, the existing street network is dominated by asphalt 

pavements, built in different periods by applying different standards 

and construction technologies. During the greater part of the 20th 

century, the presence of a developed asphalt street infrastructure 

was seen as an indispensable criterion for the development and 

modernization of settlements. In recent decades, with the active 

introduction of environmental norms and the perception as a basic 

priority of the requirement to ensure a safe and healthy 

environment, a basic reassessment of the role of a number of 

modern materials and the prospects for their future global 

application is being carried out. The International Agency for 

Research on Cancer (IARC) classifies fumes from asphalt 

pavements as a possible carcinogen [4] assigned to class 2B. This 

implies the existence of a potential risk, both in the process of 

laying the asphalt mixtures (with the necessary technological 

temperature) by the specialized road construction and repair teams, 

and in the long-term operation of the routes, especially in the 

summer season. As the main critical factors, the temperature of the 

asphalt products and the duration and levels of exposure, with a 

possible carcinogenic effect [4] of the asphalt emissions are 

considered. At the same time, the intensive daily car traffic, the 

cyclical day-to-day changes in the operating properties of the 

pavement under the influence of the increased daily temperature 

values in the summer months and the relatively destructive effect of 

the various anti-icing agents used in the winter period significantly 

accelerate the depreciation of the asphalt pavements. On the other 

hand, the local repair activities carried out on individual destroyed 

sections do not fully restore the original parameters of the route and 

create an unaesthetic effect. 

In modern urban planning, paved pavements continue to 

represent an up-to-date alternative to the dominant asphalt 

coverings [5-7]. The use of various paving systems dates back to a 

long historical period, which allows the study of the long-term 

impact of various factors (traffic, climatic, atmospheric, seismic and 

a number of others) on the general condition of the infrastructure 

and the development of modern adequate approaches to urban 

planning. The use of various paving elements (granite, concrete, 

ceramic and others) provides an opportunity to build a variety of 

ecological and aesthetic pavements with sustainable indicators [5-

10] within the intended operating conditions and terms. A specific 

aspect of the application of the pavements is their use in areas with 

historical architecture [6,7], which allows preserving and restoring 

the authentic appearance of the urban environment. A typical 

example is the practically exhausted possibilities for restoration 

(due to the lack of available new reserves) of the amortized and 

crumbling original pavement of the so-called "yellow paving 

stones" (declared a cultural value) from the central city part of Sofia 

[5-7,11]. Some of the street areas originally paved with "yellow 

cobblestones" have been overhauled by laying another type of 

pavement. 

The main reasons for the lack of significant interest among 

existing enterprises in organizing modern production of "yellow 

paving stones" are the need for investments [5] for additional 

equipment, factory infrastructure and personnel, using the services 

of highly qualified specialists outside the factory, large-scale 

research of raw materials from various potential deposits, 

conducting a series of laboratory and energy-intensive industrial 

experiments to specify the optimal technological conditions for the 

preparation of a new product with identical characteristics to the 

authentic samples. At the same time, during the long-term research 

laboratory activity [5-7, 10-21], the implementation of a funded 

scientific research project [5] and a series of semi-industrial 

experiments [6, 7, 11, 12], the team of IMSTCHA-BAS, based on 

raw materials originating in Bulgaria, develops an effective 

technology for the production of full-fledged replicas (with superior 

complex indicators) of the original "yellow paving stones".The 

development allows, in the presence of interest (of representatives 

from the industrial sector), to prepare a detailed technological 

regulation, tailored to the individual production capacities of a 

specific enterprise from the silicate industry. In the presence of 

more significant investment capital, it is planned to design [5] and 

build an experienced plant, equipped with a technological line and 

separate production areas for the production of wear-resistant 

«yellow paving stones», other forms of paving elements, paving 

slabs, boards for decorative cladding and others. The production of 

some products in different color variants allows expanding the main 

assortment and increasing its competitiveness. The planned target 

application of the prepared «yellow paving stones» foresees [5-7, 

11, 12] the priority restoration of the authentic condition of the 

street areas, part of the architectural ensemble of the People's 

Assembly Square and adjacent areas. Promising opportunities for 

the realization and creative combination of the entire spectrum of 

production are (if the municipal authorities are interested) the 

construction in suitable areas of the capital and in other cities of 

long-lasting and aesthetic pavements [5] with a diverse functional 

role: street and sidewalk areas, long-lasting markings, pedestrian 

areas, bike lanes, square spaces, yard spaces of single-family houses 

or closed residential and hotel complexes, transport infrastructure in 

tourist complexes and cultural and historical sites (settlements with 

the status of museums, restored archaeological monuments, etc.), 

park lanes, specialized open commercial area and amusement parks, 

car parks and a number of others. 

The aim of the present work is to present a financial project for 

the construction of a technological line and the organization of a 

cost-effective production of replicas of the so-called "yellow paving 

stones" and an additional product assortment based on the original 

technological regime and raw materials of local origin. 
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A plant schematic drawing for the production of yellow paving 

stones and tiles from marl clay. 
This publication examines some economic indicators needed to 

prepare a realistic business plan for the construction of a plant 

(Fig.1) for the production of various marl clay products such as 

pavers, tiles - yellow and other colors for covering urban spaces 

applicable in construction in populated areas and for other purposes. 

The production of different products ensures higher mechanical 

stability and allows the load-bearing function of the final products. 

The total investment value for the construction of the plant was 

determined to be EUR 2.5 million, on the basis of calculations for 

the prepared business plan. 

In this material, some economic indicators are presented in 

order to create a real Business Plan for the construction of a plant 

for the production of materials from marl clay - paving stones for 

covering streets and squares and tiles with small and large sizes for 

pavement spaces. Finally the material, the total investment value for 

the construction of the plant of 2.5 million euros was determined, 

with which value the following calculations for the Business Plan 

were realized. 

 

 
Fig.1. A plant schematic drawing for the production of paving stones and tiles from marl clay. 

 

 

2. Some financial parameters  
 

2.1. Establishing production needs for a 10-15 year period - 

marketing analysis. 

 

Complete marketing research is difficult to do. After 

consultation with specialists, independent research has been carried 

out, approaching reality. 

The study plan includes the following parts: 

The aim of the research 

The purpose of the marketing research is to prove the necessity 

of the product pavers and tiles and the possibility of establishing 

itself on the market, both in Bulgaria and abroad. The need for the 

product is proven by its technical indicators, and the imposition on 

the market depends on the needs, company policy, advertising, the 

economic possibilities of the users, mainly city councils, etc. 

Investigation method - through client quotas. 

The effort is aimed at determining the possible volume of orders 

from possible users - construction organizations and mainly city and 

municipal councils. 

Sofia, as the capital and largest city in the country, has 

approximately 94,000 acres of streets, squares and sidewalks. In the 

past, 60 acres were paved with yellow pavers. 

The goal of the collective is to help the capital to restore these 

areas and reach 100 acres. But this is only 0.1% of those of the 

existing areas. 

 

The regional cities - 28 of which are 1/10 of the capital - in total 

have approximately the same area of streets and sidewalks. The 

small towns, due to depopulation of the country, have shrunk to 5-

6,000 inhabitants, and have a total area of even more. The country 

is estimated to have about 300,000 acres of streets, squares and 

sidewalks. 

It is assumed that half of this volume of areas will not be 

realized due to conservatism and economic reasons. We distribute 

the other half between existing and other types of street and 

pavement coverings appearing on the market. For petrified paving 

stones and tiles, the percentage distribution indicated in table 1 

among the different types of street coverings is obtained. 

Although these products are the best of the materials listed so 

far with optimal qualities, we set certain quotas for similar pavers 

and tiles - 1.5% of 300,000 approximately 4,500 acres. 

50,000 pavers and 25,000 tiles are included in 1000 sc. m (1 

acre) area, which makes 250 tons of pavers and 75 tons of tiles. For 

the first stage of the plant, an annual production of 300 tons of 

pavers and 150 tons of tiles can be assumed. (See Table 1.). Table 2 

shows the volumes of annual consumption (in the most minimal 

version) for the different types of products. It also includes volumes 

for abroad, to determine the total consumption of this material. 

For single export abroad, the export of petrurgical products in 

color and only yellow and white for delineating a permanent 

horizontal road marking is considered. 
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    Table 1. Competitive materials. 
    № Competitive materials Market, % 

    1 Pavers carved from stone - granite 
Paving tiles from natural stone pieces 

16 

    2 Asphalted street and sidewalk surfaces 45 

    3 Different types of colored natural stone pavers 

with smaller sizes for figurative coverings (red, 
white, etc.), Marble paving slabs 

5 

   4 Concrete pavers and tiles - different sizes and 

quality 

30 

   5 Petrochemical pavers and tiles 1.5 

   6 Others 2.5 
 

   Table 2. Types of products. 
№ Production - types of products for the first 

stage of the plant's development 

Volume in 

tons 

1 Paving stone 300 

 Yellow pavers 200 

 White pavers 50 

 Colorful pavers 50 

2 Tiles 150 

 Yellow tiles 100 

 Colored tiles 50 

 Total 450 
 

Increased interest in such products was registered at 

exhibitions. 

As a result, a capacity of 300 tons of pavers and 150 tons of 

tiles per year is offered - a total of 450 tons/year for the first stage 

and doubling the production for the second stage to 900 tons/year. It 

is insufficient to meet the full needs of such petrurgical materials. 

After the implementation of the project, appropriate management 

decisions can be made to change the volume of production, but at 

the beginning of the activity it is advisable to work in a market with 

greater opportunities for implementation, i.e. in a "black hole" 

market. The bottom line is that in the next 10-15 years, the marl 

clay ware plant will be operating at full capacity. 

Production program 

Through the marketing analysis, the initial production program 

was determined, as a basis for calculating the productivity of the 

technological line. 
 

   Table 3. Production program. 

Years 1* 2 3 4 5 6 7 8 9 10 

Production 

tons/year 450 900 900 900 900 900 900 900 900 900 

 
 

Note:*During the first year a preparing and designing of the 

plant is carried out and the building and installing the plant's 

equipment includes half a year. Finally a report of the obtained 

results during 10-year research is considered. 

The production program envisages obtaining the capacity of the 

technological line with the necessary margin for failure, even 

though small, taking into account the necessary planned repairs of 

the facilities and all other prerequisites for regular, full-fledged and 

fault-free operation of the plant for the production of petro-chemical 

products. Table 3 shows the production schedule for a 10-year 

research horizon commensurate with the real life of the process line 

and the real production development cycle. 

 

2.2. Analysis of costs of raw materials and auxiliary materials- 

modifiers, dyes and others. Material and heat balance of 

production. 
 

Marl clay - main raw material 

For products with a specific weight of 2500 to 2600 kg/m3, we 

determine the necessary main raw material with a 20% reserve. The 

operation mode of the main equipment of the technological line - 

dryer and oven 1 pc each - is continuous. We accept for 1 year 330 

working days. The remaining 35 days are for planned repairs. We 

determine the daily, monthly and annual need for raw materials 

with a 20% reserve and a minimum density of 2500 kg/m3 and a 

maximum density of 2600 kg/m3. It is as follows: (see table 4). 

Calculations such as cost rates are made for maximum compacness. 

The price of the raw material is 30 euros. 
 

Table 4. Consumption of base raw materials. 
Productivity, 

tone 

Material 

Daily 
Monthly for 27.5 

working days 

Annual for 330 

working days 

  Consumption of raw material - marl clay,  kg 

450 min 1363 37500 450000 

500 max 1515 41662 500000 

900 min 2727 75000 900000 

1000 max 3530 83324 1000000 

  Consumption of raw material - washed kaolin, kg 

450 Min20% 272 7480 89760 

500 Max20% 303 8333 91650 

900 Min20% 544 14960 164560 

1000 Max20% 606 16665 183315 

  Consumption of raw material - colorants,  kg 

450 Min2% 27,2 748 8976 

500 Max6% 81,6 2244 24684 

900 Min2% 54,4 149,6 16456 

1000 Max6% 163,2 4488 49368 
 

Consumption of additives, modifiers and colorants. 

To obtain basic, modified and colored material, it is necessary 

to take these materials as a weight % of the basic raw material. 

Washed kaolin is usually added to the base material for additives - 

20% over 100% in classic production with a price of 50 EUR/ton. 

Dyes are also used - from 2 to 6% also over 100% with a price for 

the different colors of the dyes from 20 to 100 euros per kilogram. 

The main production is without colorants, i.e. in yellow color, and 

the special one in white color for horizontal marking. The three 

cheapest colors are used for dyes - dark red (burgundy) with dye 

Fe2O3, green dichromium trioxide Cr2O3 and blue - 1% cobalt 

carbonate. The expert estimate made for the price of 1 ton of 

material and additives is shown in table 5. 
 

   Table 5. Consumption price of additives, modifiers and colorants.  

№ Type 
450 tons/year 900 tons/year 

min max min max 

1 Marl clay, EUR/t 36.00 37.44 72.00 74.88 

2 Kaolin, EUR/t 20.00 20.80 20.00 20.80 

3 Dyes, EUR/t 0.00 400.00 0.00 400.00 
 
 

Packaging costs 

The pavers are packed on pallets with dimensions of 800 x 1200 

x 150 mm. The arrangement on the pallets takes place at the 

palletizing machine at the end of the technological line, after which 

it is wrapped or not depending on the customer with polyethylene 

film, tied with a chamber and stored. The height of the finished 

pallet is 1.2 meters. Other products, if necessary, are also packed on 

a similar pallet.  
 

2.3. Electricity consumption by aggregated indicators. 
 

The electrical energy (table 6) that is consumed is divided into 

two groups: electrical energy used for preparatory - closing 

operations and main electrical energy or other energy for drying and 

annealing. The first group is carried out by the various facilities 

described in the title list of the technological line, and the second 

group is carried out in a new, ecological way by burning high-

calorie pellets in a special generator, heating air supplied up to 200 
oC in the dryer and up to 1300 oC in the furnace, and in a cooling 

cycle while the excess heat is supplied to the drying space. The 

length of the dryer is 76 meters, and the length of the furnace is 60 

meters. The facilities are divided into zones, and according to the 

technological mode, the speed of movement of the carts in the dryer 

and in the furnace, respectively, is determined. The electrical energy 

consumed by all consumers of the technological line, with the same 

numbering from the title list is presented in the table 6. 

Some facilities have no electricity consumption. The price of 

consumed ENERGY is 0.22 EUR/kWh at a three-tariff electricity 

meter (average value of 0.33: 0.198 and 0.132 BGN per kWh for 

2020) until the end of 2021. 

It is possible to use gas if no ecological fuel is used for heating. 
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   Table 6. Use up power by consumers.  
 

№ 

Installation 
№     Installed power Productivity 450 t Productivity 900 t 

  kW 
Time 

for work 

Power 

consumed 

Time 

for work 
Power 

consumed 

    hours kW hours kW 

 Workshop No. 1 Preparation of raw materials       
 Raw material warehouse       

1 Feeder hopper with vibrator. It is filled with marl clay, with a volumetric weight of 

up to 2300 kg/cubic m. Volume V=5 cubic meters. 
1 -     

2 Conveyor. Serves to transfer the clay to the Homogenizer pos.11 and to Kollergang 

pos. 3. Dimensions L=20 m, B=500 mm, V=15 m/min, N=2.2 kW, with 2 pcs. flaps. 
1 1 х 2,2 = 2,2 6 13,2 12 26,4 

 1.2. Preparatory section of raw clay 1 -     

3 Kollergang for crushing raw material to sizes 5-10 mm., D=3 m, N=7.5 kW 1 1 х 7,5 = 7,5 2 15 4 30 

 1.3. Fireclay preparation mill section       

4 Rotary furnace firing marl clay for chamot, total power N=15 kW, n=20rpm, 

dimensions D=0.8m, L=4 m, H=1.5m, T = 850 
o
C. 

1 1 х 15  = 15 3 45 6 90 

5 Vibrating type mill for chamot crushing. Productivity 1000 kg/hour. N=5 kW. Sizes of 

the obtained particles below 100 μm, with a volume weight of 2,500 kg/m3. 
1 1 х 5 = 2,2 6 30 12 60 

6 Aspiration device around a fireclay mill N=2.5 kW 1 1 х 2,5 = 2,5 6 15 12 30 

7 Belt conveyor for transporting the fine particles from Kollergang pos. 3 to Mill 

pos. 5, volumetric weight 2,800 kg/m
3
, dimensions B=500 mm, L=18 m, N=2.2 kW 

1 1 х 2,2 = 2,2 6 13,2 12 26,4 

 1.4. Schlicker (liquid clay mixture) preparation section  -     

8 Belt conveyor for transporting the fine particles from Mill pos. 5 to Homogenizer 

pos.11, volumetric weight 2,800kg/m
3
, dimensions B=500мм, L=15m, N=2.2 kW, 

with 2 pcs. receiving chute at one end, 2 m wooden part and one chute at the other end. 
1 1 х 2,2 = 2,2 6 13,2 12 26,4 

9 Hopper for additives - 1.5 m
3
 3 -     

10 Cart for supplements with scales up to 500 kg. Drive automatically. Feeding in 

Homogenizer pos. 11. 
1 -     

11 Homogenizer with ball grinding elements of a schlicker. According to the recipe, 

crushed clay from Kollergang pos. 3, ground fireclay from Mill pos. 5, additives 

such as washed kaolin and others and water 60%, and the result is a liquid 

colloidal mixture - a slip with a maximum particle size of less than 100 μm. 
Volumetric weight of the homogenized slip 1400 kg/cubic m. Grinding time up to 8-10 

hours. Approximate dimensions: useful volume V=3 m3. D=0.8-1 m, L=10 m, n=20 

rpm, N=15 kW. 

1 1 х 15  = 15 3 45 6 90 

 1.5. Plastic table preparation section       

12 Filter press to remove water up to 12-15% until a plastic mass is obtained D=0.8-1 

m, L=2 m, n=10 rpm, N=5 kW 
1 1 х 5  = 5 6 30 12 60 

13 Screw vacuum press for removing air bubbles from the plastic mass D=0.8–1 m, 

L=2 m, n=10 rpm, N=5kW 
1 1 х 5  = 5 6 30 12 60 

14 Extruder screw D=0.1 m, n = 10 rpm, N = 5 kW 1 1 х 5  = 5 6 30 12 60 

 Workshop No. 2 Receiving finished products       

 2.1. Section for pressing products       

15 Mold equipment for 7 types of raw products - 5 for pavers and 2 for tiles. -      

16 Trolley up to 1000 kg on rails. Drive automatically by pusher in dryer and oven. 

Supply to Dryer with air circulation, Usable area length 2.40 x width 2.60 m. 
      

17 Press for pressing raw products,  N = 7.5 kW 1 1 х 7,5 = 15 6 45 12 90 

 2.2. Drying section       

18 Dryer with air circulation passage with large volume and programmer - up to 684 

m
3 
and temperature up to 200

o
C with different drying modes for different products, 

N=5 kW, L=76 m, without the energy for drying. Generator for heating ecological 
fuel with a power of 20 kW 

1 
1 х 5 = 5 

1 х 20 = 20 

12 

12 

60 

240 

24 

24 

120 

480 

19 Drying racks measuring 1.2x0.8x1.8 go into a cart-mounted air circulation dryer. 600 -     

 2.3. Furnace section       

20 Walk-through furnace with a trolley with intermediate partitions for high-

temperature firing of various products up to 1200°C in capsules - special boxes 

with or without a lid N=5 kW, L=60 m without energy for baking. Generator for 
heating ecological fuel with a power of 150 kW 

1 

1 х 5 = 5 

1 х 150 = 
150 

12 

12 

60 

1800 

24 

24 

12 

3600 

21 Racks for capseles (drying adjustment boxes) with sizes 4 x 0.8 x 1.8 3 -     

22 Capseles for products 10000 -     

23 Rail track, H = 1435 mm L = 150 m. 150 -     

   Transport inside the factory       

24 Transport inside the factory - stapler machine for feeding raw clay (fadrome), 

tractor with trailer, motorcycle (or gas) car or electric car. Euro pallet size A = 800 

mm, B=1200 mm H=150 mm and load height H=1800 mm. 

3 -     

25 Packaging machine for products with tape and foil. N=3 kW 1 1 х 3 = 3 2 6 4 12 

 Total plant facilities       

26 Workshop crane - with robotic manipulators, load capacity Q=5 tons. N=7.6 kW 1 1 х 7,5 = 7,5 4 30 4 30 

27 Laboratory for quality assessment - (apparatus and appliances) - complete 

laboratory equipment. Total power N=up to 3 kW 
1 1 х 3 = 3 0,5 1,5 0,5 1,5 

28 Repair workshop - machines, fixtures and tools most necessary for the repair of the 

furnaces and other equipment, and a repair section for repair, installation and 
dismantling of the insulation and heaters of the furnaces. Total power N=40 kW 

1 40 1 40 2 80 

29 Domestic premises - equipment with the most necessary household items and amenities. 1 -     

30 System for control and computer management of the technological process. 1 1 х 1,5 = 1,5 24 36 24 36 

31 Factory telephone connections-system-Director's office. 1 -     

32 Substation 1 -     

33 General rack for air drying of products on Dryer with air circulation pos. 18 and Pest 

pos. 20-742 sq.m. 
1 -     

Note: The annual consumption is taken at 330 working days of the facilities, with some facilities operating in one shift, some in 2 shifts, and the furnaces in a 

continuous duty cycle (3 shifts). Calculations for green energy generators for heating are currently made with the cost of electricity due to lack of data. If these 
generators are applied, the cost price of the products will be reduced. 
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Consumption of other types of energy – heat, cold, water, 

steam, fuel, etc. - none except for household needs - 1 EUR/ton 

each. 
 

2.4. Cost of labor and other costs. 
 

Industrial - production personnel (IPP) and salary fund. 

Distribution of IPS (industrial - production staff) by categories 

of shifts and productions.  

The required number of workers has the following list 

composition:  

-Оne superior of shift, automation and control engineer, higher 

education, male or female, works 3 shifts, 3 people; 

-Тwo equipment maintenance technicians - 1 mechanic and 1 

electrician, secondary special education, men, working in 1 shift, 2 

people. 
 

   Table 7. Total power used. 
 

Power For 450 t/year For 900 t/year 

1. Total installed capacity of 

machines for preparatory - final 

processing 

101 kW 101 kW 

2. Total installed power for heating 

- drying and baking  
170 kW 170 

3. Total used daily capacity for 

preparatory - final processing 
517 kWh/day 968 kWh/day 

4. Total used annual capacity for 

preparatory - final processing 
170610 

kWh/year 
319440 kWh/year 

5. Total power used for preparatory 

- final processing for 1 ton of 
finished product 

379.13 kWh/t 354.93 kWh/t 

6. Total used daily power for 
heating the material for 24 hours 

(12 hours - max consumption works 

with on and off to maintain 

temperature) max 

2040 kWh/day 4080 kWh/day 

6a. Commonly used daily power for 

heating the material for 24 hours (8 

hours - min consumption - works 

with on and off to maintain 
temperature) min  

1360 kW 2720 kW 

7. Total used annual power for 
heating the material - max  

673200 

kWh/year 

1346400 

kWh/year 

7a. Total used annual power for 

heating the material – min 
448800 

kWh/year 
897600 kWh/year 

8. Total used power for heating the 

material for 1 ton - max  
1496 kWh/t 1496 kWh/t 

8a. Total used power for heating the 

material for 1 ton - min  
997,33 kWh/t 997,33 kWh/t 

9. Total power used for preparatory 

- final processing and for heating 

the material for 1 ton max  

379,13+1496= 

=1875,13 kWh/t 

354,93+1496= 

=1850,93 kWh/t 

9a. Total power used for 

preparatory - final processing and 

for heating the material for 1 ton 

min  

379,13+997,33= 

=1755,59 kWh/t 

354,93+997,33= 

=1707,19 kWh/t 

10. Total annual power used for 
preparatory - final processing and 

for heating the material - max  

843808,5 

kWh/year 

1665837 

kWh/year 

10a. Total used annual power for 

preparatory - final processing and 

for heating the material - min  

790015,5 

kWh/year 

1536471 

kWh/year 

11. Total value for 1 ton in Euro max  412,53 407,20 

11a. Total value for 1 ton in Euro min 386,23 375,58 

Note: The annual consumption is taken at 330 working days of the 
facilities, with some facilities operating in one shift, some in 2 shifts, and the 

furnaces in a continuous duty cycle (3 shifts): 

-Тwo technicians for work of all furnaces and equipment, 

technicians of silicate materials, secondary special education, men, 

work in 3 shifts, 6 people; 

-Тhree workers (for preparatory and final processing of the 

materials) and 1 forklift driver, work in 2 shifts, 8 people; 

-Оne technician controller, secondary special education "Silicate 

technology" , man or woman, works 2 shifts, 2 people. 

A total of 21 service personnel are needed for one industrial unit 

operating with 5 shaft furnaces and 1 rotary furnaces for granules 

for the first stage of commissioning of the plant. An additional 14 

people are needed for the second stage of capacity implementation 

as follows: 

-Тwo equipment maintenance technicians - 1 mechanic and 1 

electrician, secondary special education, men, working in 1 shift, 2 

people; 

-Тwo technicians for work of 5 shaft furnaces and 1 rotary furnace 

for granules, technicians, secondary special education "Silicate 

technology", men, working in 3 shifts, 6 people; 

-Тwo the workers for preparatory and final processing of the 

materials, 1 employee (secondary special education "Silicate 

technology") and 1 forklift driver (secondary special education), 

men or women, work in 2 shifts, 4 people; 

-Оne technician controller, technicians, secondary special education 

"Silicate technology", man or woman, works 2 shifts 2 people. 

A total of 35 staff are needed for the plant at full capacity. 

Annual salary fund and accruals for social security and 

retraining and unemployment fund (calculation base)  
In the calculations it is assumed for labor, including additional 

labor remuneration such as classes, night allowances, etc. as 60% of 

the normally inherent costs of materials for this type of industry and 

with 20% harmful, including 35% for social security and 7% 

retraining and unemployment fund:  

In total, for the first stage of the introduction of the plant's 

capacities, 21 people serving PP staff are needed, with a total value 

of monthly wages of 196060.5 EUR per year or falling at 435.69.07 

EUR/ton. For the second stage of introducing the capacities for the 

additional 14 people, the salary of the working staff is maintained as 

follows:  

In total, 35 IP personnel are required for the plant at full 

capacity, with a total annual salary of 410049 EUR and falling at 

455.61 EUR/ton. 

Depreciation charges. 

Depreciation charges are different for different capital 

investments: 

For land and infrastructure - deductions are not foreseen.  

For a building - with a 20-year term of deductions. 

The formulas by which we determine the depreciation and the 

residual value are: 

A = Р / Т, where Р is the value of the depreciable capital, and Т 

is the time for amortization. 

For 1 ton we receive 50 EUR/ton for the first stage and 25 

EUR/ton for the second stage.  

For the technological line - we use a formula with a non-

linear dependence of calculating the residual value.  

P Growth = P (1 - k)T  and 

A = P - P Growth.; k = 0.2 and T = 5 years for this type of industry  

For 1 ton, we sum up the total depreciation for the ten years for 

the first and second stage respectively, i.e. we get 138.84 EUR/ton 

for depreciation charges for the first stage and for the second stage 

110.76 EUR/ton, which is an average value for the annual 

depreciation charge. Real values are variable quantities that will be 

reflected in the corresponding annual real costs.  

For the second stage of operation of the technological line, 

depreciation deductions are allocated after the third year from the 

start of operation of the plant.  
 

2.5. Determination of full production cost and production 

and sales price.  

These values are presented in the following table 8 in EUR. The 

factory price constructed in this way in two versions with minimum 

and maximum costs for the two stages of production shows the 

limits of the real factory price, which will probably be somewhere 

in the middle of the resulting interval, i.e. for the first stage it will 

be 1999.27 EUR/ton and for the second stage respectively 2011.79 

EUR/ton/. 

Full cost of production and production cost by cost element 

and analysis of basic costs. 

From the cost table, it can be seen that the elements for building 

the full cost are from item 1 to item 6, respectively, raw materials, 

energy costs, labor costs, other costs, depreciation deductions, 

additional costs, some of which are given as exact values, and 

others are defined as a percentage of the costs incurred so far, taken 

from the statistics for the relevant type of production.  
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  Table. 8. Determination of full production cost and Factory price. 
 

No 

Type of expenses 

Amount in EUR/ton of petrified material at a density of 

2500 kg/m3 

 

Productivity 

450 tons/year 900 tons/year 

 min max min max 

1 Raw materials     

1.1 Main - marl clay 36.00 37.44 72.00 74.88 

1.2 Basic – washed kaolin 20.00 20.80 20.00 20.80 

1.3 Dyes 0.00 400.00 0.00 400.00 

 Amount for item 1 56.00 458.24 92.00 495.68 

 Average value 257.12 293.84 

2 Energy costs at current 0.22 EUR/ kWh 386.23 412.53 375.58 407.20 

 Average value 399,38 391,39 

 Amount for item 1 to item 2 442.23 870.77 467.58 902.88 

3 Labor expenses     

3.1 Salary 60% of cost of materials 265.34 348.31 280.55 361.15 

3.2 Accrued 35% for Income tax 92.87 121.91 98.19 126.40 

3.3 Accrued 7% for unemployment and retraining 18.57 24.38 19.64 25.28 

 Amount for item 3 376.78 494.60 398.38 512.84 

 Average value 435.69 455.61 

4 Other expenses     

4.1 Transportation of raw materials 1.00 6.00 1.00 6.00 

 Amount for item 1 to item 4.1 819.01 1365.37 865.96 1415.72 

4.2 For maintenance and repair, 10% for the amount from items 1 to 4.1 81.90 136.54 86.60 141.57 

4.3 Marriage up to 20% for the amount from items 1 to 4.1 163.80 273.07 173.19 283.14 

 Amount for item 1 to item 4.3 1065.71 1780.98 1126.75 1846.43 

4.4 Packaging costs - pallets 9.60 11.60 9.60 11.60 

 Amount for item 4 993.41 1656.04 1049.75 1716.46 

 Average value 1324.73 1383.10 

5 Depreciation deductions A (calculated according to a special formula)     

5.1 For buildings 50.00 50.00 25.00 25.00 

5.2 For a technological line 138.84 138.84 110.76 110.76 

 Amount for item 5 188.84 188.84 135.76 135.76 

 Average value 188.84 135.76 

 Production cost price amount for item 1 to item 5.2 1264.15 1981.42 1272.11 1993.79 

       

6 Additional costs - 10% of the amount for items 1 to 5, (advertising, 

salaries for administration and management) 

126.42 198.14 127.21 199.38 

 Average value 162.28 163.29 

 Full cost - amount for item 1 to item 6 1390.57 2179.56 1399.32 2193.17 

7 Profitability - 12% of the amount for item 1 to item 6 166.87 261.55 167.92 263.18 

 Average value 214.21 215.55 

 Factory price - amount for item 1 to item 7 1557.44 2441.11 1567.23 2456.35 

 Average factory price for electricity 0.22 EUR/kWh 1999.27 2011.79 

 Average factory price of 1 paver weighing 5 kg, EUR/piece 7.79 12.21 7.84 12.28 

 Average factory price of 1 paver weighing 5 kg, BGN/piece 15.57 24.41 15.67 24.56 

 Average factory price of 1 tile weighing 3 kg, EUR/piece 4.67 7.32 4.70 7.37 

 Average factory price of 1 tile weighing 3 kg, BGN/piece 9.34 14.65 9.40 14.74 

  

No coloring 
-Original 

yellow* 

With color – 
other: red 

(burgundy), 

green, blue 

No coloring 
-Original 

yellow* 

With color 

– other: red 

(burgundy), 

green, blue 

  No profit 

*Note: The marl clay used creates the specific yellow color [10]. 

 
The production price also includes a minimum planned 

profitability - 12% of the costs incurred for the full production cost. 

The following analysis of the main costs was made:  

-costs for raw materials are constant; 

-energy costs are also constant if the price of electricity does not 

increase above 0.22 EUR/kWh, which depends on government 

policy; 

-labor costs are variable, on the one hand, until the optimal 

composition of jobs is established, on the other hand, in order to 

have lasting interest on the part of the work team, it is necessary to 

foresee a progressive increase in wages by approximately 5% per 

year separately from inflation, which can be guaranteed from the 

profit, after paying off the used credits or in parallel with them; 

-other costs, including transportation of raw materials, 

maintenance and repair costs, which we define as 10% of the costs 

incurred so far and marriage costs are variable in the direction of 

reduction, which is the concern of the plant management; 

-depreciation deductions set aside in a separate fund are 

constantly decreasing for each subsequent one-year period. The 

total cost includes the average value for the first stage and the 

average value for the second stage of production. Their calculation 

is shown above. The decision to use these funds is the responsibility 

of management; 

-additional costs, including funds for advertising the produced 

material and funds for payment of the work of administrative and 

management personnel. These funds are necessary for the 

successful implementation of the production. Finding the optimum - 
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on the one hand, not to weigh too much on the cost price, on the 

other hand, to be as much as possible for the quality work of the 

governing body will largely lead to success and positive results. Of 

the 10% determined, 2.5% is set aside for advertising, and the 

remaining 7.5% is paid for the labor of the governing body. Here, 

too, it is necessary to provide for an increase in wages by 5% per 

year separately from inflation.  

For the 10-year period of consideration, the total amount for 

advertising is distributed over years unevenly in order to promote 

the finished product at the beginning of its production.  

The composition of the administration is minimized. Necessary 

expenses are also for paying patent authors, consulting fees for 

plant planning and construction, and other fees, and a minimum 

reserve is required.  

The foreseen 12% minimum planned profitability, also 

allocated in a separate fund, determines the size of the minimum 

planned profit compared to the cost of production, and from there 

the average profitability compared to the production funds, which is 

10.6% for the first stage and 38.8% for the second stage of plant 

operation. This will help determine the exact value of the minimum 

selling price of the produce.  
 

Factors  influencing  full  cost,  production  price  and 

selling  price.  
 

The factors having some influence on these parameters of the 

manufactured products are of two types - external and internal. 

External are the normative documents affecting the making of 

legally justified management decisions and internal, leading to the 

accumulation of maximum profit and an optimally effective result 

of the production of this type of production in the created macro - 

external economic environment, i.e. the maximum possible selling 

price in order to realize the maximum profit and at the same time 

sell the entire quantity of output produced. The selling price is 18 

BGN per paver and 10 BGN per tile without VAT. With which 

calculations the Business Plan is made.  
 

Capital investments and production funds.  

Capital investments are worth EUR 2.5 million for the two 

stages. 
 

Structure of capital investments and fixed production funds.  
We divide capital investments by the following costs:  

 

For land - EUR 50,000.  

It is planned to purchase a plot of land with dimensions of 90 x 

60 m = 5,400 sq.m., on which to build a workshop - a building with 

dimensions of 60 x 30 m = 1,800 sq.m.  
 

For infrastructure - EUR 50,000.  

For construction or building - 400,000 EUR.  
The workshop building with dimensions of 60x30 m = 1800 

sq.m built-up area 
 

For technological line - machinery and equipment 2 million 

EUR. 
 

Working Capital.  

Working capital is the sum of the value of the working funds 

and the circulation funds. Working funds consists of the 

following components:  

- raw materials expenses - energy costs  

- labor expenses - other costs  

- transport, maintenance and repair, marriage, packaging, etc.  

- additional costs 

Working funds also includes unfinished production and stock 

of raw materials in the amount of 15% for 1 year.  
 

Circulation funds is made up of the following components: 

- unrealized finished product - as quantity and value we accept 

finished product less than a unit of transport volume (no. 3/4 of the 

volume of a truck - TIR);  

- costs for finished goods on the road (full volume of a TIR 

truck). 
 

Total value of Working capital - represents the sum of the 

above components increased by 20% for unforeseen additional 

costs.  

The minimum and maximum value of Working capital indicates 

the limits within which they can move. After analysis we accept 

500,000 EUR.  

Available main funds that will be used under the project 
 

Available capital funds at the time of creation of the conceptual 

project do not exist. After implementation of the project 

management form, ways to collect these funds will be found.  
 

Production funds. 

The production funds necessary for the realization of the project 

are the value of the technological line, respectively 2,000,000 EUR.  

One-time costs 
The one-off costs are for the purchase of land, construction of a 

building and infrastructure, the total cost of which is EUR 500,000.  

The total cost of realization of the factory for the production of 

petrurgical products is 2.5 million EUR, which price changes over 

time to increase with the inflation index and other, external factors. 

These data are included in the developed business plan.  

Note: In the entire project, the value of 1 EUR is equal to 2 

BGN, limited by the Currency Board in the Republic of Bulgaria. 

The calculations were made until June 2021, with inflation reflected 

proportionally in the changing economic situation. 

 

3. Conclusions 
 

A primary substantiated financial project has been prepared for 

the construction of a technological line and pilot plant for the 

production of full-fledged replicas (with complex indicators 

superior to the original samples) of the so-called "yellow paving 

stones" and a wide assortment of products based on the developed 

original technology and raw materials with Bulgarian origin for an 

ideal new site.  

The financial means necessary for the implementation of the 

individual stages of the prepared project have been analyzed: 

acquisition of an industrial plot, construction of a production factory 

infrastructure, warehouse base, laboratory and additional units, 

provision and installation of a complex of specialized facilities and 

equipment for automation, video surveillance, communication and 

management, intra-plant transportation, extraction and 

transportation of raw materials, purchase of auxiliary materials, 

appointment and training of qualified production, administrative 

and general personnel, energy carriers, advertising, expenses for 

design and legal services and others. The estimated cost of the 

products and the current production factory price with the required 

profitability are determined.  

The presented development is mainly aimed at the attention of 

industrial producers, potential investors, responsible persons in the 

field of urban planning and public infrastructure and specialists in 

the field of cultural and historical heritage of the country. 
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Comparison of innovative collapsible ceramic hive and traditional non-separable hives 

made on the basis of natural plastic raw materials 
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Abstract: An innovative collapsible frame hive was developed, consisting of structural elements made of technical ceramics containing 

thermal insulation air chambers. Experimental prototypes were prepared using the slip casting method and based on modified recipe 

compositions, prepared casting molding masses, original gypsum matrices and optimal heat treatment mode. A comparison was performed 

between the main operational characteristics of the experimental samples and the traditional non-separable hives which have existed 

throughout history and made primarily of various plant materials and natural plastic raw materials (clays). 

Keywords: INNOVATIVE CERAMIC HIVE, THERMAL INSULATION BOARDS  

  

1. Introduction 

Since the early period of human civilization, people have used 

various apian products obtained from bee families naturally 

inhabiting existing hollow tree trunks or artificially cultivated in 

primitive non-separable hives with woven structure [1]. The 

intensive development of beekeeping as an independent industry 

resulted in the invention of a significant number of diverse 

constructions [2-5] of collapsible hives of different sizes. These, 

belong to two main groups (vertical and horizontal) and are usually 

denoted by the names of their inventors. In Bulgaria, several main 

types of hives have gained popularity: Dadant Blatt, Langstroth-

Ruth, Roger Delon, Farrar, Lounger, among others. Depending on 

their volume and the possibilities for its modification, hives are 

classified as single-body, double-body and multi-body (for 

example, pavilion type and others). In general terms, different types 

of hives share a number of basic and additional elements: body, 

bottom, roof (lid), partitions, frames, super, feeder, Haneman’s grid, 

Snelgrove board, bee escape, nucleus, etc. Currently, widely used in 

bee farms are various types [2,3] of wooden, plastic, polystyrene, 

polyurethane and traditional wicker hives. As a popular 

construction material with satisfactory characteristics, wood has 

also retained its importance, due to being a natural, affordable and 

ecological raw material, allowing for various types of processing 

and for the implementation of various technical solutions. 

Furthermore, the use of wooden hives over a long period of time 

has yielded a significant amount of empirical and systematic 

scientific [2,3] data on the development of bee colonies in them, 

which allows for the application of existing experience to optimize 

the yield of bee farms. As far as the various types of modern 

standard hives (for example, plastic, etc.) are concerned, one 

significant disadvantage in their exploitation is their low fire 

resistance and the inevitable aging of the materials, accompanied by 

a decrease in the mechanical characteristics of the products and in 

some cases by the release of various substances with an adverse and 

potentially toxic effect [6] on the bee colonies. An additional factor 

accelerating this process is the daily and seasonal impact of various 

atmospheric climatic factors [7,8]. 

 In national terms, the importance of the beekeeping industry [2] 

is based on its contribution to the economy, the application of apian 

products in the food and culinary industries, the production of 

various therapeutic and cosmetic products, as well as the specific 

and unique role [4,5] of bee families as part of the global 

ecosystem. In order to improve the state of the branch, it is 

necessary to implement adequate complex measures which ensure 

the increased efficiency and productivity of bee farms and support 

the long-term opportunities and security of the producers. 

The aim of the present work is a comparison of the main 

technical characteristics of the prepared prototypes [9-13] of an 

innovative ceramic collapsible movable frame hive (fig. 1-3) with 

thermal insulation air chambers and the existing traditional non-

separable and other types of hives. 

 

 

2. Experimental procedures 
 

On the basis of conducted studies, a conceptual model and 

construction documentation of an experimental collapsible movable 

frame hive consisting of ceramic structural elements containing 

thermal insulation air chambers have been made. A set of original 

gypsum matrices has been designed and produced in accordance 

with the specifics and technological parameters of the casting slips 

intended for use.     

The preliminary experiments using some of the commercially 

available standard casting slips showed that that they are not 

completely suitable for the implementation of the set goals and do 

not allow for the optimal implementation of the innovative features 

of the development. After additional laboratory research, modified 

polycomponent recipe formulations were developed based on 

sedimentary rocks, washed kaolin, different fractions of quartz 

glass, modifiers, ceramic pigments (if necessary), technological 

additives, as well as others components applicable to the 

preparation of aqueous colloidal dispersion systems.     

The prepared casting slips (white or colored) are introduced into 

assembled gypsum matrices and after a short stay (up to 10 

minutes) the excess liquid phase is removed from the matrices 

through special holes. After resting (from 2 to 3 hours) the obtained 

blanks are released from the matrices by disassembling the latter. 

The prepared semi-finished products are then dried (free drying for 

up to 5 days and in a dryer at 100oC for 24 h until the residual 

moisture is reduced to 7-8%), following which they are subjected to 

high-temperature heat treatment (in an oxidizing environment and 

in a homogeneous temperature using a chamber furnace with a 

program regulator) at a set temperature rise rate of 5oC/min and 

isothermal retentions at 200oC (for 40 min), 600oC (for 30 min), 

800oC (for 30 min) and 1200±5oC (for 150 min). The cooling rate is 

also 5oC/min with an isothermal retention at 600oC for 40 min. 
 

 
 

Fig. 1. Experimental prototype. 
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In accordance with their intended function, massive and hollow 

three-layer structural elements (plates and profiles) were obtained, 

formed by two massive end layers and a separate intermediate 

hollow chamber which performs the function of an air thermal 

insulation layer. The presence of a high void percentage (over 60%) 

in the obtained constructive ceramic details determines a low 

coefficient of thermal conductivity and provides protection from 

adverse climatic conditions (during the individual seasons) and a 

favorable microclimate for the normal life cycle of the bee colonies. 

In order to improve the possibilities for  maintaining a suitable 

hygienic environment, for carrying out more effective disinfection 

and improving the complex operational and aesthetic characteristics 

of the beehives, a further technological approach  can be applied  

such as adding glaze coatings (transparent or covering) on some of 

the surfaces of the structural ceramic elements. This will require a 

partial amendment in the technological regime. 

 

3. Results and Discussion 
 

In the course of the information campaign carried out to present 

the development to some non-professional circles, including 

“experts” (financed by certain organizations), there arose the 

unfounded opinion that the primitive non-separable wicker hives 

(with woven structure) existing from early historical periods are 

identical with the designed innovative ceramic collapsible hives. 

The main but inappropriate argument put forward by the 

proponents’ of this opinion was that there is a „similarity” between 

the use of „natural clays” for the preparation of hives with an 

archaic construction and the application of plastic clays as a 

traditional raw material in the production of ceramic products, on 

the basis of which the innovative contribution of the development 

was disputed. However, this formal comparison ignores the fact that 

the use of so-called “natural” clays (with completely unknown 

compositions and obtained from random, easily accessible deposits) 

for primitive hives does not involve high-temperature heat treatment 

as a main technological process. The non-separable primitive hives 

referred to in the comparison are archaic composite products, made 

from air-dried untreated natural plastic clays and a reinforcing 

phase of organic flammable and combustible materials. Depending 

on the historical period [1], the locally available raw materials, the 

traditions of the specific region and the capabilities of the 

manufacturers, the so-called wicker hives  have existed in different 

variations but are generally characterized by their conical shape, 

different volume and height (up to about 70 cm), a woven structure 

of plant origin materials (vine, willow, hazel, rush, etc.) with 

externally applied coatings of plastic materials, made of  directly 

obtained clay, wood ash and cattle dung. An additional external 

structural element is the presence of a so-called “hat” made of straw 

or fern. 

The main advantages of this type of hives include their easy 

preparation from available and natural ecological materials [1-3] by 

applying basic skills without the need for highly qualified 

personnel, specialized equipment, and costs for energy carriers and 

special care for the bee colonies. At the same time, the limited 

structural functionality and strength of the natural materials used, as 

well as the low-tech artisan approach applied in the preparation of 

wicker hives determines their limited usability and durability under 

various adverse external factors, as well as their relatively low 

productivity. The immovably fixed honeycombs and the absence of 

separate accommodation necessary for the full development of the 

bee family do not allow for active control of the individual stages of 

the bee colony life cycle, resulting in the relatively low yields and 

the limited purity of the final product. When extracting the finished 

bee product, due to the immovably fixed frames, it is impossible to 

apply centrifugation and there is a significant risk of partial 

destruction of the bee colony. Due to the presence of significant 

amounts of flammable and combustible structural components, 

primitive non-separable hives and bee farms organized on their 

basis have proved unreliable in case of fires, and the presence of 

thermally untreated clays determines their relatively poor resilience 

in prolonged contact with a water environment. 

Currently, in the production of ceramic products, the direct use 

of “pure” natural clays (taken from scientifically unexamined 

deposits) as the single raw material is allowed partially only in the 

field of handicrafts for the preparation of traditional ceramic vessels 

for domestic use, for some types of souvenirs and in the field of 

amateur art ceramics. Such clays are not applied in the silicate 

industry for the synthesis of technical ceramics with special 

operational characteristics intended for responsible purposes. The 

modern industrial production of various ceramic products is based 

on the application of specialized equipment, diverse raw materials 

subjected to standard incoming control, scientifically developed 

multi-component recipe compositions, molding masses with 

optimal technological parameters, highly productive methods for 

the precise molding of blanks, a controlled drying process and high-

temperature thermal treatment of the semi-finished products 

resulting in irreversible monophasic or polyphasic final products 

(silicate and others) which ensure that the final products possess the 

whole complex of the appropriate mechanical and physicochemical 

characteristics. In factory conditions, the necessary heat treatment is 

carried out through a specially developed optimal regime, which 

guarantees the provision, maintenance and controlled change of the 

values of a number of technological parameters: the temperature 

increase and decrease rate, isothermal delays, maximum 

temperature, furnace atmosphere, characteristics of the temperature 

field in the furnace, and many others. 

A basic methodical approach in the preparation of new 

competitive products in various thematic areas [14-29] is the 

implementation of an up-to-date study and complex experimental 

research. 

The innovative contribution of the presented development 

consists in the design of a collapsible movable frame hive entirely 

built of ceramic structural elements [9-13] with the presence of 

thermal insulation air chambers, the development of original recipe 

compositions and an optimal technological mode (potentially 

applicable in factory conditions) for the preparation of the 

experimental prototypes. 

 

 
 

Fig. 2. Experimental prototype. 
 

The use of structural details with air chambers [12] improves 

the insulating properties of the entire structure and lowers the 

transport and operating mass of the hives. During the laboratory 

study [11] of the prepared prototypes with an infrared camera (at 

the presence of an external heat source in the experimental setup), 

the indisputable importance of the air chambers for lowering the 

values of the thermal conductivity of the designed structural 

elements has been proven. At the same time, it is not correct to 

consider and classify as products of standard porous ceramics the 

designed and manufactured ceramic structural elements (panels and 

profiles) which have a significant volume [12] of regularly-shaped 

independent air spaces. 

The slip casting method used here is a standard technological 

approach in the silicate industry, allowing for the preparation of 
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complex details, both for smaller batches and for large production 

series. Envisioned for the developed hive is the use of various raw 

materials tested according to technological control standards and a 

series of multicomponent compositions based on extensive 

preliminary laboratory research rather than the direct use of natural 

clays of unknown composition. The full use of the technological 

possibilities of ceramic manufacturing industry allows for obtaining 

non-flammable, non-combustible, long-lasting, waterproof and 

heat-resistant structural details made of technical ceramics whose 

properties are many times superior to the whole range of 

characteristics typical of all the materials used in the making of the 

standard collapsible hives offered at present on the market and to 

the parameters of the existing traditional non-separable wicker 

hives. 

The developed innovative collapsible ceramic hive provides a 

favorable microclimate [9] and hygienic environment (further 

improved by partial glazing of the structural elements) necessary for 

the normal life cycle of the bee colonies and minimizes the risk of 

the development of mites, fungal cultures (molds, etc.) and other 

potentially dangerous microbiological agents. The suitable structure 

and the functional distribution of the volume are in line with the 

existing modern concepts for obtaining high-quality apian products 

and allow for exercising effective control over the individual stages 

in the development of the bee colony, using of a standard set of 

honeycombs and tools and the application of highly efficient 

modern economic methods for obtaining high yields with no risk to 

the condition and integrity of the bee families. At the same time, if 

the necessity arises to carry out decontamination and to install new 

bee families, it is possible to apply various methods of sanitary 

treatment, including thermal treatment, which is practically 

inapplicable and destructive to all other types of hives (wooden, 

etc.). 

 

 
 

Fig. 3. Experimental prototype. 
 

Based on the presented characteristics, the developed ceramic 

hive is a fully competitive alternative to the existing traditional non-

separable and standard collapsible hives (made of other materials) 

and in the medium term can be considered as a possible main long-

lasting tangible asset for  some bee farms, one which provides  

extended operating periods with minimal depreciation (when 

properly used) and reduced risk of loss of the farm’s equipment in 

the event of a disaster (fire, flood, etc.). In terms of topical 

relevance and significance, the development offers an original 

innovative product with a complex of functional characteristics and 

a big market potential for gaining a position in an independent 

product niche. 

In forming the final aesthetic indicators of the products, the 

main factors are the overall visual impact of the design of the 

assembled structure, the application of different approaches to 

external surface decoration or the use of colored casting slips, 

allowing for obtaining structural details with homogeneous long-

lasting color characteristics throughout the whole volume of the 

ceramic samples. 

The results obtained in the conducted preliminary orientation 

experiments in which bee colonies were settled in ceramic hives at 

small individually-owned bee farms provide grounds for continuing 

the research. Planned are comparative experiments that include 

systematic tracking of the individual stages in the development of 

bee families and monitoring the temperature, humidity and other 

parameters in the developed ceramic and in purchased standard 

hives (wooden, polystyrene and Dadant Blatt system) using an 

electronic recording system. Participating in the experiments will be 

a multidisciplinary team of specialists and university experts in the 

field of beekeeping with scientific research experience. The 

possibility to implement the planned research program depends on 

the availability of financial support and expressed interest from 

private investors, branch organizations, financing funds, etc.  

On the other hand, the technological approach used in the 

preparation of the experimental prototypes is maximally adapted to 

the conditions typical of the silicate industry and, if necessary, can 

be fully applied for deploying a production process within existing 

industrial enterprises where standard equipment and an initial 

investment for retrofitting a separate production area are available. 

 

4. Conclusions 

A conceptual model and experimental prototypes of an 

innovative collapsible movable frame hive made of ceramic 

structural elements (panels and profiles) with thermal insulation air 

chambers have been prepared. The researched experimental samples 

represent an innovative technological product obtained on the basis 

of modified polycomponent recipe compositions, applicable for the 

preparation of appropriate casting molding masses, an original set 

of molding dies and a specially developed optimal heat treatment 

regime, allowing the production of structural details made of 

technical ceramics. 

The developed ceramic hive provides a favorable living 

environment [9] for the development of bee colonies, with a 

minimal risk of development of fungal and other potentially 

dangerous cultures, a long operating period with negligible 

depreciation, high yields of apian products, significant resistance to 

cyclical climate changes, to contact with water environment and 

possible fires and providing the possibility for full sanitary 

treatment. 

In terms of topical relevance and significance, the development 

is an original innovative alternative product with superior complex 

characteristics compared to traditional and standard products of the 

same function present on the market. 

The archaic non-separable hives, which have existed over a 

long historical period, are primitive composite products made by 

artisan methods from thermally untreated natural plastic clays and 

organic materials of plant origin. Due to the non-separable structure 

of this type of hive composed of flammable and combustible 

components and natural clays (subjected only to air drying), it is 

characterized by relatively low yields, relatively low strength in 

prolonged contact with water environment and unreliability in case 

of fire.  
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Abstract: Information is given on the study of the process of obtaining two-layer copper permeable powder-fiber materials, based on the 

activation of the fiber sintering by finely dispersed powder particles process, which are also used to form a thin filter layer. It has been 

confirmed that the activation of the fiber sintering process by finely dispersed powder particles ensures high-quality consolidation of metal 

fibers. The optimal ratios between copper fibers, polyvinyl alcohol used for applying fine particles to the fibers, and copper powder have 

been determined. 

KEYWORDS: CONSOLIDATION, DISCRETE METAL FIBERS, FINE POWDERS, DOUBLE-LAYER COPPER PERMEABLE  

POWDER-FIBRE MATERIALS, PROPERTIES 

 

1. Introduction/Введение 
One of the directions for creating effective filter systems is 

associated with the development of filter materials (FM). Based on 

copper cable waste (MCS) [1]. In [2], based on studies of the 

properties of MCOs, it was concluded that these materials are 

promising raw materials for the manufacture of permeable fiber 

materials. This direction was developed in works [3–6], in which 

the regularities and distinctive features of MCO compaction were 

studied, the relationship between the structural and hydrodynamic 

properties of MCO FM was established, the patterns of fiber laying 

in narrow annular gaps were studied, and an improved method of 

dry isostatic pressing was proposed, allowing to control the 

thickness of the layers of multilayer materials from CCM. It was 

noted in [1] that the solution to the issue of creating materials with 

high permeability, the required fineness of cleaning and a long 

service life is met by multilayer materials, and in many cases, when 

solving practical problems, it is advisable to limit ourselves to the 

creation of two-layer FM. However, the questions of the uniformity 

of the distribution of permeability over the area of products, 

properties on a batch of products, the value of the thickness of the 

filter layer that ensures the regularity of the structure remain open 

[7]. In this regard, the structure of a two-layer permeable powder-

fiber material (PPFM) is more preferable, in which a thin layer of 

fine powder provided a given fineness of cleaning, and a fiber 

substrate provided strength characteristics and high permeability of 

the material. At the same time, it is necessary to solve the problem 

of high-quality consolidation of powder fiber particles both inside 

the layers and at the boundary, which is difficult due to the 

difference in sintering temperatures of fine copper powder and 

fibers. 

The purpose of the work is to study the process of consolidation of 

discrete metal fibers using finely dispersed powders when creating 

two-layer powder-fiber materials. 

 

2. Experiment results and their discussion 
Information is given on the study of the process of obtaining two-

layer copper permeable powder-fiber materials, based on the 

activation of the process of fiber sintering by finely dispersed 

powder particles, which are also used to form a thin filter layer. It 

has been confirmed that the activation of the fiber sintering process 

by finely dispersed powder particles ensures high-quality 

consolidation of metal fibers. The optimal ratios between copper 

fibers, polyvinyl alcohol used for applying fine particles to the 

fibers, and copper powder have been determined. 

The following materials were used as starting materials: in the 

manufacture of the filter layer - electrolytic copper powder of grade 

PMS-1 in the state of delivery; in the manufacture of the substrate - 

fibers with a diameter of 0.1–0.4 and a length of 3–5 mm, obtained 

from waste electrical industries (appearance source fibers is shown 

in Figure 1). 

 

 

 
Fig. 1 Appearance of copper fibers 

 

Polyvinyl alcohol was used as a binder for applying fine particles to 

copper fibers. In the course of research, a mixture of different 

volume (V) and mass (m) ratios between fibers (ox), powder (p) and 

polyvinyl alcohol (p.sp) was used within: Vp.sp: Vvol = 0.002-0.015 

and mp:mvol = 0.04-0.1. The samples were made in the form of disks 

30 mm in diameter and 3 mm thick by the joint pressing of a 

substrate (fibers with applied fine particles) and a fine powder, and 

the fine powder was preliminarily deposited with a binder (paraffin) 

on one of the shaping elements [8]; pressed, based and  the pore 

sizes and permeability coefficient of the samples were determined 

according to GOST 26849–8 and GOST 25283–93, respectively. 

The sintering quality was assessed according to the method 

described in [9]. It allows you to evaluate the quality of sintering on 

the same sample on which the pore sizes and the permeability 

coefficient are determined. Compared to shear tests, the results of 

which, when testing fiber materials, correlate to a greater extent with 

the characteristics of the fiber material, when implementing the 

proposed method, the fracture areas are concentrated in the places of 

interparticle contacts (during the studies, the goal was not to analyze 

the stress-strain state of the material). Figure 2 shows a diagram of 

the equipment for assessing the quality of FPVM sintering.  

 

 
1 - matrix; 2 - test sample; 3– insert; 

4 - punch 

Fig. 2 Scheme of equipment for assessing the quality of 

FPVM sintering 
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The operability of the tooling is illustrated in Figure 3, which 

shows photographs of the appearance of samples made from 

powder of tin-phosphor bronze and PPVM and having a sufficiently 

high strength (и = 50 MPa). The photographs show the identical 

nature of the destruction. 

 

 
а) 

 
b) 

а) porous tin-phosphor bronze б) permeable fiber-powder 

material 

Fig. 3 Samples appearance after mechanical testing 

 

As a result of the research, it was found that the proposed 

technology makes it possible to produce two-layer permeable 

powder-fiber porous materials with a high set of properties by joint 

single pressing and sintering. Finely dispersed particles deposited 

on the fibers activate the sintering process, making it possible to 

obtain PPVM with satisfactory strength. At the same time, it was 

found that when carrying out the process of applying fine copper 

particles to a fiber, it is necessary to observe certain ratios between 

the volumes of polyvinyl alcohol (Vp.sp) and fiber particles (Vvol) 

and the masses of copper powder (mp) and fiber (mvol): Vp.sp : Vvol 

\u003d 0.009-0.014; mp: mvol = 0.06-0.1. Figure 4 shows the 

structure of the material obtained by the described technology. 

 

 
 

Fig. 4 The FPVM structure, manufactured at the ratio  

Vp.sp: Vvol =0.01; mp : mvol = 0.1 

 

Figure 5 shows the surface structure of the material from the side of 

the powder layer, which indicates the absence of deformation traces 

characteristic of pressing in a rigid matrix, which is explained by 

the use of paraffin as a binder for applying copper powder to the 

surface of the punch. 

 

Characteristics comparison of the developed and known two-layer 

powder materials, the comparison showed a significant (more than 

1.6 times) increase in the permeability of PPVM at the same values 

of the average pores. 

 

Conclusion. The process of obtaining two-layer permeable 

copper-based powder-fiber materials has been studied. and allows 

to produce two-layer permeable powder-fiber materials with a high 

complex of properties by joint single pressing and sintering. The 

optimal ratios between the fibers, polyvinyl alcohol used for 

applying fine particles to the fibers, and powder were determined. It 

is shown that the developed materials have a higher set of properties 

compared to traditional two-layer powder materials. 

 

 
Fig. 5 Appearance of the FPGA surface from the side of the filter 

layer 
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Abstract: Mechanochemistry is a benign-by-design method for preparation and recycling of different advanced materials. It allows the 

design of both chemical products/materials and processes with reduced or eliminated generation of hazardous substances. 

This paper is a review of the application of mechanochemical method for activation and synthesis of highly active and selective catalysts, as 

well as for recycling of spent automotive catalysts. The presented examples will follow the possibilities for the design of mechanochemical 

reactions toward eco-friendly and innovative synthesis of advanced materials with unique properties, as well as for green, sustainable and 

economical recycling of car catalysts toward extraction of platinum group metals (PGMs) and rare earth elements (REEs). 

The changes of material composition at different stages of mechanochemical processing are followed by numerous advanced 

physicochemical characterization materials, as X-ray diffraction pattern analysis, Electron microscopy, Mossbauer spectroscopy, X-ray 

photoelectron spectroscopy, etc. 

Important practical conclusions for the role of mechanochemical treatment of materials in regard to all life cycle assessment are made as a 

result of investigation, from green and sustainable material preparation to their clean and innovative recycling and reuse. 

 

1. Introduction 

Mechanochemistry is a benign-by-design method for preparation and 

recycling of different advanced materials. It allows the design of 

both chemical products/materials and processes with reduced  or 

eliminated generation of hazardous substances. 

 

1. Problem discussion 

Mechanochemistry offers a high potential as benign-by-design 

technology for sustainable PGM- containing preparation and 

recovery. 

Advantages of MC compared to conventional solution-based 

treatment of PGM waste  materials: 

◻ greener, more sustainable and eco-friendly recovery process, 

◻ reduction of solvents, 

◻ partial or complete substitution of main processes of PGMs 

recovery in one-pot and one-step mechanochemical extraction, 

◻ decrease of water consumption, 

◻ waste minimization, 

◻ potential to increase the PGMs recycling rate, 

◻ scalable, fast and economic processing. 

 

2. Objective and research methodologies 
This paper is a review of the application of mechanochemical method 

for activation and synthesis of highly active and selective catalysts, 

as well as for recycling of spent automotive catalysts. The  

presented examples will follow the possibilities for the design of 

mechanochemical reactions toward  eco-friendly and innovative 

synthesis of advanced materials with unique properties, as  well as 

for green, sustainable and economical recycling of car catalysts 

toward extraction of platinum group metals  (PGMs). 

The changes of material composition at different stages of 

mechanochemical processing are followed by numerous advanced 

physicochemical characterization materials, as X-ray diffraction 

pattern analysis, Electron microscopy, Mossbauer spectroscopy, X-

ray photoelectron spectroscopy, etc. 

Important practical conclusions for the role of mechanochemical 

treatment of materials in regard to all life cycle assessment are 

made as a result of investigation, from green and sustainable 

material preparation to their clean and innovative recycling and 

reuse. 

 

 
Fig 1. Mechanochemical reactions: from reactants to products 

 

3. Conclusion 
Important practical conclusions for the role of mechanochemical 

treatment of materials in regard to all life cycle assessment are 

made as a result of investigation, from green and sustainable 

material preparation to their clean and innovative recycling and 

reuse. 
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Abstract: The data of structural and phase analysis of the master alloys after thermal synthesis from Al-Ti-C powder mixtures of different 

compositions and the results of thermodynamic analysis and differential thermal analysis were presented. It was shown that for all initial 

mixtures during their heating process takes place "in-situ" formation of titanium carbide particles and titanium-aluminum complex carbides. 

With an increase of the aluminum content in mixtures the value of titanium carbide lattice spacing decrease. It is shown that the structure 

and phase composition of master alloy temperature independent even after increase the temperature from 950 to 1200 °C.  

KEYWORDS: THERMAL SYNTHESIS, MASTER ALLOY, METAL MATRIX COMPOSITE, ALUMINUM, STRUCTURE, PHASE 

COMPOSITION, TITANIUM CARBIDE, LATTICE SPACING. 

Particulate-reinforced metal matrix composites based on 

aluminum alloys are being used as structural materials due to their 

unique mechanical properties. Different particles such as SiC,  

Al2O3, TiB2, B4C, TiC have been recognized as potential 

reinforcements for aluminum alloys [1]. Even so, the authors [1] 

consider that among the mentioned additives the most attractive is 

titanium carbide due to its high hardness and elastic modulus, low 

relative density and good wettability of aluminum alloys. The lattice 

parameters of the carbide particles of transition metals, especially 

TiC, are close to the lattice parameter of aluminum solid solution 

[2]. Besides, titanium carbide particles are effective nucleating 

centers [1] in crystallization of cast aluminum alloys. Particulate 

reinforced aluminum composites are conventionally prepared either 

by mechanical blending of elements or compounds with aluminum 

powder (powder metallurgy technique) or by direct introduction of 

reinforcing particles into the melt aluminum (in case of liquid 

metallurgy) [1].  

However, these methods don’t allow entirely realize the 

potential of dispersion strengthening due to poor wettability of the 

titanium carbide particles with aluminum, because of oxide films on 

their surface [3, 4]. The most preferred method is introduction the 

Al-Ti-C master alloy as strengthening phase intomolten aluminum 

alloys [3]. Al-Ti-C master alloy synthesized by in-situ reaction 

between Al, Ti and carbon, which resulted to the formation of 

titanium carbide dispersed particles in aluminum at temperatures 

below 900 °C. 

It is known [1] that for the effect of dispersion strengthening 

or for nucleation of TiC particles they must be stable in the melt, 

but according to the [3], titanium carbide can easy react with 

aluminum, the reaction products are brittle phases Al4C3, which 

leads to degradation of the composite properties. Whereas, the most 

common technological schemes of production such alloys include 

casting operation, the effect of dispersion strengthening in these 

materials tends to decrease. Terefore, more attention has been paid 

to the preparation of master alloy from elemental powders of Al, Ti 

and C with its subsequently application for producing sintering (or 

additionally hot forming) composite mixed with aluminum powder. 

It is assumed that, as a result of in-situ reaction in the synthesized 

master alloy the grain boundaries between the particles of the 

strengthening phase and aluminum will be free of oxides, which 

greatly increases the interfacial strength, titanium carbide particles 

themselves are of submicron size and homogeneously distribute in 

the volume, which increase mechanical properties of composites 

[5]. The aim of this paper is to study the effect of carbon and 

aluminum on the microstructure in Al-Ti-C master alloys after 

thermal synthesis 

Objects and research methods 

Aluminum, titanium and graphite powders were used as raw 

materials for preparing the charge mixture which was subsequently 

thermal synthesized. To evaluate the effect of blending ratio on the 

structure and properties of the synthesized master alloys four 

compounds of row charge mixtures were chosen. The materials 

used in this study are summarized in Table 1. 

Table 1 - Chemical composition of charge mixtures for the 

synthesis of master alloys 

Number 
Composition, % (mass.) 

Al C Ti 

1 10 9 81 

2 20 16 64 

3 30 14 56 

4 45 11 44 

The mixtures of powders were cold compacted in the 30 mm 

in diameter cylindrical matrix with 500 MPa pressure. To prevent 

the adhering of powder on the walls of the matrix the boron nitride 

soap solution was used as a lubricant. Thermal synthesis of charge 

mixture were carried out in a sealed chamber filled with technically 

pure argon, on the plant with indirect induction heating at 900 °C 

for 1 hour. Microstructure observations were made by 

metallographic microscope XJL-17AT. The specimens were etched 

in a solution of 40 % NaOH. The reaction mechanism in the Al-Ti-

C system was investigated by means of X-ray diffraction analysis 

(XRD) and subsequent differential thermal analysis (DTA). 

Results and discussion 

As a result of synthesis, the initial samples (Fig. 1, a) turned 

into sufficiently strong cakes (Fig. 1, b). At the same time, after 

sintering, a small volumetric growth of the compact is observed as a 

result of degassing of adsorbed and dissolved gases; this is true for 

ternary systems, for example, Al Ti C, because the solubility of 

titanium in liquid aluminum is low [6]. 

a b 

Fig. 1 - Appearance of the initial pressing (a), sample after 

reaction synthesis (b) 

The combustion reaction proceeds in the thermal explosion 

mode characteristic of SHS simultaneously in the entire volume of 

the compact. Upon reaching a temperature of 920-950 °C, the 

sample begins to glow, then after 3-5 seconds it self-ignites. Using a 

thermocouple installed inside the container, the self-ignition 

temperature of the compact was recorded, which is 1000 ° C ± 30°C 

and depends on the percentage of aluminum, the more aluminum, 

the lower the auto-ignition temperature (Fig. 2)  
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Fig. 2 - Graph of the temperature-time dependence during 

heating of a sample of the composition 45Al-44Ti-11C 

 

The results of the microstructural analysis of alloys are shown 

in Figure 3. The structure, where gray areas surrounded by 

dispersed spherical particles are visible, is typical for samples with 

an aluminum content of 30 and 45% (Fig. 3, a). In samples with 10 

and 20% aluminum, light dispersed particles are evenly distributed 

over the volume of the sample and are located quite close to each 

other (Fig. 3, c). 
 

 
 

Fig. 3 - The microstructure of the master alloy of the Al-Ti-C 

system after synthesis: a, b – 45Al-44Ti-11C; c, d – 20Al-64Ti-16C. 

 

Quantitative analysis of the representative elements of the 

structure showed that the gray field in the photographs of 

microstructures (Fig. 3b, d) consists mainly of aluminum (spectrum 

1) or an aluminum-based solid solution (spectrum 2). Light rounded 

particles (spectra 3, 4 and 5) correspond to titanium carbide, 

because the percentage of elements in this phase is close to the 

stoichiometric composition of TiC [7]. 
 

Table 2 - Content (wt.) of elements at different points 

synthesized ligatures of the Al-Ti-C system (see Fig. 2) 
 

 

The dispersion of particles of the first and second samples is 

less from 0.8 to 1.5 µm, respectively, than for samples 3 and 4 – 2–

4 µm, respectively (Fig. 3, b, d). According to [8, 9], this is 

explained by the different content of aluminum, the more aluminum 

surrounds the formed particles of titanium carbide, the greater the 

diffusion path becomes and the smaller the driving forces that 

promote the growth of precipitated particles. 

The results of X-ray phase analysis of the synthesized master 

alloy are shown in Figure 4. The diffraction pattern, along with 

well-defined lines of titanium and aluminum carbide, is 

characterized by a number of lines belonging to titanium aluminides 

AlTi, Al3Ti, Al5Ti3, Al2Ti, AlTi3 (Fig. 4) and judging by the 

intensity of the peaks, their content material is not great. A wide 

variety of titanium aluminides in master alloys after thermal 

synthesis can be associated with the cooling conditions of the 

samples after sintering; for example, by changing the effective heat 

transfer coefficient in accordance with the data [4, 8] it is possible 

to obtain pure titanium monoaluminide or a multiphase product. As 

a rule, in samples where titanium aluminide AlTi is first formed or 

the composition of the initial mixture is close to AlTi stoichiometry, 

there are always traces of other intermetallic compounds, such as 

AlTi2, AlTi3, Al2Ti Al5Ti3, Al11Ti5. The formation of these 

aluminides proceeds through a series of solid-liquid-phase or solid-

phase reactions, where AlTi necessarily acts as the initial product. 

For all samples, the diffraction lines of titanium carbide are 

approximately at the same angle, which explains the similar values 

of the TiC lattice period. Nevertheless, it should be noted that with 

an increase in the amount of aluminum in the samples (Fig. 5), it 

can be seen that at first the lattice period increases and then 

gradually decreases. In the first case, the low value of the TiC 

lattice period can be associated with too little aluminum, which in 

this system at a synthesis temperature of 950 ºС is a medium 

facilitating the interaction between titanium and carbon, and its 

deficiency affects the completeness of the carbide formation 

reaction. 

 
 

Fig. 4 - Fragments of diffraction patterns of the synthesized 

master alloys of the Al-C-Ti system: a - 10Al-9C-81Ti; b – 20Al-

16C-64Ti; c – 30Al-14C-56Ti; d – 45Al-11C-44Ti. 

№ spectrum Al, %  Ti, %  C, %  

1 98, 863 - - 

2 96,861 2,839 0,3 

3 0,409 77,313 22,278 

4 0,742 81,176 18,082 

5 0,585 81,857 17,558 
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Fig. 5 - Graph of TiC lattice period value versus aluminum 

content 
 

To determine the amount of carbon that reacted during the 

formation of titanium carbide during the heat treatment of 

compacts, a chemical analysis was carried out for total and free 

carbon and the value of bound carbon was calculated. Because 

aluminum powder was used for the synthesis, and taking into 

account that the value of the lattice period of TiC varies not only 

with the amount of bound carbon in it, but also with oxygen, it was 

advisable to determine the content of the latter in the samples [7, 9]. 

The results obtained are presented in table 3. 
 

Table 3 - The content of oxygen, bound and free carbon in the 

ligature after synthesis 
 

Composition, 

% (wt.) 

Ctotal, 

 % 

Cfree, 

% 

Cbound, 

% 
O,% 

10Al-9C-

81Ti 
8,7 2,3 6,4 0,52 

20Al-16C-

64Ti 
15,6 0,22 15,38 0,8 

30Al-14C-

56Ti 
13,8 0,43 13,37 1,3 

45Al-11C-

44Ti 
11,0 3,5 7,5 1,7 

 

Some difference in the amount of total carbon after heat 

treatment compared to the original composition is due to losses 

during mixing and molding of the mixture. It can be seen that with 

an increase in the Al content, the amount of oxygen in the material, 

as well as free carbon, also increases; reducing. From the obtained 

data and the graph in Figure 5, we can conclude that the 

composition 20Al-16C-64Ti is optimal for such systems. 

To determine the influence of the synthesis temperature on 

changes in the phase composition, the ligature with an aluminum 

content of 20% was heated from 1050 to 1200°C in increments of 

50°C and held for 1 hour. 

An increase in the synthesis temperature to 1050÷1200 °С 

does not lead to qualitative changes in the pattern of the diffraction 

pattern and the grating period. Titanium carbide and aluminum 

remain the main phases, however, at temperatures of 1100 and 

1200°C, individual peaks of aluminides Al5Ti2 and Al5Ti3 of 

insignificant intensity are observed (Fig. 6). 

Thus, the presented results of the study of the process of 

thermal synthesis of the ligature made it possible to establish that 

for all the mixtures under study, when they are heated already from 

950 °C, in-situ precipitation of particles of titanium carbide TiC 

occurs in the aluminum matrix. Because there is no significant 

change in the phase composition of the master alloy with a change 

in the synthesis temperature; later, to obtain hot-forged composites 

based on aluminum, a master alloy synthesized at a temperature of 

950 °C was used. 

 
Fig. 6 - Diffraction patterns of synthesized master alloys 20Al 

16Ti 64C: a – 1050 °C; b – 1100 °C; c – 1150 °C; d – 1200 °C 

 

To determine the mechanism by which phase and structure 

formation occurs in the system under study, a thermodynamic 

analysis and calculation of the change in the Gibbs energy were 

carried out using the HSC Chemistry 5.11 program. Values for the 

change in Gibbs energy (ΔG) as a function of temperature were 

calculated for the following reactions: 
 

Al+Ti = AlTi;                                                               (1) 

3Al+Ti=Al3Ti;                                                               (2) 

Ti+C=TiC;                                                                   (3) 

TiAl + 2Al = Al3Ti;                                                          (4) 

TiAl + C = TiC + Al;                                                         (5) 

4TiAl + 7C = 4TiC + Al4C3;                                                  (6) 

4TiAl + 3C = 4Ti + Al4C3;                                                    (7) 

Al3Ti + C = TiC + 3Al;                                                       (8) 

1.333Al3Ti + 4.333C = 1.333TiC + Al4C3;                              (9) 

1.333Al3Ti + 3C = 1.333Ti + Al4C3;                                          (10) 
 

As can be seen from the graphs shown in Fig. 7, the values of 

ΔG are negative for all reactions, which indicate the thermodynamic 

possibility of these reactions occurring in the selected temperature 

range.  

 
 

Fig. 7 - Changes of Gibbs free energy as a function of 

temperature 
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At the same time, the largest negative values of the Gibbs 

energy for reactions (6), (9), (3), (8) allow us to conclude that these 

reactions are the most favorable for the Al Ti С system. 

Fig. 8 shows the DTA curves of initial mixtures with 

endothermic and exothermic peaks. For samples containing 10 and 

20 wt. %. of aluminium, the minimum of the endothermic and the 

maximum of the exothermic peaks practically match (at 

temperatures of about 640 0С and 800 0С, respectively). It was 

found that for the samples with 30 mass. % and 45 mass. % of Al, 

there is an endothermic peak with minimum at 635oC and 

maximums of the exothermic peaks correspond to temperatures of 

812 °С and 800 °С (Fig. 8, c, d).  

Endothermic effect occurred at temperatures of 635-640 oC 

due to the liquid phase formation at temperatures lower than the 

melting point of aluminium, which is connected with the formation 

of various titanium aluminides or AlTi during sintering. As a result 

of diffusion of Al atoms in Ti a significant amount of heat released 

and caused sample heating to the melting point of aluminium. The 

liquid phase increases interfacial surface, which leads to an 

increasing the temperature, but all the warmth connected with the 

intermetallic formation was expended on the process for aluminium 

melting and exothermic event on the DTA curves in this region, was 

not observed [10, 11]. 

Exothermic peaks on DTA curves at 800 oC and 812 oC 

correspond to in-situ formation of titanium carbide by interaction 

between Ti and C in the liquid phase, which was formed during 

melting in the Al-Ti system [12, 13]. The carbon reacts with molten 

titanium aluminide by reaction (6), which is the most 

thermodynamically favorable from all listed above. The temperature 

of TiC formation can be underestimated, because for DTA, a 

sample of a small mass was used; during the synthesis of master 

alloys, heating of the compacts was recorded on average to 1000°C. 
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Fig 8 - Differential thermal analysis of Al-Ti-C powder 

mixtures: a – 10Al-9C-81Ti; b – 20Al-16C-64Ti; c – 30Al-14C-

56Ti; d – 45Al-11C-44Ti 

 

The sponglike samples after synthesis can be used as master 

alloy additives in the aluminum melt (when producing cast 

composites), or after grinding them to a highly dispersed state, as 

appropriate additives in the powder mixture (when obtaining 

alumina-matrix composites by powder metallurgy methods). 

 

Conclusions 

 

The results of microspectral analysis, X-ray phase 

analysis, and differential thermal analysis of master alloys 

synthesized from powder mixtures of various compositions made it 

possible to establish that for all the compositions of the initial 

mixtures under study, during their heating, in-situ precipitation of 

particles of titanium carbide TiC and a small amount of titanium 

aluminides occurs. 

Because there is no significant change in the phase 

composition of the master alloy with a change in the synthesis 

temperature. To obtain hot-forged composites based on aluminum, a 

master alloy synthesized at a temperature of 950 0C was used. The 

best characteristics of the synthesized titanium carbide were 

obtained for the composition 20Al-16C-64Ti % (wt.) 
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