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ANALYSIS OF THE COROSSION CONDITION OF THE STEEL PIPE SYSTEM 

AFTER LONG PERIOD OF EXPLOATATION 

Prof. Dr Cvetkovski S. PhD.1, Dr Jashari N. PhD.2. Prof. Dr Nacevski G. PhD.1, 

Faculty of Technology and Metallurgy – Ss. Cyril and Methodius University, Skopje Republic of Macedonia 1 

State University Tetova, Tetova, Republic of Macedonia 2 

sveto@tmf.ukim.edu.mk 

Abstract: In this this research work, the results of investigation corrosion condition of the steel pipe system for the heated water 

transportation and distribution after long years of exploitation are presented. The analysis was performed on the pipe segments after their 

removing i.e. cutting. Thirty segments were taken for inspection. The outer and inner surface of the pipes was inspected. Plan for inspection 

was prepared basing of the literature revue and personal experience. All specimens were visually inspected. For the investigations of pitting 

corrosion measuring of depth of pits was done. Performed investigations confirmed that general corrosion, uniform and no uniform is 

represented on the pipe from the outer side. From the inner side are presented different types of pitting: narrow, shallow, and elliptical and 

corrosion under layer. Performed investigation confirmed that the most dangerous for the piping systems is corrosion on the outer sides of 

the pipes which their perforation. Measurement of the pits deepness showed that pitting corrosion is not so danger because pits deepness is 

in the range between 0.18-1.24 mm which is negligible compared with the pipes wall thickness. 

Keywords: PIPELINE SYSTEM, Ph.-VALUE, GENERAL COROSION, PITTING COROSION, SAND BLASTING 

1. Introduction

These investigations were performed on the request of the company 

for production and transportation of the heat energy. The 

requirement was to perform investigations of the piping system and 

to assess is there danger from cancellation of the system as results 

of pipes perforation because of the corrosion attacks. The system 

was in appliance many years, more than two decades. Part of the 

pipes was, buried in the soil while the other part was laid on the 

metal carriers and is in direct contact with the atmosphere. With 

these investigations should be evaluated current corrosion 

conditions of the pipes from the outer and inner surfaces. It should 

be detected which types of corrosion of the pipes appear on the 

pipes and which type of corrosion is the most dangerous for the 

piping system. 

2. Material and investigations

Subject of investigations in this research work is the steel piping 

system. The pipes are with different diameters. The biggest 

diameter of the investigated pipes is 350 mm. According with the 

former appointment with the purchaser, thirty segments of pipes 

with different diameters and from different locations was delivered. 

The segments were cut from the pipes after perforation or as results 

of random choice. Inside the pipes flow hot water at temperature 

about 830C. This piping system is intended for transport and 

distribution of hot water. pH value of the water is 7.2. The 

inhibitors are added to the water too. 

For the successful realization of the defined task, the plan of 

investigation was made. It was realized in the following way:  

1. Specimens were investigated in the as received condition.

It means that outer surface of the specimens was

investigated,

2. Specimens was longitudinally cut in order to analyze its

inner surface,

3. Next phase was rough cleaning of the outer and inner

surfaces  of the segments with the steel brush,

4. The last phase was sand blasting of the specimens from

the both sides.

This treatment was performed to all investigated specimens. It has 

to be point out that this plan of the investigation is result of our 

considerations and literature information’s. 

Besides visual inspection, measurements of pits depth were 

performed too in order to obtain information about danger of pitting 

corrosion from the inner side. Instrument used for measurement of 

the pitting corrosion, type SARTORIUS is shown in the figure 1 

and the way of measurement can be seen in the figure 2. 

Figure 1 Instrument for measuring of pits deepness 

Figure 2 The way of pits depth measurement 

3. The results of performed investigations

An example of the visual inspection is shown in the figure 3. 

(Specimen 4). In the figure 3a is presented outer surface of the 

segment in the as received condition. The surface of the pipe is 

completely corroded. Corroded layers are clearly visible. The inner 

surface of the specimen after longitudinally cutting is given in the 

figure 3b. It can be notice that inner surface of the specimens is 

completely covered with thin corrosive layer, but at some places 

there are thicker layers. In the figure 3c is given inner surface of the 

pipe after rough cleaning with the steel brash. It can be concluded 

that after removing of the layer corroded surface can be clearly seen 

beneath.    
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a 

 
b 

 
c 

 

The inner and outer surfaces of the cut segments after sand blasting 

are given in the figures 3(d and e). From the figure 3d was 

concluded that localized pitting corrosion is present on the inner 

side. Besides narrow,  shallow and elliptical pits are presented too. 

Generally it can be said that pitting corrosion is not dangerous 

because narrow and dip pits are not dominant. The surface of the 

specimen after sand blasting of the outer surface (figure 3e) shows 

that non-uniform corrosion is present. 

 

 
d 

 
e 

Figre 3(a-d) Specimen 4 after complete visual inspection 

 

More typical presentation of the non-uniform corrosion is given at 

the figure 4, and perforation on pipe segment as result of the outer 

corrosion is given at figure 5. 

 

 
Figure 4 Non-uniform corrosion on the outer side 

 

 
Figure 5 Corrosion on the outer side (sand blasted surface)  

 

Figures 6 and 7 show the segments of the pipes which are 

completely corroded. It can be seen perforation of the both pipes. It 

is obvious that corrosion appear as result of the outer mainly non-

uniform corrosion.  

 

 
Figure 6 Perforation of the pipe as result of outer corrosion 

 

 
Figure 7 Perforation of the pipe as result of outer corrosion – inter 

crystal corrosion 

 

Visual inspection indicates that cracks appeared on the curved pipes 

in all cases and in the elongated zone (Figure 8). 

 

 
Figure 8 Cracks in the curved pipe in the elongated zone 

 

The inner surface of the pipe after sand blasting can be seen in the 

figure 9. It can be concluded that thinning of the surface from the 
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outer side directly cause of the segments. Corrosion from the inner 

side is not so danger. Analyzing figure 10 can be obtaining the same 

conclusions. It is visible that pittings on the inner side don’t 

contribute to the perforation from the inner side of the pipe. 

 

 
Figure 9 Thinning of the pipes and corrosion from the inner side 

 

 

 
Figure 10 Thinning and perforation of the pipe from the outer side 

and pitting corrosion from the inner side 

 

The inner surface of the segment after rough cleaning is presented 

in the figure 11. Corrosion layers are clearly seen.  Beneath them 

always have shallow and elliptical pits like in the figure 12. 

 

Figure 11 Inner sides of pipe corrosion layers 

 

 
Figure 12 Inner sides with shallow of pipe shallow and elliptical 

pits 

 

Figure 13 show inner side of pipe too. It is visible that there is 

perforation of pipe but as result of no uniform corrosion on the 

outer side. 

 

 
Figure 13 Inner side of pipe after rouge cleaning – perforation 

 

In the figure 14 is shown pipe which has a pit that propagate from 

inner to the outer surface i.e. trough all thickness of the pipe. It is 

only one such case detected during these investigations.  On the 

outer surface still has traces of the protective paint/ 

 

 
Figure14 (a and) Single Pit on the outer side of pipe 

 

From the figure 15 can be seen that pit is formed at the inner side 

beneath the corrosion layer. 

 

 
 

Figure 15 Formation of pitting 

 

It can see from figure 16 that there is large number of pits (pitting 

corrosion) on the inner side of pipe. The pits are very shallow and 

elliptical and are not dangerous for perforation. 

 

 
Figure 16 Pitting corrosion shallow pits 

 

Very important question in this work was is there a serious danger 

for the piping system from pitting corrosion. Because of that 

measurement of the pits depth was made. Measurement was 
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performed too all thirty segments. Obtained results are given in the 

Table 1. It can be concluded from the table that pits depth is in the 

range 0.11-1.24. The pits depth is much smaller than the pipes wall 

thickness. 

 

Table 1 Pitting depth measuring  

Number 

of 

segment 

Piting depth, 

mm 

Thickness of 

pipe 

(segment), 

mm 

1 0.25 2.30 

2 0.28 2.30  

3 0.11 3.40 

4 0.19 4.00 

5 0.26 4.00 

6 0.16 3.00 

7 0.17 3.60 

8 0.15 4.00 

9 0.23 4.00 

10 0.10 4.00 

11 0.43 6.00 

12 0.62 4.00 

13 0.42 4.00 

14 0.49 4.00 

15 0.42 5.00 

16 0.28 5.00 

17 1.24 5.00 

18 0.77 5.00 

19 0.45 5.00 

20 0.93 3.00 

21 0.27 4.00 

22 0.19 6.00 

23 0.19 5.00 

24 0.842 4.00 

25 0.18 3.00 

26 0.49 4.00 

27 0.22 4.00 

28 0.11 4.00 

29 0.16 4.00 

30 0.25 5.00 

 

 

4. Discussion  

In this research work are presented results of the performed 

investigations about corrosion conditions of the piping system for 

the production and transportation of the heat energy. For this 

investigation thirty segments were analyzed. The plan for 

investigations was made using personal experience and adequate 

technical literature [3-7]. Delivered segments of pipes were 

analyzed from the inner and outer sides It was confirmed that from 

the outer sides general corrosion i.e. uniform and non-uniform 

corrosion appear (figure 17) and from the inner sides local putting 

corrosion in different variants [1-2] was present (figure 18). 

Performed investigations confirmed that most dangerous is general 

corrosion which cause thinning of the pipes wall from the outer side 

and even their perforation. From the inner side are presented local 

pits which are pretty shallow and are note dangerous for the system.  

It is necessary to follow the thickness to the pipes in different areas 

of the piping system – measure thickness which ultra sound device. 

With performed analysis were obtained the most important 

acknowledgement about corrosion condition of the piping system 

like: determination of the type of outer and inner corrosion of pipes 

and   comparison of the degree of danger between inner and outer 

type of corrosion. Besides determination of specimens with the 

strongest corrosion attack, analysis of specimens in order to find out 

is there location vicinity between specimens with the highest 

corrosion attack. 

 
Figure 17 Schematic presentation of general corrosion of pipe from 

the outer side a. uniform b.non-uniform  

 

 
Figure 18 Different variants of local pitting corrosion 

 
5. Conclusion  

 

 Almost all of the investigated specimens (pipe segments) 

are completely corroded from the outer side    

 Performed investigation confirmed that general corrosion 

from the outer side of the pipes, particularly non-uniform 

corrosion is the most dangerous for the safety of piping 

system   

 Almost all specimens are thinned from the outer side as 

result of the uniform and non-uniform corrosion. 

 Almost all specimens are locally corroded from the inner 

sides. Different variants of pits (pitting corrosion) are 

presented on the surfaces. But deep narrow pits are noted 

only in one few cases. Shallow and elliptical pits are 

present very often.  

 Generally it can be said that pitting corrosion is not so 

dangerous for the pipes because the depth of the pits is in 

the range 0.11-1.24 mm. 

 Corrosion under layer is noticed in some cases from the 

inner side of the pipes. This corrosion includes pretty big 

surfaces.  

 Cracks are detected in all inspected curved pipes. 

 Measuring depth of pipes in necessary to detect locations 

with the strongest corrosion attack. 

 Periodical visual inspection of the system and 

measurement of the pipe thickness with ultrasound 

measuring device is very important for the following 

corrosion condition of the system. 
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Abstract: While many modern industries are tending to use UFV (unmanned flying vehicles) in a near future, there are also many 

problems of yet unknown procedures to make possible the usage of such UFV. In a current age of aviation development there is an approach 

of FRA (free routing area) utilization to support growing congestion of many flying vehicles in air space. From our prospective, those 

manufacturing implementing "Industry 4.0" ideas are expected to use UFV to support supply chains. Hence, both problems and solution 

approaches to support many aircraft in airspace and to control airspace congestion within safe boundaries can be used also in a local scale 

of UFV supported manufacturing. This research paper is focused on problems and ability to build routes within FRA and analysis of possible 

use of known approaches to solve similar problems of modern automated manufacturing. 

Keywords: AUTOMATED MANUFACTURING, SUPPLY CHAINS, FREE ROUTING AIRSPACE, UNMANNED FLYING 

VEHICLES, INDUSTRY 4.0 

1. Introduction

Transformation of modern manufacturing to meet concepts of a 

4th Industrial Revolution [1-2] or concepts of an “Industry 4.0” 

platform, as it has been called and developed in Europe [3-5] 

requires deep changes in technologies and organization schemas. 

The idea of an automated manufacturing makes an impact on 

understanding of transport logistics and produces a demand for 

automated supply chains [6-7]. These changes are often supposed to 

be done via exploitation as a primary transporting unit of a so called 

UFV (unmanned flying vehicle) or UAV (unmanned aerial vehicle), 

also known widely as “drone”. Different kind of drones are known 

already to serve wide range of purposes, mostly military but with a 

large growth of commercial and civil interest [8-10]. One good 

example of using robots for every use is an Estonian initiative with 

food deliveries [11]. The Estonian company “Starship 

Technologies” offered wheel robots cruising sidewalks to deliver 

food to customers of food delivery companies, supermarkets etc. 

Flight delivery drones were announced to make first delivery from 

Amazon in December of 2016 [12]. Such drone deliveries are still 

in current discussions [13]. 

About a hundred years ago development of aviation as an 

industry was hazy. The role of aviation in World War I was not yet 

clear even in military prospective. Nevertheless, invention of new 

engines and weapons had made aviation a terrifying force in World 

War II – it was just in a few decades after World War I. Planes, 

which could hardly perform a takeoff and carry itself in air, now are 

recognized as one of the effective cargo transport [14, 15]. Both this 

experience and modern trends in use of drones allow us to expect a 

big growth of interest to UFV supported manufacturing. Drones are 

expected to be used in a nearest future as both heavy cargo and 

precious delivery units. Enormous quantity of drones in the air will 

make a demand on organization of not only a global airspace, but 

also the local ones. This paper is focused on discussion of possible 

approaches that could help in planning airspace environment of 

automated factories with UFV supported supply chains. 

2. Prerequisites and means for solving the problem

The problem of coordination and intercommunication of flying 

vehicles, at first sight, looks similar to a current problem in aviation. 

This means, that the solution could be found in a known way, like 

aircraft flights are organized. However, there are some differences 

between aircraft or helicopter flight and a flight of UVF in a factory 

local area. 

First, an air traffic is being organized to perform most flights 

between airports and each aircraft typically performs a flight with 

takeoff/landing and cruising phases. Meanwhile, drones can be 

intended to make tasks with a long-time in-air phase (this implies 

no landing at all, until a re-charging, re-fueling or maintenance is 

needed). 

Second, there are airways in airspace for aircraft flights. 

Considering drones and factory local air space, there are no airways 

defined. Aircraft flight is expected to connect departure and 

destination airports (points) and from the prospective of known 

network the flight can be determined strictly enough. Unlike to air 

network, there are no network can be expected to be in use by 

drones for flights in the local factory airspace. This may look 

similar to a FRA organization principles and approaches [16-18]. 

Third, drones should be able to become a self-organized fleet, 

while aircraft is typically an independent subject in the air, which is 

governed by some set of rules, restrictions, circumstances, 

dispatcher commands, and pilot decisions. This also means that 

safety for aircraft is supported by long distances between flying 

vehicles, but drones should operate on short or close distances. In 

short ranged interactions any decision making process becomes a 

very time sensitive. Either rules consideration or making a decision 

should be performed fast and safely with no or minimal delays (to 

be able to support effective supply chains). 

Finally, the drones management system is expected to become a 

part of the whole automated manufacturing control system and 

should be fully integrated in enterprise resource planning. Unlike to 

this requirement, the aviation is providing typically a separate 

service to other industries, it is involved in resource planning but 

not fully integrated within factory systems and manufacturing 

processes. 

3. Solution of the examined problem

The overall look at manufacturing needs of UFV flights gives 

us three possible approaches for constructions of airspace structure: 

 Airways network.

 Zoned or cellular structured airspace.

 Free routing airspace.

It is obviously, that any approach or some of its combination

can be used. But anyway, the key features that the problem has are: 

 Long-time without landing.

 Time sensitive decision making.

 Short-range interactions.

 High congestion of airspace.

As one may notice, when the UFV is ordered to perform some

specific task and this task is repetitive within manufacturing 

process, then an airway for this UFV can be defined. However, this 

airway could be a dedicated route and no one other UFV should use 

this airway or create obstacles on such airway (for example, by 

crossing it and arising the menace of collision). Ones the quantity of 

UFV becomes big, the number of airways can become 
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inconveniently large and it may go close to each other. This same 

problem was identified in aviation, when the number of aircrafts in 

the air grew significantly and the capacity of airways was not 

enough to satisfy this growth. The FRA concept was offered instead 

to meet aviation demands. 

If to consider a zoned or cellular approach, then a very 

important and difficult question can block the ability to implement 

the solution. The question is how to split the whole airspace 

effectively? This means that some kind of uniformity of each zone 

(cell) is required both with no intersections between zones (cells) 

and no empty spaces between zones (cells). One of the easiest ways 

to make such split of airspace can be suspected to use cubes. And it 

may look reasonable way due to ability of vertical and horizontal 

moves of drones. However, the trajectories are not always so 

“square” formed and in many cases there can appear the necessity 

to move by some curve trajectory. Some other forms of zones 

(cells) can be also considered, but on any case it may produce some 

unique problems in each of such airspace distribution. These 

thoughts lead us again to a concept of FRA as a most suitable 

approach. 

The FRA (free routing airspace) concept allows to directly 

connect any pair of points within airspace. There are, of course, 

some sets of rules that should be followed strictly to perform flights. 

And one of main benefits of FRA utilization is that FRA can have 

almost any kind of shape. This can be considered very useful for 

defining the airspace within factory area. The whole factory 

airspace can be split into a set of free routing airspaces (set of FRA) 

and each FRA can also have some specific subset of smaller 

airspaces within. Within each FRA there can be some airways, if 

needed. And one of the most important benefit from utilization of 

this aviation approach is that there is already a strict format that 

implements rules and restrictions. In aviation this is called route 

availability document (RAD), which provides each flying vehicle 

with detailed description of flight information. One may consider a 

little bit excessive utilization of such formats as AIXM 

(aeronautical information exchange model [19]) to provide local 

flight with current information. Nevertheless, this gives us a fully 

functional set of instruments and tools to organize and co-ordinate 

the fleet of UFV. 

How can this system work within a manufacturing process? 

First, we can define a set of end-points for UFV. These points can 

be coupled with the actions needed to be performed. Each action 

type can also depend of type of drone or type of drone task. 

However, in a most simple manner, we may assume that there 

would be two typical task for drones: 1) bring resources and 2) take 

products away. The whole UFV fleet will require to have a flights 

co-ordination center or central management server. This center 

should take care of: 

 Resource demands and relocation. 

 Products transitions. 

 Safety of planned flights (analysis of routes). 

 Re-charging or re-fueling and maintenance cycles. 

 API for integration into global enterprise environment. 

The full list of responsibilities for such co-ordination center can 

be formulated from comparison of role of Eurocontrol [20] services 

in organization of air traffic in Europe. 

4. Results and discussion 

Further tasks, that should be solved: 

 Routes optimization with respect to time sensitivity of 

supply process. 

 Optimization based on extreme loads of UFV utilization in 

supply lifecycles. 

Most of the problems and its solutions can be found in aviation 

flight planning researches. This can become a good initial approach 

to provide a platform for global automated manufacturing and 

logistics. 

5. Conclusion 

The problem of flights planning within factory airspace to 

satisfy automated manufacturing needs and meet requirements for 

supply chains can be solved via implementation of known approach 

of FRA in modern arrangement of air traffic. 
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Abstract: The possibility of high energy synthesis of Ti–Al–C system powder grain refiner by using high voltage electric discharges for 

treatment of powder mixtures of 75 % Ti + 25 % Al and 85 % Ti + 15 % Al composition in kerosene with subsequent briquetting by spark 

plasma sintering is shown in present work. It is found out that high voltage electric discharge treatment of powders leads to the increase of 

dispersity as well as to synthesis of new carbon containing phases during chemical interaction between system components and products of 

working hydrocarbon liquid destruction. The possibility of controlling this process by changing initial composition of powders, specific 

treatment energy and spatial distribution of plasma formations by changing electrode system type is shown. It is also shown that changing 

master alloy synthesis parameters allows controlling inoculation efficiency. Thereby it is possible to achieve surface or volumetric 

inoculation, so selective increasing of plastic or strength properties of Ni-based cast superalloys becomes possible. Introduction of 0.01 % of 

synthesized grain refiner during the casting of SM88U (СМ88У) superalloy allows decreasing mean grain size from 1...2 mm to 0.2...0.5 mm. 

Tensile strength of inoculated superalloy at the temperature of 900˚С was 68 MPa while their stress rupture strength increased by 20 % in 

average. Composition and properties of inoculated alloys comply with standard technical documentation, which allows their usage for the 

production of gas turbines blades.  

 

KEYWORDS: high voltage electric discharge, powder, synthesis, grinding, inoculation, superalloy, grain refinement, melt, master alloy 

 

1. Introduction 

Superalloys, based, in particular, on Nickel, are widely used in the 

production of gas turbines and in aerospace industry. This is due to 

their excellent mechanical properties and structural stability at the 

increased temperatures [1–3]. However, the use of conventional 

production methods has significant fundamental flaws which lead to 

limitation of obtained superalloys working range and efficiency [4]. 

In the work [3] it is stressed, that the process of melt 

crystallization is the most significant for materials properties 

formation.  Modification of alloys during their casting is an efficient 

method of impacting crystallization process, which has wide 

practical application and well-developed technology. Modification 

in essence is an addition of modifiers (in quantities that in most 

cases are not more than tenths of a percent) into the molten metals 

(alloys). These modifiers cause almost no impact on chemical 

composition, but they impact the structure of cast metals, which 

leads to increase of their mechanical and other properties. By 

impacting crystallization process, modification promotes the 

decrease of metals primary structure size, change of forms, sizes 

and distribution of inclusions. There are two types of modifiers – 

inoculants, that create additional crystallization centers in the metal 

(alloy) and thus impact the crystallization process, and inhibitors, 

that prevent grain growth. Grain refinement by inoculation includes 

addition of particles, that can act as substrates for heterogeneous 

nucleus formation. Inoculants must also decrease content of 

elements that promote alloys liquation, namely Oxygen, Carbon, 

Sulfur, Phosphorus. In most cases, components that content 

Titanium, Aluminum, Boron and Carbon are used as inoculants.  

The size of separate refractory particles, its chemical purity 

and cost are the main quality characteristics of inoculant. 

Inoculation of melt by refractory nanostructured compositions leads 

to an increase of metals mechanical properties due to the formation 

of fine structure. Most inoculants are produced using powder 

metallurgy methods. Mechanical methods are most commonly used 

for preparation of particles by their grinding. In order to increase the 

destruction energy conversion efficiency and specific performance, 

most commonly existing technologies and technological processes 

are improved instead of developing new ones [4-7]. For example, 

improvement of existing grinding and milling machines and 

creation of new ones with increased productivity is often performed 

[6, 7]. However, such approach leads to increase of energy and raw 

materials (metals) consumption and demands the use of expensive 

high quality steels and alloys while increase of technical and 

economical characteristics of such machines is relatively low.  

At the same time, search for fundamentally new methods of 

grinding, including electrophysical ones, is going on [8-11]. It is 

known, that high voltage electric discharge (HVED) in metal 

powders – kerosene disperse system can lead not only to dispersion 

of metal particles, but also to the initiation of chemical reaction. 

HVED treatment of Al and Ti powders and their mixtures in 

kerosene can lead to synthesis of such refractory compounds as TiC, 

intermetallic compounds of AlTi3, AlTi, Al2Ti an Al3Ti composition 

as well as Ti3AlC2 and Ti3AlC MAX-phases [9, 11]. 

The goal of present work is to study the impact of Ti–Al–C 

system, inoculants after their HVED synthesis and briquetting by 

spar plasma sintering on the changes of structure and properties of 

cast Ni based superalloy.  

2. Materials and Methods 

Studies were performed by casting Ni based SM88U (СМ88У) 

superalloy (density of 8100 kg/m3, Young modulus of 1.79·106 MPa 

and Poisson's ratio of 0.3), which is used for turbine blades 

production. Powder master alloys of Ti–Al–C system, obtained after 

HVED treatment of powders of 75 % Ti + 25 % Al (№ 1) and 85 % 

Ti + 15 % Al (№ 2) initial composition in kerosene were used as an 

inoculant.  

Schematics and overview of discharge chamber and stand for 

HVED impact on treated powders are described in detail in work 

[9]. Selection of impact parameters is justified in work [11]. 

Inoculant № 1 was obtained by treatment of initial Ti : Al 

powder mixture with mass relation of 75 : 25 in kerosene with 

specific energy of MJ/kg using “point – plane” (P – P) electrode 

system. In order to synthesize inoculant № 2, initial Ti : Al powder 

mixture with mass relation of 85 : 15 was used, and specific 

treatment energy was increased to 15 MJ/kg (due to higher Ti 

content). “Multipoint anode – plane” electrode system with 15 

points was used in this case in order to change the distribution of 

plasma formations in “kerosene – powder” disperse system. 
The impact of HVED treatment on the dispersity of powder 

composition was studied using metallographic analysis of 

photographs. obtained with BIOLAM I (БИОЛАМ И) optic 

microscope. Functions of density of distribution of particles by their 

size were obtained by numerical differentiation of integral particles 

distribution by their size curve. Obtained functions can be well 

described by lognormal dependences. 

Studies of phase composition of powders were performed 

using methods of X-ray diffraction analysis. Recording of X-ray 

diffraction patterns was performed with DRON-4-07 (ДРОН-4-07) 

X-ray diffraction meter at CuKα radiation. Identification of phases 

on X-ray diffraction patterns was performed according to JCPDS 

ICDD PDF2 and POW COD databases. Quantitative phase 

composition was evaluated using RIR (Reference Intensity Ratio) 

method of intensity evaluation with the use of corundum reference. 
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Obtained powder composition (master alloy) was briquetted 

as a tablets with mass of 7.5 g using GEFEST-10 (ГЕФЕСТ-10) [8]    

universal experimental spark plasma sintering (SPS) complex by 

passage of superposition of direct and alternating currents with 

amplitude of 1.1 kA and frequency of alternating component of 

10 kHz through powder load in vacuum (~ 100 Pa) at the following 

conditions: pressure ~ 25 MPa, temperature on matrix in range from 

300 to 400 °С (which means that temperature of the specimen was 

~ 580 °С). sintering time of 300 s. 

Inoculation was performed in the following way. Iwo 

inoculant tablets were placed on the bottom of ceramic casting 

mold. This mold was then heated up to 900 °С and moved to the 

working chamber of VIM-25 vertical ceramic induction vacuum 

furnace, where melting of superalloy and its pouring into the mold 

with the following slow cooling. 

Obtained blocks of cast finger-like specimens were cut (see 

Fig. 1) at the distance of ~ 10 mm from the edge of finger-like 

specimen and in longitudinal section.  Etching of the macrostructure 

until clear revelation of grains was performed for the head part of 

specimens and for the specimens-plates, that were cast-on to the 

blocks.  

. 

 
Fig. 1. Appearance of finger-like specimen  

Mechanical testing of finger-like cast specimens for short-

term (at the temperatures of 600 and 900 °С) and long-term 

(900 °С, stress of 280 MPa) ultimate tensile strength was 

performed. Obtained results were checked for compliance to the 

standards of I ZhAKI.105.015-89 („И ЖАКИ“) “Quality system. 

Vacuum pouring cast superalloys. Technical requirements. Rules for 

inspection and methods of control” of State Enterprise Scientific 

and Production Complex of Gas Turbine Production “Zorya-

Mashproekt” (Mykolaiv, Ukraine).  

Chemical composition of obtained castings was controlled 

using chemically-spectral and X-ray diffraction methods.  

3. Results and discussion 

Density of the distributions of particles quantity by their size for 

initial powder mixtures is well described by logarithmical normal 

law (see Fig. 2, curves 1 and 2), as it was noted earlier. 

Distributions are characterized by such values as mean arithmetical 

diameter of particles da, median diameter d50 and peak value (mode) 

dm. For initial powder of 25 % Al + 75 % Ti composition these 

values are da = 34.2 μm, d50 = 25.6 μm and dm = 14.3 μm. For initial 

powder of 15 % Al + 85 % Ti composition their values are slightly 

higher: da = 39.7 μm, d50 = 29.7 μm, dm = 16.6 μm, which is due to 

different sizes of Ti and Al particles (Ti particles have higher size). 

Size of powder mixture particles decreases as a result of 

cyclic HVED impact, while logarithmically normal type of 

dependence of their size distribution remains (see Fig. 2, curves 3 

and 4). Numeric values of distribution of powder of 

25 % Al + 75 % Ti initial composition after HVED treatment are as 

follows: da = 10.3 μm, d50 = 7.1 μm, dm = 3.3 μm. For powder 

mixture of 15 % Al + 85 % Ti initial composition their values are 

da = 16.7 μm, d50 = 10.0 μm, dm = 3.5 μm. Thus, despite higher 

specific treatment energy, powder with higher Ti content has larger 

diameter after HVED treatment. First of all, this is due to the use of 

different types of electrode system (ES) and not because of different 

initial particle sizes. Use of single-point ES leads to increase of 

efficiency of hydrodynamic factors impact (compression wave and 

hydro flows), while the use of multi-point ES leads to increase of 

efficiency of thermal factors impact (low-temperature plasma) [11]. 

In total, HVED treatment ensures changes of powders dispersity by 

at least one order of magnitude and ~3 times decrease of numeric 

characteristics of distribution. Even while the use of “multipoint 

anode – plane” ES with 15 points doesn’t leads to such intensive 

grinding as in case of using “point – plane” ES (wider size range, 

higher da value (see Fig. 2, curves 3 and 4), but due to the impact of 

microplasma channels and ablation effect it promotes appearance of 

large quantity of ultrafine particles (left part of the distribution, see 

Fig. 2, curve 3), while peak value (mode) for both distribution is 

almost equal (~ 3.5 μm). 

 

 
Fig. 2. Curves of density of distribution of particles by their size 

before (1, 2) and after HVED treatment (3, 4) of powders of 

75 % Ti + 25 % Al  (1, 3) and 85 % Ti + 15 % Al  (2, 4) initial 

composition (logarithmic scale) 

According to results of X-ray diffraction analysis, phase 

composition of initial powders is (Ti: Al for inoculant № 1 is 75:25 

and 85:15 for inoculant №2), they consist only from particles of 

titanium and aluminum (see Fig. 3, a, b). 

As a result of HVED treatment of powder of 

25 % Al + 75 % Ti initial composition, titanium carbide is 

synthesized (see. Fig. 3, c), quantity of which is in range from 6.6 to 

9.5 % according to evaluation by different methods. Appearance of 

ultrafine particles (and even nanosized) is indirectly confirmed by 

broadening of X-ray diffraction pattern peaks.   

 

 
Fig. 3. X-ray diffraction patterns of powders before (a, b) and after 

HVED treatment (c, d) for powders of 75 % Ti + 25 % Al (a, c) and 

85 % Ti + 15 % Al (b, d) initial composition 

Similar changes occur as a result of HVED treatment of 

powders of 15 % Al + 85 % Ti initial composition. However, 

despite larger value of specific treatment energy, quantity of 

synthesized titanium carbide is ~ 5 % (which is not very different 

from results, observed in case of HVED treatment of powder of 

25 % Al + 75 % Ti initial composition). 

It should be noted, that in works [8, 10] much higher titanium 

carbide content was observed as a result of HVED treatment of Ti 

and Fe–Ti powders. Moreover, in works [9, 11] there is an evidence 

of the synthesis of complex Aluminum, Titanium and Carbon 

compounds, including MAX-phases. At the same time, in the work 

 

MACHINES. TECHNOLOGIES. MATERIALS. 2019

340



[12] it is stressed that MAX-phases must be synthesized using two-

stage process. 

During the briquetting of the inoculant in the present work, it 

was important to preserve structure dispersity in maximal possible 

way, ensure that briquette has enough strength (so it can be easily 

added to the melt) and that it can easily decompose during 

inoculation process (to ensure homogeneous distribution of 

inoculant particles in the casting volume) due to its porosity. Thus, 

relatively low temperature (~ 580°С), sintering time (300 s) and 

pressure (~ 25 MPa) were used if compared to sintering regimes 

that were used during the studies of metal-matrix composites 

obtainment [10].  

Analysis of chemical composition of cast specimens of 

SM88U (СМ88У) have shown that all of studied specimens, 

including modified ones, comply to the demands of 

I ZhAKI.105.015-89 („И ЖАКИ“) standard. All specimens contain 

from 57.38 to 58.01 % Ni (base); from 15.47 to 15.87 % Cu; from 

10.98 to 11.13 % Co; from 4.65 to 4.92 % Ti; from 4.73 to 

4.88 % W; from 3.12 to 3.21 % Al; from 1.76 to 1.87 % Mo; from 

0.32 to 0.34 % Hf; 0.19 % Nb; from 0.08 to 0.09 % Fe; from 0.08 to 

0.09 % B; from 0.05 to 0.08 % Si; from 0.06 to 0.09 % C; from 0.03 

to 0.03 % Mn; 0.004% P; from 0.002 to 0.008 % Si. These results 

confirm that during studies melt undergoes inoculation, not 

alloying.  

Analysis of the structure of obtained specimens have shown 

that specimens of unmodified alloy have relatively coarse grain 

with mean diameter of 1…2 mm (see Fig. 4, a). Grains of 

unmodified specimens are homogeneously distributed by casting 

volume. 

 
 

Fig. 4. Structure of SM88U (СМ88У) alloy specimens without 

inoculation (a) and after inoculation with inoculant obtained by 

HVED treatment of 85 % Ti + 15 % Al powder at  Wsp = 15 MJ/kg 

(№ 2) (b) and 75 % Ti + 25 % Al at Wsp = 10 MJ/kg (№ 1) (c) 

Addition of inoculant № 1 (25 % Al + 75 % Ti, treated with 

Wsp = 10 MJ/kg, “multipoint anode -plane” electrode system) leads 

to significant refinement of specimens structure and the mean size 

of crystallites is 0,3...0,5 μm. Grain sizes are changing both on the 

boundaries of the casting and in its central area and their volumetric 

distribution is relatively homogeneous (see Fig. 4, c). Thus spatial 

inoculation takes place in this case. 

Inoculation leads to significant decrease of grain size. 

Addition of inoculant № 2 (15 % Al + 85 % Ti, treated with 

Wsp = 15 MJ/kg, “point-plane” electrode system) leads to formation 

of grains with inhomogeneous size (see Fig. 4, b) – in the central 

area of the casting relatively coarse grains remain, while on the 

boundaries of the casting grains are significantly refined. Thus, only 

surface inoculation takes place in this case. Mean size of crystallites 

in this case is 0,2...0,3 μm. 

Studies of short-term and long-term ultimate tensile strength 

allows comparison of the indicators of strength and plasticity of 

obtained specimens – namely ultimate tensile strength σ, percentage 

elongation after fracture δ, reduction of area after fracture ψ and 

rupture life time τ, values of which are given in table 1. 

Characteristics of unmodified and modified specimens were 

compared between each other and with the demands of 

I ZhAKI.105.015-89 („И ЖАКИ“) standard. 

 

 

 Table. 1. Results of the mechanical tests 

No Specimen 

type 

Stress test at the temperature Stress rupture test 

(900 °С, stress 

280 MPa) 600 °С 900 °С 

σ, 
MPa 

δ, 
% 

ψ, 
% 

σ, 
MPa 

δ, 
% 

ψ, 
% 

τ, 
h 

δ, 
% 

ψ, 
% 

1 I ZhAKI 90 3.0 6.0 65 8.0 16.0 –  –  –  
2 Unmodified 105 4.8 10.0 63 14.0 36.0 131.5 8.3 23.0 

3 Inoculant 

№ 1 103 8.0 10.0 66 15.0 35.0 183.2 10.5 22.5 

4 Inoculant 

№ 2 107 4.8 8.1 68 24.0 33.0 182.7 9.5 19.3 

 

Generally, there is an increase of mechanical properties of 

alloys as a result of inoculation. Application of inoculants leads to 

an increase of the values of allots ultimate tensile strength so they 

begin to comply with normative documentation demands. It should 

be noted that the use of inoculant № 1 (25 % Al + 75 % Ti, treated 

with Wsp = 10 MJ/kg, “multipoint anode-plane” electrode system) 

leads to higher increase of plasticity while applying inoculant № 2 

(15 % Al + 85 % Ti, treated with Wsp = 15 MJ/kg, “point-plane” 

electrode system) leads to higher increase of strength characteristics 

due to different structures of obtained alloys. 

5. Conclusions 

1. The possibility of obtainment of inoculant of Ti – Al–С system 

for SM88U (СМ88У) cast alloy by HVED treatment of powders of 

75 % Ti + 25 % Al and 85 % Ti + 15 % Al initial composition in 

kerosene with subsequent briquetting using SPS method.  

2. HVED treatment of studied powder mixtures leads to decrease of 

their size by one order of magnitude while quantitative indicators of 

their distribution by size is decreased ~ 3 times. 

3. HVED treatment leads to change of powders phase composition. 

Titanium carbide is synthesized in quantity from 6.6 to 9.5 % 

according to results of evaluation with different methods. 

Appearance of peaks widening on X-ray diffraction patterns 

indicates formation of ultrafine components. 

4.It is shown, that addition of inoculant of Ti – Al–С system in 

quantity of 0.01 mass %, which was synthesized by HVED 

treatment of Ti – Al system powder mixture in kerosene and then 

briquetted by SPS, leads to decreasing grain size from 1-2 mm to 

0.2-0/6 mm in all studied inoculated specimens of SM88U 

(СМ88У) superalloy while their ultimate tensile strength at the 

temperature of 900 ˚С was ~68 MPa and long-time strength have in 

increased by 20 % in average.  
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Abstract:  Using computer simulation in the environment of the DEFORM -3D application package, a virtual full  

factorial experiment was conducted on the process of  producing long length workpieces from low -alloyed chrome 

bronze by equal channel angular pressing (ECAP) using the Conform scheme . During the virtual experiment, an 

assessment was made of the influence of independent factors (impeller rotation speed, number of cycles, and 

temperature of deformation treatm ent) on the response parameter —  deformation force. As a result of the 

experiment, a regression equation was obtained, a variant of solving the optimization problem with determining the 

numerical values of the accepted independent factors was presented, an d their influence on the response parameter 

was analyzed.  

KEYWORDS:  COMPUTER SIMULATION, LOW-ALLOYED CHROMIUM BRONZE, VIRTUAL FULL FACTOR 

EXPERIMENT, OPTIMIZATION OF MODES OF DEFORMATION TREATMENT, DEFORMATION FORCE.  

1. Introduction 

Currently, there is an  interest in research in the field of 

increasing the strength of metals by grinding the 

structure to submicrocrystalline (SMC) size by 

processing under conditions of severe plastic 

deformation (SPD) [1]. One of the methods of SPD is 

equal-channel angular pressing (ECAP) [2, 3]  and its 

development, ECAP-Conform [4], designed to produce 

long length workpieces with a bulk SMC structure and 

allowing to create prerequisites for the practical 
implementation of the SPD process.  

The technological process based on the refinement of 

the structure by the SPD method and implemented on 

the ECAP-Conform instal lation is an effective way to 

increase the strength of metals and alloys. However, for 

the manufacture of long length semi -finished products 

according to the above scheme, it  is necessary to solve 
the problem of optimizing the process  

In scientific and practical activities, a significant  place 

is occupied by numerical  methods for studying complex 

processes, including computer modeling using the latest 

software products [5, 6] . The effectiveness of using 

modeling methods and solving engineering problems 

increases significantly if,  at the stage preceding the 

design of a real technological  process,  conditions are 

created for assessing the influence of the most 
important independent factors.  

The use of mathematical methods is one of the most 

rational approaches to solving problems of evaluating 

the effectiveness of non-standard pressure processing 

processes. In this regard, i t  seems appropriate to carry 

out numerical modeling using the planning of a virtual 
full factorial experiment (FFE) [7]. 

The advantage of FFE is the ability to describe the 

process in full compliance with the algorithm of the 

physical experiment,  taking into account the established 

assumptions. FFE is most  easily implemented among 

numerous methods of a physical experiment. When 

using FFE, the goal is to obtain a linear mathematical 

model of the process, which will determine the future 
strategy for conducting a real experiment.  

Thus, the purpose of the simulation is to conduct a 

virtual SPD process using the ECAP -Conform method 

using FFE, and to identify a rational temperature -speed 

treatment regime in combination with the number of 

deformation processing cycles in the case of obtaining 
long length SMC of semi-finished products.  

2. Research method 

To obtain the most complete information about the 

studied dependencies during the simulation, the authors 

used FFE. Planning an experiment is a procedure for 

selecting the number and conditions of experiments 

necessary and sufficient to obtain a mathematical model 

of the process [8]. It is  important to consider the 

following: the desire to minimize the number of 

experiments; simultaneous variation of all variables that 

determine the process; the choice of a clear st rategy that 

allows you to make informed decisions after  each series 

of experiments. Before planning a full -scale experiment, 

it  is necessary to collect additional information about 

the object under study, to obtain which we use the skills 

and knowledge that were obtained earlier in previous 
studies or described in the l iterature [9].  

The design of the experiment was carried out on the 

basis of modeling the process of obtaining long length 

semi-finished products from low-alloyed chrome bronze 

by the method of ECAP-Conform. The process diagram 
is shown in Fig. 1.  

 

Fig. 1. Scheme of one 

of the methods of the 

SPD ECAP "Conform": 

1 - fixed matrix; 2 - 

blank; 3 - impeller 

punch 

 

2.1. Assumptions  

1) the workpiece material in the initial state is isotropic 

and there are no initial stresses and strains in it;  

2) the deformation temperature was taken equal  to 20°C 

and 400°C;  
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3) the angle of intersection of the channels 120°;  

4) the tool is absolutely rigid, and the geometry of the 

tool is automatically taken into account;  

5) the material of the initial billet was accepted as 

plastic;  

6) for the simulation, 100 steps were taken, taking into 

account the complete passage of the workpiece and 

obtaining a stable result;  

7) the workpiece is divided into 43553 trapezoidal 

elements;  

8) the coefficient of friction in the deformation zone is 

0.2. 

2.2. Modeling preparation procedure 

At the stage of preparation of the simulation problem, 

we believe that the most significant factors affecting the 

production of defect-free semi-finished products under 

the conditions of SPD processing are as follows: wheel 

rotation speed, number of cycles and deformation 

temperature. In  this regard, it  was decided to conduct a 

virtual FFE using a two-level model with three 

independent factors in terms of the number of variable 

factors, followed by formalizing the results in the form 

of a regression equation and optimizing the selected 
factors.  

Thus, as independent variables in the SPD process by 

the ECAP - Conform method, characterizing the 

efficiency of the process from the point of view of the 

deformation force, we chose the processing temperature 

using the severe plastic deformation technology by the 

ECAP Conform method (X1); wheel rotat ion speed (X2) ; 

the number of cycles of deformation processing ( with 

rotation of the workpiece relat ive to the longitudinal 

axis by 90° after each processing cycle) ( X3).  The 

response parameter (dependent parameter) determined 
the deformation force P  (Y).  

Factors varied on two levels. The intervals of variation 

of variable factors and their values on a natural  scale 

are shown in table 1.  

Table 1  Factor levels  

Factors X1 (Т, оС) X2 (ω, min-1) X3 

Main level (Xi) 200 1,0 1 

Variation interval (Xi) 100 0,5 1 

Upper level (xi = + 1) 400 2,0 4 

Lower level (xi = – 1) 20 0,5 1 

The number of experiments N  was determined by the 

number of factors k  in accordance with the expression:  

822 3  kN    (1) 

It is required to determine such values of X1; X2; X3 ,  at 
which the least deformation force P .  

3. The results of the experiment and their discussion  

The mathematical  model after the implementation of the 

experiments of the full factorial experiment has the 

form:  

y=b0+b1x1+b2x2+…+b12x1x2+b13x1x3+ b23x2x3…+b123x1x2x3, (2) 

where b i  is the regression coefficient.  

To calculate the coefficients of this model, we used an 

expanded matrix of planning and the results of 
experiments (Table 2)  

Table 2. The expanded matrix of the plan 2 3  and the 

results of virtual experiments  

Test 

number 
хо х1 х2 х3 х1х2 х1х3 х2х3 х1х2х3 

Y1 

(кН) 

1 + + + + + + + + 13,3 

2 + - + + - - + - 16,5 

3 + + - + - + - - 10,7 

4 + - - + + - - + 12,7 

5 + + + - + - - - 23,2 

6 + - + - - + - + 19,8 

7 + + - - - - + + 13,5 

8 + - - - + + + - 12,9 

In Fig. 2 presents the solution to the problem of 

numerical modeling of the ECAP-Conform process, as a 

result of which the minimum deformation force is 
obtained.  

 

Fig. 2 .  The simulation 

result of the ECAP-

Conform process: 

distribution fields 

cumulative strain. The 

deformation force Pa v .  

= 10.7 kN. A fragment 

of the workpiece in the 

deformation zone is 
shown. 

The regression coefficients were calculated by the 

formula:  

N

yx
N

ii
 1i

ib ,   (3) 

where i = 0, 1, 2, …, 8. 

Based on the calculations, the following general form of 
the linear regression equation was obtained:  

y=15,33X0 – 1,15X1 + 2,88X2 + 0,3X3 + 0,20X1X2 – 1,05X1X3 + 
1,28Х2Х3 – 0,50Х1Х2Х3                   (4) 

From an analysis of equation (4), it  is seen that among 

single variable factors, the speed (X2) has the most 

significant effect on the deformation force under the 

accepted modeling conditions: the higher the spe ed, the 

higher the deformation force. The processing 

temperature (X1) has a lesser effect: the strain force 

decreases with increasing temperature. The smallest,  

almost insignificant,  effect  on the deformation force is 

observed when the number of SPD processing cycles 

(X3) changes. Apparently, this is due to the fact that the 

deformable material (low-alloyed chromium bronze of 

Cu-0.3% Cr  composition) is  significantly hardened after 

the first cycle of SPD processing. This observation is 

consistent with the law of strain hardening of the 

material under study and changes in its rheological 
properties depending on temperature and loading speed.  

From paired influences it is seen that a simultaneous 

increase in the temperature and speed of the SPD 

treatment (X1X2),  as well as the speed and number of 

cycles (X2X3),  an increase in the deformation force is 

possible, which indicates the predominant influence of 

the processing speed on the force parameters. With a 

simultaneous increase in  temperature and the number of 

deformation processing cycles (X1X3),  a decrease in the 

deformation force can be observed. This also indicates 

(in this pair) a slight effect of the number of SPD 

processing cycles on the deformation force. From the 
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analysis of the regression equation it also follows that 

the simultaneous change in all  three factors, or  rather, 

their increase,  can affect  a certain decrease in the 

response parameter. It should be noted that in complex 

systems, to which the considered one can be attributed, 

pair and triple interactions have, as a rule, an 

ambiguous interpretation and therefore their 

interactions should be analyzed separately and with 

reference to the specific operating conditions of a 
multicomponent object.  

A priori,  we can say that under the conditions 

considered, the minimum value of the deformation force 

can be obtained with an optimal combination of 
independent factors adopted in this study.  

It is of practical interest  to solve the optimization 

problem of determining the actual values of the 

independent parameters considered in a virtual 

experiment of numerical simulation and providing the 

minimum value of the deformation force when 

implementing the ECAP-Conform method. This problem 

was solved by the "steep ascent" method, designed to 
solve extreme problems [6]. 

The design of the experiment using the "steep ascent" 

method showed that under the conditions under 

consideration, the deformation force will be the 

smallest at 4 SPD cycles, at  a processing temperature of 

400°C  with a minimum speed (ω = 0.5 min - 1).  Subject 

to the indicated values of independent factors, it  is 

possible to provide a force deformation of P ≈ 10.7 kN  

(Fig. 2). However, the optimization task was to ensure 

the SPD processing by the method of ECAP -Conform, 

taking into account the capabilities of existing 

equipment and the technical  and economic feasibili ty of 

the process of manufacturing long length workpieces. In 

this particular case,  the solution to the optimization 

problem was based on the method of expert estimates, 

which will  be further tested by solving a system of 

partial differential equations.  

In Fig. 3  shows the simulation results based on the 

obtained optimized values of variable factors in the 

framework of the research task: the temperature of the 

tool and workpiece is 200°C;  speed of the impeller 1.5 
min - 1;  number of SPD processing cycles 2 .  

 

Fig. 3.  The simulation 

result of the ECAP-

Conform process after 

solving the inverse 

problem: distribution 

field of cumulative 

strain. The deformation 

force Pav .  = 11.5 kN. A 

fragment of the 

workpiece in the 

deformation zone is 
shown. 

Thus, it  was possible to  choose a combination of 

processing temperature, strain rate and number of cycles 

at which the value of the deformation force P ≈ 11.5 kN  

is achieved, which is a perfectly acceptable solution to 
the problem.  

Based on the study, for the practical implementation of 

the ECAP-Conform process of low-alloyed chrome 

bronze, the above SPD processing modes can be 

proposed with possible re finements depending on the 

specific processing conditions. This assumption requires 
additional research.  

4. Conclusion 

1. As a result of a virtual  full factorial experiment, it  

was established that  the speed of deformation has the 

most significant single influence on the deformation 

force.  It  was also established that  the speed of 

deformation also has a significant effect in combination 
with the two other factors considered;  

2. Based on expert estimates and the result s of the 

virtual full factorial  experiment during the simulation of 

the SPD processing of low-alloyed chrome bronze,  

optimized numerical values of the considered 

independent factors were obtained, which ensure a 
decrease in the deformation force.  
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Abstract As technology evolves, the environmental legislations on pollutant concentrations in aqueous effluents tend to tighten and increase. 

As a result, sour water must be handled and processed properly in order to provide high quality of stripped water with insignificant traces of 

NH3 and H2S. This must be achieved within the minimum operating costs.  

This work analyses the effect of operating/design variables (such as feed temperature, feed location, number of stages, and steam flow 

rate) on the stripped water quality in two cases (A refluxed absorber without a reboiler and an absorber with a side compressor). HYSYS V.8 

simulation tool was used to accurately simulate the two cases. The feed data was acquired from the factory of POSCO (Pohang Iron and 

Steel Corporation) in South Korea. 

It was found that the best stripping efficiency in the refluxed absorber was when the feed was fed at the first stage, with maximum feed 

temperature, number of stages and steam flow rate. For the absorber with compressor, the feed was fed in the first stage and the reflux split 

and the pressure ratio were changed to monitor their effect on the tower efficiency. Results showed that increasing the reflux split increases 

the flow rate of NH3 and acid gases in the off gas, while increasing their concentration in treated water (200 ppm) restricting the use of 

reflux split. It also proved that increasing the pressure ratio carries more energy to the sour water feed heat exchanger. The effect of 

changing the pressure ratio on the compressed gas temperature and the compressor duty was also studied. Results of the treated wastewater 

streams guarantee that the effluent sour water obeys standard environmental regulations.  

 KEYWORDS: SOUR WATER, STRIPPING, AMMONIA, ABSORBER, HYDROGEN SULPHIDE 

 

1. Introduction 
Refineries are considered the primary producers of sour water, 

when compared to other oil and gas processes [1,2]. Sour water has 

also many other sources within petrochemical plants and all the 

units that consumes live steam and heat, along with the presence of 

nitrogen and hydrogen containing compounds; for instance: fluid 

catalytic reactors [3], thermal and catalytic cracking units [4], coker 

units [5], amine regenerators, hydro-sulphurisation units [6], crude 

desalting units, drums and the washing of hydrocarbons introduced 

with caustic operations [6]. Sour water is also found extensively in 

iron and steel factories [7]. 

Usually, steam stripping process is used for sour water treatment, 

since it helps in stripping light elements from the sour waste water. 

Industrially, some technical problems are encountered such as 

plugging, extreme usage of steam and maintaining the column 

pressure [7]. 

In sour water stripping, an external heat source either live steam or 

steam production by a reboiler is used to reverse the chemical 

equilibrium by warming (if not boiling) sour water. The produced 

vapor acts as a gaseous solvent that extracts ammonia and hydrogen 

sulfide from the sour water by the following implementations [2]: 

the elevation of sour water feed temperature to the boiling point, the 

reversal of chemical equilibrium reactions, and diluting the partial 

pressure of stripped ammonia, hydrogen sulfide and carbon dioxide 

by furnishing excess vapor. 

It was stated that the variation of steam rate had a considerable 

influence on the stripped water composition [6], where the 

hydrogen sulfide concentration declines as the steam rate inclines. 

Same goes for ammonia to a certain limit, where hydrogen cyanide 

reacts with it, until the concentration of ammonia becomes 

adequately low, then the ammonia and hydrogen cyanide are both 

stripped [4, 5]. 

 

2. Literature Review 
Bellen [1] suggested a scheme where the sour water is fed to a flash 

drum in order to separate the present hydrocarbons and sour water. 

The sour water is then heated via hot stripped treated water. It is 

then fed to the sour water stripper with decreased pressure. The 

required heat for stripping could be achieved either from live steam 

or from a low pressure steam reboiler. The process was modeled 

using HYSYS and PRO/II as simulation tools. In the PRO/II, two 

approaches were employed in the system's model: SOUR and 

GPSWAT [2]. 

In 2011 a software package with the ability to simulate sour water 

strippers including all of the side reactions have been initiated 

which goes by the name of Pro Treat [2]. Weiland [6] used Pro 

Treat to simulate a refluxed absorber for sour water treatment. 

Fixed valve trays were used to avoid fouling, since the gas acts as a 

valve cleaner.  

Walker [8] also implied normal and refluxed strippers with realistic 

operating data, as well as studying numerous operating factors on 

stripping performance.  

Melin [9] contributed in studying further operating variables on 

stripping performance. Furthermore, it was illustrated that the 

injection of a caustic base in the lower segment of the tower could 

help to achieve the desired ammonia removal [9, 10]. It was Darton 

[10] who observed that the stripping efficiency is dependent on 

steam rate as well as number of trays though experimental studies. 

On the other hand, Isla [11] proposed a developed design in sour 

water strippers that lowered the required heating energy of the 

reboiler. He also made trials to reach the optimal operating 

conditions. 

Lee [7] studied a sour water treatment system, taken from a real life 

case study of a steel corporation named POSCO (Pohang Iron and 

Steel Corporation) in South Korea. His main target was minimum 

energy consumption, while achieving treated water criteria of 

ammonia concentration less than 100 ppm and hydrogen sulfide 23 

ppm.  He discussed the dynamics of the sour wastewater stripping 

process, as well as controlling the column pressure. 

 

3. Variables Affecting the Stripping Efficiency  
This work aims at studying the variables affecting the stripping 

efficiency in sour water stripping plants for two different cases. The 

first case is a refluxed absorber without a reboiler, while in the 

second case, a new compressor is added resulting in the creation of 

new variables; the pressure ratio and the reflux split. The designs 

will achieve Weiland's treated water criteria (30-80 ppm ammonia 

and less than 0.1 ppm hydrogen sulfide) [6]. Those cases were built 

using HYSYS simulating program. The operating data and feed 

composition was acquired from Lee [7] from the factory of POSCO. 

 

4. Case #1 
In this case, only a refluxed absorber (shown in Figure 1) is used in 

investigating the variables affecting the stripping efficiency. 
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Figure 1: Case #1, Refluxed absorber 

80700 kg/h of sour water was fed to the refluxed absorber at 64oC 

with a pressure of 160 kPa. The concentration of NH3, H2S, CO2 & 

HCN was 13000, 2500, 8000 & 100 ppm respectively.  10810 kg/h 

of stripping steam was fed at 170oC, with a pressure of 200 kPa. 

The sour water was fed at the 2nd stage of the 12 staged refluxed 

absorber. The top pressure of the refluxed absorber was 129 kPa, 

while the bottom pressure was 155 kPa.  

The feed location was changed from stage 1 to stage 10, the feed 

temperature was changed from 64oC to 110oC, the number of the 

stripper stages was changed from 3 to 20 stages, while the steam 

flow rate was changed from 10809 kg/h to 20000 kg/h. For every 

variable changed, the flow rate of each component is obtained at 

each of the column trays. All variables were kept constant unless its 

variation is being studied. 

 

5. Results of Case #1 
 

5.1 Feed stage location 
The effect of changing feed stage location from stage 1 to stage 10 

was studied. Feeding at stages 1, 4, 7 and 10 results are illustrated in 

Figure 2. 

 

 

Figure 2: Effect of changing feeding stage on the mass flow rate on 

each stage 

(a) Feed located at stage 1, (b) Feed located at stage 4,  

(c) Feed located at stage 7, (d) Feed located at stage 10 

 

It has been noted that the NH3 and H2S are at their highest 

concentration in their vapor phase after the feeding tray. As for the 

liquid phase, the highest concentration was on the feeding tray. It 

was also concluded that when the feed is fed on the first tray; the 

lowest mass flow rate of NH3 and acid gases in the liquid effluent 

stream is achieved. 

 

5.2 Feed Temperature 
In this section, the effect of changing feed temperature from 64˚C to 

110˚C was tested. The minimum feed temperature is 64˚C (Lee [7]), 

while the highest temperature is 110˚C, which is the maximum 

temperature HYSYS can converge at. The effect of changing feed 

temperatures at 64˚C, 80˚C, 95˚C and 110˚C on the mass flow rates 

of all components is illustrated in Figure 3. 

It was observed that as the feed temperature increases, the amount 

of liquid NH3 and acid gases decreased in the effluent stream. This 

means that the stripping efficiency is enhanced on the expense of 

the cost of feed heating. 

 

  

  
  Vapor NH3,   Light Liquid NH3,    Vapor H2S,   Light 

Liquid H2S,   Vapor CO2,   Light Liquid CO2,    Vapor HCN,    

Light Liquid HCN 

 

Figure 3: Effect of changing feed temperature on the mass flow rate 

on each stage 

(a) Feed temperature 64˚C, (b) Feed temperature 80˚C,  

(c) Feed temperature 95˚C, (d) Feed temperature 110˚C 

 

5.3 Number of Stages 
The investigation of changing number of stages (from 3 to 20 

stages) on the off gas flow rate was implemented. Three stages are 

the least possible number to achieve conversion, while twenty is the 

maximum number of stages, beyond which, HYSYS does not 

converge. Mass flow rates of all components for towers with 3, 8, 

15 and 20 stages are illustrated in Figure 4.  

 

  

  
  Vapor NH3,   Light Liquid NH3,    Vapor H2S,   Light 

Liquid H2S,   Vapor CO2,   Light Liquid CO2,    Vapor HCN,    

Light Liquid HCN 

 

Figure 4: Effect of changing the number of stages on the mass flow 

rate on each stage 

(a) 3 stages, (b) 8 stages, (c) 15 stages, (d) 20 stages 

 

It is obvious that increasing the number of stages enhances the 

separation; which agrees with the mass transfer theory, as it allows 

more mass transfer to take place. 

 

5.4 Steam Flowrate 
The minimum steam flow rate required to omit the reboiler and 

transform the tower from a distillation column to a refluxed 

absorber was 10809 kg/h (according to HYSYS calculations). 

Lower than that value, HYSYS wouldn't converge. In this section, 

the results of changing the steam flow rate from 10,809 kg/h to 

20,000 kg/h were depicted. Steam flow rates of 10,809 kg/h, 12,500 

kg/h, 16,000 kg/h and 20,000 kg/h on the mass flow rates of all 

components is demonstrated in Figure 5. 

  

  
  Vapor NH3,   Light Liquid NH3,    Vapor H2S,   Light 

Liquid H2S,   Vapor CO2,   Light Liquid CO2,    Vapor HCN,    

Light Liquid HCN 

(d) 

(d) 

(a) (b) 

(c) 

(a) (b) 

(a) (b) 

(d) 

(c) 

(c) 
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  Vapor NH3,   Light Liquid NH3,    Vapor H2S,   Light 

Liquid H2S,   Vapor CO2,   Light Liquid CO2,    Vapor HCN,    

Light Liquid HCN 

 

Figure 5: Effect of changing steam flow rate on the mass flow rate 

on each stage 

(a) 10809 kg steam/h, (b) 12500 kg steam/h,  

(c) 16000 kg steam/h, (d) 20000 kg steam/h. 

 

As expected, increasing the stripping steam flow rate enhances the 

stripping efficiency, agreeing with the mass transfer theory. 

 

6. Case #2 
A new modification was applied in this case. A new compressor (K-

100) was added and the condenser was omitted. The hot product 

was used to heat the sour water feed. In order to compensate the 

elimination of the reflux, a fraction of the cooled off gas was 

reintroduced to the column as reflux, revealing a new variable 

called the (reflux split). The reflux split stands for the portion of the 

off gas refluxed back to the column. Another new variable - the 

compressor pressure ratio - was also considered. Its effect on the 

compressed off gas temperature, the compressor's duty and the 

stripping efficiency was examined. Figure 6 illustrates the process 

scheme of Case #2. A HYSYS model was built to monitor the effect 

of changing the reflux spit and the pressure ratio on the stripping 

efficiency. 

 

 
 

Figure 6: HYSYS illustration of Case #2 

 

It was obvious from the previous study on Case #1 that the best 

stripping efficiency was observed when the feed was fed at the first 

stage. This variable was fixed while changing the reflux split and 

the pressure ratio to monitor their effect on the tower stripping 

efficiency. 

 

 

 

 

7. Results of Case #2 

 
7.1 Reflux Split 
The result of changing the reflux split ratios from 0.001 to 0.2 on 

the flow rates of all components is illustrated in Figure 7. 

  

  
  Vapor NH3,   Light Liquid NH3,    Vapor H2S,   Light 

Liquid H2S,   Vapor CO2,   Light Liquid CO2,    Vapor HCN,    

Light Liquid HCN 

 

Figure 7: Effect of changing the reflux split ratio on the mass flow 

rate on each stage 

(a) Reflux split ratio 0.001, (b) Reflux split ratio 0.07, 

(c) Reflux split ratio 0.145, (d) Reflux split ratio 0.2. 

 

It was found that increasing the reflux split increases the NH3 and 

acid gases flow rate in the off gas, on the expense of increasing the 

liquid ammonia and hydrogen sulfide concentration in treated 

water, reaching 200 ppm. This restricts the use of reflux split.  

 

7.2 Pressure Ratio 
Pressure ratio was altered from 1.1 to 1.85 to see its effect on the 

stripping efficiency. Results of pressure ratios 1.1, 1.35, 1.6 and 

1.85 are illustrated in Figure 8. 

 

  

  
  Vapor NH3,   Light Liquid NH3,    Vapor H2S,   Light 

Liquid H2S,   Vapor CO2,   Light Liquid CO2,    Vapor HCN,    

Light Liquid HCN 

 
Figure 8: Effect of changing the pressure ratio on the mass flow 

rate on each stage 

(a) Pressure ratio 1.1, (b) Pressure ratio 1.35,  

(c) Pressure ratio 1.6, (d) Pressure ratio 1.85 

 
Increasing the pressure ratio elevates the compressed off gas 

temperature (also known as heat pump). This carries more energy to 

the sour water feed heat exchanger. As stated in section 5.2, 

increasing feed temperature gives better stripping efficiency. It was 

also found that by increasing the pressure ratio, the number of trays 

required to perform a certain separation decreases.  

The effect of increasing the pressure ratio on the temperature of the 

heat pump and the compressor duty is illustrated in Figure 9. 

 

(d) 

(c) (d) 

(a) (b) 

(c) 

(a) 

(b) 

(c) (d) 

(a) (b) 

(b) 

(b)  
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Figure 9: Effect of changing the pressure ratio on  

(a) Temperature of heat pump, (b) Compressor duty. 

 

It is obvious from Figure 9 that increasing the pressure ratio also 

increases the compressor duty, which means an increase in the cost 

of the electricity required to operate the tower. Increasing the 

pressure ratio also increases the temperature of the compressed 

stream, which in turns increases the amount of heat transferred to 

the feed sour water. 

 

8. Conclusion 
From the above study, it was found that for a refluxed absorber, the 

best stripping efficiency was achieved when the feed was fed in the 

first tray with maximum available temperature. It was also found 

that increasing the stripping steam flow rate enhances the mass 

transfer operation and gives better results. Increasing the number of 

stages in the refluxed absorber also gave better stripping results. 

After the addition of a new equipment (the compressor), new 

variables have appeared having a noticeable influence on the 

stripping efficiency and the treated water quality outcome. These 

new variables were reflux split and pressure ratio. It was noticed 

that increasing the reflux split results in the increase of NH3 and 

H2S concentrations in the treated water, up to 200 ppm, and this 

inhibits its usage. As for the pressure ratio, it was noticed that as it 

increased better separation will occur, although the electric cost of 

the compressor will increase. 
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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). 

In PDC cutter 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 

WC-Co, 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 Co. The ratio of the diamond fraction and the binder metal, as well as the size of the diamond grains vary, depending on the 

specifications. The entire PDC cutter is manufactured using high pressure and high temperature technology. The surface of the PDC plate is 

ground and polished to the required values. 

Full-scale tests of PDC cutters showed that their impact strength and wear resistance are determined by the quality of the contact 

layer between the PDC and the substrate. 

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 with substrate. 

KEYWORDS: SUPERHARD MATERIALS, POLYCRYSTALLINE DIAMOND COMPACT (PDS), PDS CUTTER, PDS MILLING 

DRILL BIT, ACOUSTIC MICROSCOPY, 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. 

It is known that polycrystalline synthetic diamond (such as 

"Carbonado") belongs to the hardest material known to man. Its 

characteristics are close, and, in some cases, exceed the 

characteristics of a single diamond crystal, which is 10 times harder 

than steel, 2 times harder and 10 times more resistant to wear than 

tungsten carbide. In this case, the polycrystalline diamond is 20 

times stronger in compression than granite, while having the lowest 

coefficient of friction and the highest thermal conductivity of all 

known materials. 

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. 

The energy of rock drilling is determined by the necessary 

destructive effect. Of all the major rock failure mechanisms, cutting 

is more efficient because rock tensile strength is less than 

compressive strength [3]. 

 

2.  PDC-cutters made in 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 

 

MACHINES. TECHNOLOGIES. MATERIALS. 2019

350



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. The PDC cutters are manufactured 

using high pressure and high temperature technology. The surface 

of the PDC plate is 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. 

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. 

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. 

In 2017, at the Vyngapurovskoye field of Gazprom Neft in 

the Yamal-Nenets Autonomous district, pilot tests of the PDC bit 

with the first domestic polycrystalline diamond cutters were 

successfully carried out. A tool developed by the Samara company 

"Volgaburservis" and equipped with Russian cutters in the 

development and production of FSBI "TISNCM" designed to drill 

vertical, directional and horizontal wells in soft rocks with 

intercalations of medium-hard rocks. This corresponds to the 

conditions of construction of most of the wells in the November 

region of YANAO. The tests showed high wear resistance of the 

new equipment. The pilot section of the well with a length of 2237 

m was passed without damage and loss of cutters, demonstrating 

good handling and high mechanical speed of penetration. 

 

3.  Studies of the interface characteristics of PDC 

cutters 
 

We carried out a detailed study of the profiled interface on 

two samples of PDC cutters, as a non-destructive method of 

acoustic microscopy (AM), and on the plates 4 mm thick  cut from 

the central part of PDC cutters. In the latter case, the phase 

composition of the boundary layer material (x-ray method), the 

microstructure and the defect of the layer (AM method) were 

determined; optical images of the interface section were obtained 

and the profilometry of vertical cuts of PDC cutters was carried out. 

Fig. 2 shows pictures of the whole PDC cutter (a) and cut vertically 

in the center of the sample (b). 

The results of the studies showed that the characteristics of 

the two samples of PDC cutters differ slightly. So below are the 

data for one of the two studied samples of PDC cutters. 

 (a)  (b) 

 

Figure 2. The whole PDC cutter (a) and with the cut out 

central part of the PDC cutter (b) 

 

 3.1. The study of the profiled boundary layer 

(interface) by means of acoustic microscopy 

  

The principle of the acoustic microscopy is well known 

[5-6]. Acoustic microscopy is used to measure the local values of 

ultrasonic velocities (microacoustic technique) and to visualize the 

bulk microstructure of a sample (scanning acoustic microscopy). 

The waveform of the reflected signal is an ultrasonic A-scan. 1D- or 

2D- scanning of the probe beam over the specimen surface results 

in the raster-formation acoustic images (В- and С-scans, 

respectively). A SIAM Scanning impulse acoustic microscope 

(50  200 MHz), designed and fabricated in the AM-laboratory of  

Emmanuel’s Institute of Biochemical Physics, Russian Academy of 

Science, was used to make the measurements.  Ultrashort probing 

ultrasonic 30-40 ns pulses were used for the measurements.  

Figures below represent the A- B- and C-scans. Scanning of 

whole samples was carried out from the side of the diamond layer. 

 

 
 

Figure 3.  А- и B-scans of the sample No.1 PDC cutter 

 

  
 

 

Figure 4. C-scans: subsurface microstructure of the diamond     

layer (C1) and the profiled interface (C2) of the sample PDC cutter  

 

The C1-scan is obtained using parts of the A-scans array 

representing the reflected acoustic signals (100 MGz frequency 

echoes) from the subsurface layer of the sample. The C2-scan 

represents the 50 MGz echoes from the profiled interface of the 

diamond layer and substrate.  

The AM images of the interface revealed the presence of 

defects in the form of pores, which are displayed on the AM images 

in the form of bright white dots.  The study of the microstructure of 

the PDS cutters allowed to identify samples with an unsintered 

layer. An example of such a defect is shown in Fig. 5.  

 

 
Figure 5.  Sample of PDC cutter with defective (unsintered) 

cutting edge 
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4. Study of the  PDC cutters vertical cuts 

 
From the central part of the samples, plates with a thickness 

of 4 mm were cut using an electric spark machine (Fig.2). 

Cutting began from the PDC  layer and was carried out at a 

constant speed. The cut surface was polished after cutting. 

 

4.1. Optical images of cross section PDC cutters 
 
Optical images with different magnification of sections of 

two PDC cutters are shown in Fig. 6 and Fig.7. 

 

  
 

Figure 6. Sample №1. The thickness of the PDS layer in the 

center is 1.55 mm. The thickness of the interface is 44–75 µm. 

 

  
 

Figure 7. Sample №2. The thickness of the PDS layer in the 

center is 1.45 mm. The thickness of the interface is 50–70 µm. 

 

Figures 6 and 7 show optical images of the interface in 

central part of the two PDC cutters.  Optical studies have shown 

that the interface consists of two layers approximately equal 

thickness ≈ 35 µm. Both samples on the interface show defects in 

the PDS layer, and their size in the sample number two is 

noticeably smaller. 

 

4.2. Profilometry 
 

Three-dimensional images of the surface were obtained 

using the optical profilometer Sneox (manufacturer Sensofar). 

Three-dimensional images of the surface relief obtained by 

confocal optical profilometry. The method consists in obtaining a 

series of photos with a strong contrast in the focal plane of the 

measured sample and their cross-linking with depth reference. 

Images with high contrast and spatial resolution are obtained 

through the use of a point aperture limiting the flow of 

background scattered light emitted from the non-focal plane of 

the lens. 

The size field of the obtained images 877x660 µm, 

resolution 1360х1024. 

 
 

Figure 8. Profilometer images of cut surface directly after 

cutting 

 
The profilometer image shows that the interface is 

represented as a groove with a depth of about 20 µm and a width 

of 140 mkm (Fig.8). This is due to the fact that during 

electrospark cutting at a constant speed, the burning of the 

interface material occurs more intensively. It can be concluded 

that the interface has less strength than the diamond layer and the 

substrate. 

The study of profilometry images after polishing the 

sample allowed to determine the thickness and depth of the 

interface. Figure 9 shows an example of one of the 10 

profilometry drawings performed on two samples. 

 

 
 

Figure 9. Profilometer images of cut surface after polishing  

 

The study of the interface by the profilometry method 

found that the width of the boundary layer lies in the range from 

49 to 25 µm, and the depth from 2.0 to 1.1 µm. 

The profilometer images show defects in the form of a "weak" 

pore penetrating into the diamond layer. These defects are also 

visible on the AM images of both the full contact layer (the 

profile interface ) and the vertical section of the PDC cutter 

(hereinafter). 

 

4.3.  AM image of the PDC cut 
 

Figure 10 shows the AM image of the subsurface layer of 

two samples. 
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Figure 10. Cut of sample # 1. AM image of a subsurface layer 

500 µm thick lying at a depth of 1 mm. 

 

 
 

Figure 11. Cut of sample # 1. AM image of the subsurface layer 

2 mm thick 

 
Figure 12. Cut of sample # 2.AM iImage of the subsurface layer 

500 µm thick lying at a depth of 840±10 µm. 

 

 

5. Conclusion 
 

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. 

. 
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Abstract: The objective of the work is to utilize waste heat from power stations’ flue gases in desalination of seawater by humidification-

dehumidification. Two power station fuels namely fuel oil and natural gas are considered. The two fuels differ in composition, calorific 

value, and usage of percent excess air requirements. In order to achieve the same electric power production, the composition (moisture 

content and specific heat) and amount of flue gases ensuing from combustion of the above two fuels will be different. One humidification-

dehumidification desalination scheme is generated and results are compared with respect to the anticipated cost of produced water versus 

the source of flue gases. Cost is calculated on the basis of energy balance and design equations. The scheme includes: preheating of 

seawater using hot flue gas, humidification of an air stream by direct contact with seawater, and dehumidification of the same stream by 

indirect cooling in a condenser. In case of fuel oil combustion, desulphurization of the flue gas by seawater is also included. The cost of 

produced fresh water includes the fixed cost of heat exchangers, condensers, humidifiers, packing, pumps and fans based on the cost index of 

2018, and the operating cost is based on the current electricity cost. The results show that the total cost of the produced water is much less in 

the case of using flue gases ensuing from natural gas fueled power stations. This happens because the flue gases in this case have a very high 

humidity ratio which will result in the condensation of a significant amount of water on cooling. As a result, the total amount of fresh water 

produced is greater than in the case of fuel oil flue gases. 

Keywords: DESALINATION; SEAWATER; HUMIDIFICATION; DEHUMIDIFICATION; FLUE GAS; DESIGN 

 

1. Introduction 

Water desalination has always been an important source of fresh 

water in many regions and communities, especially in coastal areas 

that are far away from any reliable source of fresh water. Through 

the years, people have been developing many techniques to get 

fresh water from seawater. Since desalination in general is a high 

energy consuming process, more and more optimization and 

integration techniques have been applied to the process in order to 

produce fresh water with the least possible cost.  

These techniques need accurate mathematical models to be as 

efficient as possible. One of the most important variables in these 

models is the water physical properties which vary with temperature 

and concentration, which change widely in any desalination 

process1. 

Also the available source of energy is one of the most decisive 

factors to choose the suitable technique in each case. Some 

techniques can operate perfectly on waste energy or solar energy, 

while other techniques operate by electricity. Some techniques also 

can be integrated with other industrial processes, saving both energy 

and logistic resources2,3.  

This work aims to investigate the performance of a 

humidification-dehumidification seawater desalination system that 

operates on waste energy in the form of hot flue gases from electric 

power stations that operate on either Heavy Fuel Oil or Natural Gas. 

An additional processing step may be added to this integrated 

system in order to remove SO2 from the flue gas, if present. 

2. Fuel and Flue Gas 

The quantity and composition of the emitted flue gases depend 

on the rated power plant electrical power generation capacity and 

the type of fuel burned. Heavy fuel oil (mazot) and natural gas will 

be considered as fuel sources. The composition of the flue gas is 

calculated on the basis of typical fuel compositions and the 

corresponding air to fuel ratio as commonly used with natural gas 

and heavy fuel oil. The amount of flue gas generated per kWh is 

based on the calorific value of each fuel and the reported industrial 

values of the power plant efficiencies. 

Based on the typical compositions of heavy fuel oil and Natural 

Gas, taking the average amount of excess air needed for combustion 

of fuel as 15% in case of Fuel Oil and 5% in case of Natural Gas, 

the composition of the flue gases was calculated using simple 

material balance equations. The humidity ratio in both cases could 

thus be calculated on the basis of the previous calculations. 

The calorific value (CV) 4 of the fuel and the electric generation 

efficiency η 5 are used to estimate the fuel rate need in generating 

electricity (per kWh) and hence the amount of flue gas produced. 

The calculated data are presented in Table 1. 

Table 1: Flue Gases Compositions and Fuel Ratings 

Fuel Fuel Oil Natural Gas 

% excess air 15 5 

C.V. 
MJ/kg 41 47.3 

kWh/kg 11.39 13.139 

FG composition by 

mass 

CO2 0.179 0.141 

H2O 0.057 0.11 

SO2 0.003 0 

O2 0.028 0.01 

N2 0.733 0.738 

η % 30 30 

Humidity Ratio, (kg water/kg drygas) 0.060185 0.12413 

fuel rate kg/kWh 0.2927 0.2537 

 

3. The proposed Desalination Scheme 

Flue gas is used to indirectly heat a stream of seawater which 

will be contacted with a circulating stream of air in a counter 

current humidification tower. Seawater is preheated to 40°C in the 

humid air condenser, then part of this stream is heated to 100°C in a 

heat exchanger against flue gas which is cooled down to 50°C. The 

dehumidification condenser allows a minimum temperature 

approach of 10°C, which means that the saturated air will leave the 

condenser at 40°C. This stream will meet the hot seawater in the 

humidifier which will act as a cooling tower with a temperature 

approach of 5°C at the bottom. The leaving air stream is assumed to 

reach 95% of the saturation humidity. Finally the cold flue gas will 

be desulphurized in a counter current absorber using seawater as a 

solvent. Fig. 1 shows this flow scheme. 
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Fig. 1 Humidification-Dehumidification Desalination Scheme 

4. Model 

In the Flue Gas Heat Exchanger, the inlet and outlet flue gas 

enthalpies are given by:  

𝐻𝐹1=𝑞(𝐶𝑔𝑇𝐹1+(𝐶𝑤𝑇𝐹1+𝜆)𝑊𝐹1)   (1) 

𝐻F2=𝑞(𝐶𝑔𝑇𝐹2+(𝐶𝑤𝑇𝐹2+𝜆)𝑊𝐹2)   (2) 

While the inlet and outlet seawater enthalpies are given by:  

𝐻𝑤=𝑄𝑤𝐶𝑝𝑇𝑤     (3) 

Therefore the quantity of seawater can be calculated from: 

𝑄𝑤=(𝐻𝐹1−𝐻𝐹2)𝐶𝑝4𝑇𝑤2−𝐶𝑝3𝑇𝑤1  (4) 

Where Qw: Mass flow rate of seawater (kg/h),  

Cg: Specific heat capacity of air (kcal/kg.°C),  

Cw: Specific heat capacity of water vapor (kcal/kg.°C),  

λ: Latent heat of vaporization of water (kcal/kg),  

TF1: Inlet temperature of flue gas = 150°C,  

TF2: Outlet temperature of flue gas = 50°C,  

WF1: Inlet humidity of flue gas (kgwater/kgdrygas),  

WF2: Outlet humidity of flue gas (kgwater/kgdrygas),  

Cp: Specific heat capacity of seawater (kcal/kg.°C),  

Tw: Temperature of Seawater (°C), 

qf: Dry flue gas rate (kg/h)  

The area of the heat exchanger can thus be obtained from  

𝐴𝑟𝑒𝑎 = (𝐻𝐹1−𝐻𝐹2)/𝑈𝑒Δ𝑇𝑚   (5) 

Where  

Δ𝑇𝑚 = ((𝑇𝐹2−𝑇𝑤3)−(𝑇𝐹1−𝑇𝑤4))/ln((𝑇𝐹2−𝑇𝑤3)(𝑇𝐹1−𝑇𝑤4)) (°C) 

     (6) 

Ue: Overall heat transfer coefficient (kcal/m2.°C.h)  

In the air humidifier, the exit temperature of the humid air is 

obtained by heat balance assuming that it will be 95% saturated 

with water vapor at this temperature. The enthalpies of the streams 

entering and leaving the humidifier are given by:  

𝐻A1=𝑞(𝐶𝑔𝑇A1+(𝐶𝑤𝑇A1+𝜆)𝑊𝐴1)   (7) 

𝐻W4=𝑄𝑤𝐶𝑝𝑊4𝑇𝑊4    (8) 

𝐻𝑊5=(𝑄𝑤−𝑞𝑎(𝑊A2−𝑊A1))𝐶𝑝W5𝑇𝑊5  (9) 

𝐻𝐴2=𝑞(𝐶𝑔𝑇A2+(𝐶𝑤𝑇𝐴2+𝜆)𝑊𝐴2)   (10) 

Where qa: Dry air recirculation rate (kg/h)  

TA1: Inlet temperature of air (°C)  

TA2: Outlet temperature of air (°C)  

WA1: Inlet humidity of air(kgwater/kgdrygas)  

WA2: Outlet humidity of air(kgwater/kgdrygas)  

Given the percent saturation of air and by mass balance, the 

relation between T2 and W2 may be expressed as  

𝑊A2=0.95(𝑇,𝐶)𝑃𝑡−𝑃(𝑇,𝐶)𝑀𝑤𝑀𝑎   (11) 

Where P (T, C): Vapor pressure of seawater at 

temperature (T) and concentration (C) (mmHg),  

Pt: Total Pressure (mmHg), Mw: Molecular weight of water 

(g/mol), Ma: Molecular weight of air (g/mol)  

The concentration of seawater leaving the humidifier is 

calculated from:  

𝐶W5=𝐶𝑊4𝑄(𝑄𝑤−𝑞𝑎(𝑊A2−𝑊A1))  (12) 

The volume of the humidifier can thus be calculated as  

𝑉𝑝=𝐻W4−𝐻𝑊5𝑘𝑝Δ𝑇𝑚    (13) 

Where Vp: Volume of the packed section (m3) 

Δ𝑇𝑚=((𝑇𝑊4−𝑇𝐴2)−(𝑇𝑊5−𝑇𝐴1))/ln((𝑇𝑊4−𝑇𝐴2)(𝑇𝑊5−𝑇𝐴1)) (°C)

      (14) 

kp: Volumetric heat transfer coefficient in the packed section  

(kcal/h.m3.°C)  

Assuming an exit gas velocity of 1.5 m/sec and given the 

density of the exit gas and the number of in parallel needed 

columns, the cross section area of each column can be calculated 

from  

𝐴𝑟𝑒𝑎=𝑞𝑎/𝜌𝑣𝑁    (15) 

Where ρ: Exit gas density (kg/m3),  

v: Exit gas velocity (m/s),  N: Number of columns  

In the fresh water condenser, the amount of condensed water is 

calculated from the inlet humidity of humid air and its saturated 

humidity after being cooled.  

𝐶𝑜𝑛𝑑.𝑊𝑎𝑡𝑒𝑟 (PW)=𝑞𝑎(𝑊A2−𝑊𝐴𝑠)  (16) 

The amount of seawater used for cooling is calculated from the 

enthalpy difference between the inlet and the outlet air, given the 

inlet seawater temperature and assuming its outlet in order to 

maintain a specific temperature approach.  

𝑄𝑠𝑤=𝐻A2−𝐻A1𝐶(𝑇𝑤1−𝑇𝑤2)   (17) 

The heat transfer area is calculated from  

𝐴𝑟𝑒𝑎=𝐻A2−𝐻A1𝑈𝑐Δ𝑇𝑚  (18) 

Where 

Δ𝑇𝑚 = ((𝑇𝐴1−𝑇𝑤1)−(𝑇𝐴2−𝑇𝑤2))/ln((𝑇𝐴1−𝑇𝑤1)(𝑇𝐴2−𝑇𝑤2)) (°C)

     (19) 

Uc: Overall heat transfer coefficient (kcal/m2.°C.h)   

5. Input Conditions 

4.1. Flue Gas 

For flue gas generated from the combustion of Fuel Oil, a basis 

of 400,000 kg/h will be used at a temperature of 180°C 6. Based on 

typical fuel oil composition, combusted with 15% excess air, the 

flue gas will have a humidity of 0.060185 kg water/kg dry gas, SO2 

concentration of 0.0994% by weight, and an average molecular 

weight of 29.13135. 
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While in the case of power plants operating on Natural Gas, the 

basis for the generated flue gas will be 200,000 kg/h at 150°C. 

Based on its typical composition, combusted with 5% excess air, it 

will have a humidity of 0.12413 kg water/kg dry gas, it will be 

SO2free, and will have an average molecular weight of 27.75788. 

The temperature of seawater is assumed to be 30°C, which 

should be the maximum temperature in summer. The concentration 

of salts is taken as 35 ppt (parts per thousand). 

4.2. Physiochemical parameters 

Since the process involves a change in the salt concentration in 

the seawater, seawater properties such as vapor pressure and 

specific heat capacity will be related to both temperature and 

concentration using suitable correlations1. 

The specific heat capacity of dry air (Cg) is taken as 0.24 

kcal/kg.°C, while that of water vapor (Cw) is equal to 0.45 

kcal/kg.°C. The latent heat of vaporization of water (λ) is equal to 

597.33 kcal/kg at the reference temperature. 

4.3. Transport parameters 

The heat transfer coefficients in the gas-seawater heat 

exchangers (Ue) and in the scrubber filled with wooden lath 

packing (Kp) are taken as follows7 

Ue= 137.5 kcal/h.m2.°C,  kp= 875 kcal/h.m3.°C 

6. Results 

The calculations were made in the two cases discussed earlier; 

using Fuel Oil or Natural Gas Flue Gas. The previous equations 

were used to get the process data and the design data in each case. 

Then the cost of producing fresh water was calculated. The cost is 

mainly divided into two parts: Fixed Cost and Operating Cost. 

Fixed Cost includes the costs of the heat exchangers, condensers, 

humidifiers, packing, pumps, and fans based on the cost index of 

20188. While the operating cost includes the costs of pumping the 

water and circulating the gases. The annual total cost is calculated 

by adding the annualized fixed cost of the various equipment, 

assuming a twenty year service life, to the annual operating cost9. 

The currency conversion rate was taken at $1=EGP17.8.  

5.1. Using Fuel Oil Flue Gas 

Figures 2-5 show the variation of the design data of the different 

equipment, and the variation of seawater requirements with the 

variation of the air circulation rate for the same hot seawater 

consumption. 

5.2. Using Natural Gas Flue Gas 

Figures 6-9 show the variation of the design data of the different 

equipment, and the variation of seawater requirements with the 

variation of the air circulation rate for the same hot seawater 

consumption. 

 

Fig. 2 Fresh Water Produced vs. Air Circulation Rate – F.O. Flue Gas 

 

Fig. 3 Humidifier Area and Volume vs. Air Circulation Rate –, F.O. Flue Gas 

 

 

Fig. 4 Condenser Area vs. Air Circulation Rate – F.O. Flue Gas 

 

 

Fig. 5 Seawater Requirements. Air Circulation Rate – F.O. Flue Gas 

 

 

Fig. 6 Fresh Water Produced vs. Air Circulation Rate – N.G. Flue Gas 

 

5.3. Total Production Cost 

The only variable in this scheme was the flow rate of the 

circulating air. It was found that the fixed cost of the heat exchanger 

will remain constant, while all the other fixed and operating costs 

will increase with the increase in the circulation rate except for the 

fixed cost of the empty columns, the packing, the pumps, and the 

pumping operating cost. The cost of packing decreases as the 
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volume of the packing decreases on increasing the circulation. The 

other costs will vary with the total number of columns that depend 

on the height and diameter limitations. 

It was found that the recommended scenario, with the least 

value of the total cost, is at the smallest air circulation rate. 

Figure 10 compares between the variations of the total annual 

cost per m3 of produced water with the air circulation rate in both 

cases. 

 

Fig. 7 Humidifier Area and Volume vs. Air Circulation Rate –, N.G. Flue Gas 

 

Fig. 8 Condenser Area vs. Air Circulation Rate – N.G. Flue Gas 

 

 

Fig. 9 Seawater Requirements. Air Circulation Rate – N.G. Flue Gas 

 

 
Fig. 10 Total Production Cost of Fresh Water vs. Air Circulation Rate 

7. Conclusion 

This work is concerned with the utilization of waste heat from 

power stations' flue gases in seawater desalination. The flue gases 

used in the process are produced from electric power stations that 

operate on either heavy fuel oil or natural gas. The type of fuel 

affects the composition and the quantity of the produced flue gases. 

A process scheme was proposed to desalinate seawater by the 

humidification-dehumidification technique utilizing the flue gases. 

The scheme include the following processes: indirect preheating of 

seawater using hot flue gases, humidification of an air stream by 

direct contact with seawater, dehumidification of the same stream 

by indirect cooling in a surface condenser using cold seawater, and 

an absorption step to desulphurize the flue gases in case of using 

fuel oil flue gases. 

The results were compared with respect to the cost of the 

produced fresh water. The cost was calculated based on material 

balance, energy balance, and equipment design equations. The cost 

includes the fixed cost of the exchangers, condensers, humidifiers, 

packing, pumps, and fans based on the cost index of 2018. It also 

includes the operating cost of pumps and fans based on the current 

cost of electricity. 

Results have shown that using the flue gases produced from 

natural gas power stations will produce fresh water with less total 

cost than the case of fuel oil flue gases. A significant amount of 

water will be condensed on cooling the flue gases ensuing from 

burning natural gas owing to their high humidity ratio, which will 

result in increasing the total amount of fresh water produced. 

For future work, it is recommended that more parameters 

should be varied to study their effect on the cost and rate of water 

production such as the minimum temperature approaches in the 

exchangers or the humidifiers. 
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Abstract: Electrochemical machining (ECM) is prevalent and competitive manufacturing process which uses for machining of hard and 

tough materials in high tech industries. Hence, experimental investigations on ECM of different materials play essential role to effectively 

utilize this process. This paper demonstrates a systematic approach for achieving comprehensive mathematical models in order to 

investigate the effect of machining parameters on the process responses of 321-Stainless-Steel and analysis of machining performance based 

on the response surface methodology (RSM). Machining voltage, tool feed rate, electrolyte flow rate and concentration of NaNO3 solution 

were considered as the machining parameters while material removal rate (MRR) and surface roughness (Ra) were considered as the 

process responses. Experimental plan was performed by a central composite design (CCD), and the proposed mathematical models 

statistically have been evaluated by analysis of variance (ANOVA). Analysis shows that the RSM method has been appointed properly as the 

design of experiments (DOE) method for resolving curvature in ECM process responses. Also, the results show that the machining 

performance is greatly influenced by machining parameters. Especially the voltage and electrolyte concentration are the most important 

parameters.  

Keywords: electrochemical machining, modeling, material removal rate, surface roughness, response surface methodology 

 

1. Introduction 

ECM is a modern and non-traditional machining which 

contributes significantly in various industries from consumer 

product to more sophisticated, high-tech applications and to 

produce micro to macro scale products. Moreover, ECM gives 

advantages over other conventional and non-conventional 

machining processes. As a case in point, conductive materials 

regardless of their hardness and toughness can be machined with a 

tool which is not harder than workpiece and there is especially no 

tool wear. In view of the fact that in this cold process there is no 

contact between cathode and anode, products without any residual 

stress and heat affected zone (HAZ) can be machined [1]. 

Even though traditional methods for conducting experiments 

such as trial-and-error, best-guest approach and one variable at a 

time (OVAT) still common [2], these methods are time consuming 

and incapable of detecting the interactions between variables [3].  

Thus, implementation of design-of-experiments (DOE) method has 

increased in various manufacturing processes [4]. Response surface 

methodology, RMS, is capable of resolving curvature in the output 

associated with each input, detecting interactions effects and 

establishing mathematical models with suitable sets of experiments 

[5]. 

However, the ECM process involves several physical and 

chemical phenomena and a number of process parameters that make 

it difficult to model the process [6]. Consequently, experimental 

investigations, DOE, statistical and optimization approaches play a 

vital part in selection of proper selection of parameters setting 

which influence the machining performance considerably [7, 8].  

There are researches that had been investigated this process 

experimentally and offer some excellent results and approaches for 

modeling and predicting machining conditions; still, much more 

experimental studies must be conducted to cover wide range of 

materials and methods for optimization and improving machining 

performance [9].  

The purpose of this research is investigating the effect of ECM 

process parameters, i.e. machining voltage (x1), tool feed rate (x2), 

electrolyte flow rate (x3) and electrolyte concentration (x4) on 

machining criteria, i.e. MRR and Ra of 321stainless steel. This kind 

of steel contains titanium which making it an excellent choice for 

prolonged high temperature applications such as aircraft exhaust 

stacks, manifolds, welded equipment, jet engine parts and so on. 

Response surface methodology (RSM) is also used for correlating 

and analyzing the various machining parameters on the response; 

therefore, mathematical models develop through RSM. In addition, 

the adequacy of the developed mathematical models has also been 

tested by the analysis of variance (ANOVA). 

2. Experimental Procedure and Details 

Set-up and machine: 

The experiments were carried out on home-developed machine. 

This machine was set up in this investigation shows in Fig. 1 

consists of four well-designed units, i.e. machine, electrolyte, 

control and power supply unit. The tool feeds forwards and 

backwards using the AC servo motor through a ground precision 

ballscrew with pitch of 2.5 mm and precision linear guides. 

Machining place was built by Plexiglas with a door provided more 

convenience for changing the workpiece. All used connectors, 

valves and hose made of 316 stainless steel, PVC and polyethylene; 

thus, the electrolyte composition does not change moving through 

these parts. Two PVC tanks have duty for supplying and storing 

electrolyte. Main pump with 3-ph AC motor and inverter provide 

setting electrolyte flow rate with help of ultrasonic flowmeter. 

Another magnetic pump used for draining electrolyte form storing 

tank to main supplying tank through filters. Output of power supply 

is 30 volt and 100 ampere. 

 

Fig. 1 The ECM machine. 
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Materials and measurements: 

Fig. 2 displays workpiece and tool with their fixtures in the 

machining chamber. Thirty-one 321stainless steel bars 8 mm in 

diameter specimens were used as workpiece for runs. Commercial 

cylindrical copper with the same diameter as workpiece were also 

employed as tool. As long as experiments conducted in stable 

conditions and with uniform initial gap distance, workpiece and tool 

were grinded and deburred to remove any possible surface 

irregularities to guarantee an even and parallel surfaces. The 

experiments were carried out in NaNO3 solution electrolyte with 

various concentrations. The electrolyte flow system used in cross 

and planning method to ensure an effective flushing during 

machining. The weight of workpiece was measured before and after 

machining by a precision weighing machine (0.0001g) for 

calculating the material removal rate (MRR). The arithmetic mean 

roughness (Ra) was employed to evaluate surface roughness of 

specimens. This measurement was performed with the help of 

surface tester SJ-210-MITUTOYO. The cut-off length and 

measuring speed were set as 0.8 mm and 0.5mm/s respectively. 

 

Fig. 2 Machining chamber with workpiece and tool. 

 

3. Design of Experiments (DOE) 

Experimental plan and conditions 

The machining was carried out for a fixed time interval of 2 min 

and an initial gap distance was 0.6 mm. In the present study, the 

experimentation strategy was considered based on central 

composite second order rotatable design (CCD) for the purpose that 

the higher-order input parameters effects and their interactions on 

machining responses were determined. The values of four process 

inputs and their levels are shown in Table 1.  Therefore, the design 

consists of 31 runs, in which 16 factorial points, 8 axial points, 7 

center points for estimating the experimental error and the central 

composite parameter α was considered 2 to ensure a rotatable 

design. Table 3 presents the values of machining responses, i.e. 

MRR and Ra according to experimentation plan with various sets of 

machining parameters, i.e. voltage (x1), tool feed rate (x2), 

electrolyte flow rate (x3) and electrolyte concentration (x4). Fig. 3 

shows the sample workpieces before and after machining. 

Table 1: The independent ECM process factors and their levels. 

Factors Symbol Unit 

Levels 

-2 -1 0 1 2 

Voltage x1 V 10 15 20 25 30 

Tool feed rate x2 mm/min 0.2 0.3 0.4 0.5 0.6 

Electrolyte flow 

rate 

x3 l/min 5 6 7 8 9 

Electrolyte 

concentration 

x4 g/l 50 100 150 200 250 

 

Response Surface Methodology (RSM): 

In this research, Response Surface Methodology (RSM) was 

applied, as one of DOE methods, for determining how the 

machining parameters influence machining responses. RSM is a 

powerful way for building the relationship between machining 

parameters and responses that are useful for the modeling and 

analysis of the problems; accordingly, the relationship 

mathematically and statistically could be developed by second-

order polynomial as follows: 

  
i j

jiij

k

i
iii

k

i
i xxbxbxbby

2
0      (1) 

 
Fig. 3 Workpiece after  and before machining. 

 

Where y is the desired response, e.g. MRR and Ra in this paper, 

xi is the uncoded or coded levels of the independent variables, and ε 

is the fitting error. Also, the coefficient b0 is the constant value or 

intercept and the coefficients bi, bii and bij represent the linear, 

quadratic and interaction terms respectively [10]. 

Table 3: Central composite design plan matrix and results. 

 

Exp. 

No. 

Factors Responses  

x1 x2 x3 x4 MRR (g/min) Ra(µm) 

1 -1 -1 -1 -1 0.1253 0.76 

2 1 -1 -1 -1 0.2134 1.08 

3 -1 1 -1 -1 0.1547 0.89 

4 1 1 -1 -1 0.2361 1.13 

5 -1 -1 1 -1 0.1246 0.84 

6 1 -1 1 -1 0.2107 1.16 

7 -1 1 1 -1 0.1569 0.96 

8 1 1 1 -1 0.2525 1.31 

9 -1 -1 -1 1 0.1673 1.29 

10 1 -1 -1 1 0.2921 1.94 

11 -1 1 -1 1 0.1975 1.63 

12 1 1 -1 1 0.3218 2.21 

13 -1 -1 1 1 0.1779 1.47 

14 1 -1 1 1 0.2979 2.15 

15 -1 1 1 1 0.2019 1.78 

16 1 1 1 1 0.3235 2.49 

17 -2 0 0 0 0.1154 1.22 

18 2 0 0 0 0.3379 2.17 

19 0 -2 0 0 0.1989 1.12 

20 0 2 0 0 0.2755 1.51 

21 0 0 -2 0 0.1927 1.12 

22 0 0 2 0 0.2194 1.35 

23 0 0 0 -2 0.1365 0.72 

24 0 0 0 2 0.2696 2.45 

25 0 0 0 0 0.2351 1.00 

26 0 0 0 0 0.2291 0.98 

27 0 0 0 0 0.2250 1.02 

28 0 0 0 0 0.2238 0.96 

29 0 0 0 0 0.2220 1.04 

30 0 0 0 0 0.2275 0.95 

31 0 0 0 0 0.2232 1.02 

 

4. Validation and Analysis of Models 

Adequate and suitable measures, tests and analyses were 

examined the models, so the fitness of the models to the 

experimental data, significant and insignificant parameters and 

adequacy of models were analyzed; that is, the analysis of variance 

(ANOVA) and the F-ratio test have been executed to check the 

goodness of the mathematically modeled fittings. Moreover, the R-

squared (R-Sq) and adjusted R-squared (R-Sq(adj)) is used for 
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assessing the modeling goodness of fit, as more the R2 approaches 

unity, the better the model fits the experimental data. Indeed, the 

best condition of analysis of effective models happens as the lack-

of-fit is insignificant. Then, a student’s t-test has also been 

performed for determining the significance of each parameter in the 

models. Accordingly, insignificant terms have been eliminated from 

the models, and ANOVA has been done again through the available 

significant terms.  

Mathematical modeling of MRR: 

According to the model explained by Eq. 1, Table 3 details the 

ANOVA and F-ratio test information about MRR response. On the 

grounds that the p-value of the quadratic model is greatly less than 

0.05, the model is statistically significant in the 95% of confidence 

interval. Besides, the p-value of the lack-of-fit is more than 0.05, so 

this term is insignificant which is desired. Through the ANOVA 

result, the MRR model is developed with coded variables as 

follows: 

)2(06125.9040875.20073.0

054875.305875.5

00049.00650494.200551.0

2275.0054494.100072.0
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The R2 (R-Sq) and adjusted R2 (R-Sq(adj)) are respectively 

99.48% and 99.03% for the above MRR model ensuring an 

excellent fitting for the model. A student’s t-test has also been 

performed for the determination of significant terms in the MRR 

model. It is concluded that all the linear terms, quadratic terms of 

input factors x2, x3 and x4, and interaction effect of factors x1 and x4 

are significant, and other terms are insignificant. The insignificant 

terms have been eliminated; the ANOVA have again been done to 

significant terms. As a result, the final reduced model of MRR 

based on significant parameters is developed as follows: 

)3(05x-3.48750E06x-

2.48952E0.00547x0.23137x0.00069x

0.08043x0.02305x0.00549x0.35879
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Table 3: The ANOVA results for MRR response using the Minitab 

software. 

Source of 

variation 
DF Sum of Squares    Mean Squares     

F 

value     

P 

value 

Regression     14 0.103873 0.007419 219.16 0.000 

Linear 4 0.100478 0.025120 742.00 0.000 

Square 4 0.002148 0.000537 15.85 0.000 

Interaction 6 0.001216 0.000208 6.14 0.002 

Residual Error 16 0.000542 0.000034   

Lack-of-Fit 10 0.000419 0.000042 2.06 0.195 

Pure Error 6 0.000122 0.000020   

Total 30 0.104414    

R-Sq = 99.48%, R-Sq(adj) = 99.03% 

 

Mathematical modeling of Ra: 

The same procedure is used to deal with the Ra and the ANOVA 

details of quadratic model are shown in Table 4. The results of the 

table points out that the model is significant and the lack-of-fit is 

insignificant according to the p-values. Based on the ANOVA 

result, the developed mathematical model for Ra with coded 

variables as follows: 

)4(x0.00051xx0.01013xx0.08125xx0.00035x

x0.00338xx0.01125x05x-5.79702E0.05743x7.74256x

0.0069x0.0234x0.91042x7.01905x0.29921x  8.75714

43423241

3121
2
4

2
3

2
2

2
14321





Ra
      

The R2 and adjusted-R2 for the Ra trimmed model are 

respectively 99.82% and 99.67% revealing sufficient adequacy in 

model predictive capabilities. The student’s t-test has also been 

done for determining the significance of each parameter. The results 

of this test indicate that all linear and quadratic terms of parameters 

and the interaction between x1 (voltage) and x3 (flow rate), x1 and x4 

(concentration), x2 (tool feed rate) and x4, and x3 and x4 are 

significant.  The other model terms can be regarded as insignificant 

terms. By removing these insignificant terms and applying the 

ANOVA, the proper quadratic model for Ra can be developed as 

follows: 

)5(0.00051x0.01013xx0.00035xx0.00338x05x-5.79702E0.05743x

7.74256x0.0069x0.0234x0.87792x6.6753x0.303714x  8.61964

43424131
2
4

2
3

2
2

2
14321

xx
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Table 4: The ANOVA results for Ra response using the Minitab software. 

Source of 

variation 
DF Sum of Squares    Mean Squares     

F 

value     

P 

value 

Regression       14 7.73831 0.55274 648.07 0.000 

Linear 4 6.16678 1.54170 1807.59 0.000 

Square 4 1.39314 0.34828 408.35 0.000 

Interaction 6 0.17839 0.02973 34.86 0.000 

Residual Error 16 0.01365 0.00085   

Lack-of-Fit 10 0.00688 0.00069 0.61 0.767 

Pure Error 6 0.00677 0.00113   

Total 30 7.75195    

R-Sq = 99.82%, R-Sq(adj) = 99.67% 

 

5. Results and Discussion 

Effect of machining parameters on MRR: 

Fig. 4 displays the surface and contour plot of the MRR 

response versus the voltage (x1) and concentration (x4) factors, 

while the tool feed rate and electrolyte flow rate factors held at 

middle level (0.4 mm/min and 7 l/min). The result showed that an 

increase in voltage and concentration leads to increase in the MRR. 

This is supported by the fact that by increasing both of these factors 

results in a higher electrolyzing current in machining gap and 

causing faster dissolution. 

 
Fig. 4 Surface and Contour Plot of MRR: MRR: Voltage (x1) and 

Concentration (x4). 

Moreover, Fig. 5 illustrates the surface and contour plot of the 

MRR response in term of voltage and flow rate of electrolyte at a 

constant level of sources tool feed rate and concentration kept at 

zero level (0.4 mm/min and 150/l). As it is shown in this Figure, 

high removal rate are achievable at high voltage along at low and 

high level of flow rate. 

 
Fig. 5 Surface and Contour Plot of MRR: MRR: Voltage (x1) and Flow rate 

(x3). 

Same trend can be deduced form Fig. 6. This Figure is the 

surface and contour plot of the MRR response versus concentration 

and flow rate of electrolyte at middle level of other factors. 

Increasing in voltage and concentration at low level of electrolyte 

flow rate causes steady flow of electrolyte and at high level of 

electrolyte flow rate causes better flushing in machining gap; thus, 

the conductivity and as a result the current density increase which 

causes high metal dissolution. 
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Fig. 6 Surface and Contour Plot of MRR: Flow rate (x3) and Concentration 

(x4). 

 

Effect of machining parameters on Ra: 

Fig. 7 displays the Ra response based on the voltage (x1) and 

electrolyte flow rate (x3) and the value of tool feed rate and 

electrolyte concentration were kept fixed at zero level. Analyzing 

the 3D surface plot, it concluded that high level of voltage and 

electrolyte flow rate deteriorate the surface finish. Also, by 

increasing the electrolyte flow and decreasing the voltage, the 

surfaces finish boots. As by increasing in voltage, the metal 

dissolution grows then faster flow of electrolyte helps the proper 

flushing of electrolyte in the IEG. From the contour plot, it is noted 

that for improving the better surface quality, choosing the voltage 

and flow rate of the electrolyte in middle to low level gives better 

selections. 

 
Fig. 7 Surface and Contour Plot of Ra: Voltage (x1) and Flow rate (x3). 

 

Furthermore, the surface and contour plot of Ra response versus 

the voltage (x1) and electrolyte concentration (x4) at zero level of 

tool feed rate and electrolyte flow rate is shown in Fig. 8. It can be 

inferred that the surface finish gets better condition as the voltage 

and the electrolyte concentration decreasing. The electrolyte 

concentration in this study was considered in wide range from 50 

g/l to 250 g/l. From the surface plot it can be concluded that at the 

high level of voltage and concentration lead the worst surface 

finish. Also, the contour plot shows that the concentration between 

50 to 100 g/l and decreasing in the machining voltage from middle 

to low level  provide the best selection for these inputs parameter on 

the Ra response. 

 
Fig. 8 Surface and Contour Plot of Ra: Voltage (x1) and Concentration (x4). 

 

Fig. 9 shows the effect of the electrolyte flow rate (x3) and the 

electrolyte concentration (x4) parameters on the Ra response as 3D 

surface and contour plot while the other two parameters, voltage 

and tool feed rate, held at middle level. As can be seen from these 

Figures, the better surface finish is occurred at low level of 

concentration. Also, the low level of flow rate and high level of 

concentration worsen the surface finish greatly since at this 

condition, the poor flushing of electrolyte in the inter electrode gap 

(IEG) results in higher Ra. 

 
Fig. 9 Surface and Contour Plot of Ra: Flow rate (x3) and Concentration (x4) 

 

6. Conclusions 

This study highlights that the electrochemical machining of 321 

stainless steel criteria, i.e. MRR and Ra are greatly influenced by 

the different machining parameters. To sum up, the followings can 

be acquired from this investigation as main findings:  

 For gaining the model that covers all linear, quadratic and 

interaction terms, the RSM method has been appointed properly as 

the DOE method for resolving curvature in ECM process responses.  

 Mathematical models have been developed through the 

RSM method for correlation the machining parameters, i.e. voltage, 

tool feed rate, electrolyte flow rate and concentration on the 

machining criteria, i.e. MRR and Ra, of 321 stainless steel.  

 According to the ANOVA and student t-test, among the 

process parameters, the machining voltage and electrolyte 

concentration are the most effective factors on the machining 

criteria.  

 Increasing voltage and electrolyte concentration lead to 

increase in the MRR. Also, the proper flushing of electrolyte 

improves MRR which can be regulated by the electrolyte flow rate. 

 According to the wide range of voltage (10 – 30 v) and 

electrolyte concentration (50 – 250 g/l NaNO3 solution), the surface 

quality is improved by decreasing in voltage and decreasing in 

concentration.  
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СИНТЕЗ МИКРОСФЕР НА ОСНОВЕ ЧИСТЫХ МЕТАЛЛОВ И СПЛАВОВ ПРИ 

СОВМЕЩЕНИИ МЕТОДОВ  ПИРОЛИЗА И  ГОРЕНИЯ РАСТВОРОВ  
 

SYNTHESIS OF MICROSPHERES ON THE BASIS OF PURE METALS AND ALLOYS BY COMBINATION 

OF METHODS OF PYROLYSIS AND COMBUSTION SOLUTIONS SYNTHESIS 
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Abstract:. It is possible to obtain materials containing microspheres on the basis of metals and alloys (nickel and nickel-copper) with a 

predominant diameter of 0.5–1.5 µm in the combination of combustion processes solutions and aerosol spray pyrolysis. The size of the 

resulting crystallites (OCD) is 9-15 nm for nickel and 3-10 nm for nickel-copper. The influence of the type and ratio of the fuel and oxidizer, 

the temperature of the process on the formation of the phase composition and structure of the synthesized material is shown. The increase in 

the temperature of the reactor compensates for thermal losses in the reacting system and increases the degree of metal yield (it is possible to 

obtain a pure metals content of more than 95%), in addition, it helps to remove micro-stresses, but at the same time, processes that 

contribute to an increase in the size of crystallites. The obtained materials can be used to create highly efficient catalytic systems, metal 

materials with low thermal conductivity, additive technologies, magnetic fluids, etc. 
KEYWORDS: METALS AND ALLOYS, MICROSPHERES, COMBUSTION SYNHESIS, PYROLYSIS 

 

 
1. Введение 

 

Создание новых материалов характеризующихся 

нанокристаллической структурой является одной из важных 

задач современного материаловедения. Преимущество 

использования наноматериалов обусловлено проявлением у 

них уникальных свойств, связанных с тем, что половина, или 

даже больше атомов отдельной частицы находиться у ее 

поверхности, что обуславливает высокую реакционную и 

каталитическую способность [1–4]. Размерные эффекты 

оказывают влияние на магнитные и электрофизические 

свойства материалов. При этом характер изменения свойств от 

размера зерна очень индивидуален и зависит как от 

физической природы исследуемого свойства, так и от физико-

химических особенностей материалов.  

Получение наноматериалов традиционными методами 

сталкивается с большими трудностями, которые связаны с 

длительностью подготовительных или основных операций, 

зачастую невозможностью использовать универсальные 

методики для синтеза различных типов материалов, 

рекристаллизационными процессами при 

высокотемпературном синтезе и агрегацией частиц при 

измельчении. В последнее время активно развивается 

перспективное направление получения наноматериалов 

различных функциональных классов: керамики, металлов и 

металлокерамических композитов с применением метода 

горения растворов (Solution Combustion Synthesis) [5–14]. 

Суть метода заключается в горении реакционных смесей, 

созданных путем растворения исходных твердофазных 

химических компонентов в жидких средах. Показано, что 

благодаря особенностям протекания процесса образуется 

высокопористая структура из агрегированных наноразмерных 

кристаллитов. При применении данного метода синтеза в 

настоящее время получено большое количество различных 

материалов – наноразмерные металлы, композиции их с 

оксидами, различные классы оксидных материалов 

(катализаторы, люминофоры, сегнетокерамика и др.) [6–14]. 

Типичная структура продуктов формирующихся при синтезе 

материалов представляет высокопористую пену со средним 

размером кристаллитов 30–80 нм.  

Большой научный интерес представляет изучение протекания 

процессов горения растворов в изолированных 

микрореакторах (микро каплях в газовой фазе) и разработка 

эффективных методов синтеза материалов в виде полых 

микросфер которые могут найти  применение для 

экранирования электромагнитного излучения, катализа, 

добавок для модификации и формирования специальных 

свойств керамики, аддитивных технологий и др. [6–8]. При 

этом отмечается рост исследований в области получения 

наноматериалов на основе металлов, которые привлекают 

значительный интерес благодаря возможности их успешного 

применения для создания ферромагнитных жидкостей, 

элементов памяти, биомедицине, катализе [9–14]. Методом 

пиролиза аэрозолей, совмещенным с экзотермическим 

процессом восстановления, возможно получение переходных 

металлов, таких как Cu, Co, Ni, Fe. Получение металлов на 

основе никеля описаны в многочисленных работах [9–17], 

однако актуальной остается  проблематика получения чистого 

никеля при горении, исследование структурно-фазовых 

превращений и установление характеристик материалов при 

изменении состава и внешних факторов. 

В настоящей работе проведены исследования обеспечения 

концентрационных и термохимических условий синтеза для 

протекания процесса восстановления и формирования 

структуры нанокристаллических микросфер на основе 

металлов и сплавов при применении совмещенного метода 

синтеза горением растворов и пиролиза аэрозолей.  

 

2. Методология работы 
 

Схема установки применяемой для реализации процесса 

синтеза в данной работе приведена на рис. 1. Установка 

представлена УЗ-генератором аэрозоля, системой подачи и 

фильтрации газа и трубчатой печью.  

 

 
 

Рис. 1. Установка для проведения синтеза 

 

Получение нанокристаллических металлов представляет собой 

сложную материаловедческую задачу, поскольку такие 

металлы обладают весьма высокой химической активностью и 

легко окисляются при повышенных, а некоторые, и при 
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нормальных температурах. Для предотвращения окисления 

металлов при их получении в качестве газа-носителя аэрозоля 

и продувочного газа использовался аргон марки 4.8 (99.998 %).  

В качестве исходных компонентов применялись нитраты 

соответствующих элементов, а в качестве восстановителя 

использовалась аминоуксусная кислота (глицин), а также 

гескаметилентетрамин (уротропин) и их смеси.  

Процесс синтеза в общем случае можно описать следующим 

уравнением реакций: 
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где φ – отношение восстановителя к окислителю, ϑ – 

валентность металла. 

Соотношение восстановителя к окислителю отвечает за 

процесс протекания взаимодействия, так при φ = 1 

предполагается стехиометрическое протекание реакции, при 

φ > 1 процесс идет с участием кислорода воздуха, а при 

недостатке его с образованием углерода, монооксида углерода 

и др. продуктов неполного окисления органических 

соединений. В реальных условиях стехиометрическое 

протекание реакции маловероятно, кроме того присутствует 

кислород воздуха (адсорбированный, примесный и др.), 

поэтому часто принимают φ > 1.  

Для реализации процесса синтеза материалов экзотермическим 

методом при использовании аэрозоля готовили раствор 

включающий нитрат – окислитель и органическую 

составляющую – восстановитель при соотношении 

восстановителя к окислителю φ от 1.25 до 2.00. Полученный 

раствор помещался в камеру УЗ-распылителя и распылялся в 

атмосфере аргона с обеспечением объемного расхода газа 2 

л/мин. В качестве реактора использовалась трубчатая печь, 

температура в реакторе варьировалась от 600 до 1000°С. 

Фильтрация осуществлялась при помощи аспирации на 

фильтре Шотта при вставке дополнительного 

стекловолоконного фильтра CHM GF1.  

Порошок материала осевшего на фильтре снимался и 

исследовался методами рентгенофазового и 

полнопрофильного анализа, энергодисперсионного анализа, 

сканирующей электронной микроскопии. 

 

3. Результаты и обсуждение 

 
Синтез микросфер никеля. При применении глицина в 

качестве восстановителя показано, что при увеличении  φ от 

1,25 до 2,00 доля металлической фазы никеля (по данным 

рентгеновского фазового и структурного  анализа) 

увеличивается от 23 до 85 %, что говорит о протекании более 

полного взаимодействия в системе. Также фиксируется 

образование нитрида никеля с максимумом при φ = 1,50, что, 

видимо, связано с протеканием процесса декомпозиции 

органического восстановителя с образованием аммиака и/или 

атомарного азота с последующим их взаимодействием с 

восстановленным металлом. При увеличении φ, видимо, 

происходит повышение температуры взаимодействия, что 

способствует разложению нитрида и снижению его 

количества. Исследования влияния температуры на фазовый 

состав проводилось для смесей при φ = 2,00 и температуре 

600-1000 °С. Данные ренгенофазового анализа показали, что 

при увеличении температуры в реакторе происходит 

увеличение интенсивности дифракционных максимумов 

никеля, что говорит об образовании более совершенной, 

малодефектной структуры. Так, расчетные значения 

микронапряжений для фазы никеля при увеличении 

температуры показывают следующие значения (в % от модуля 

упругости): 600 °С – 4,5-5,1; 700 °С – 1,1-1,2; 800 °С – 0,8-1,0; 

900 °С – 0,65-0,7 и 1000 °С – 0,6-0,5.  Кроме того, повышение 

температуры обеспечивает протекание процесса 

восстановления более эффективно и количество оксида и 

нитрида никеля снижается при температуре реактора более 

600 °С. Расчет ОКР показывает, что при увеличении 

температуры происходит укрупнение кристаллитов никеля в 

материале от 20 до 150 Å.  

Исследование структуры полученных порошков (рис. 2) 

свидетельствуют о формировании микросферических частиц 

полифракционного состава с размерами 0,5-5 мкм с 

преобладанием фракции 0,5-1,5 мкм. Проведенный 

элементный анализ показал, что содержание никеля в частицах 

составляет не менее 98 %, остальные элементы – кислород, 

азот, кальций в сумме составляют менее 2 %. 

 

 
Рис. 2. Структура материала на основе никеля 

 

Синтез микросфер сплава системы медь-никель. При 

получении материалов в системе Cu-Ni с использованием 

глицина отмечается, что количество примесных оксидов 

незначительно (содержание оксидов не превышает 1,5 %), а 

также отсутствуют нитриды (рис. 3).  

. 

 
Рис. 3. Данные рентгеноструктурного анализа 

синтезированного порошка Ni-Cu при φ = 2,0 

 

Это, видимо, связано с образованием фаз CuxNi1-x, более 

устойчивых к окислению, и, кроме того, температура 

экзотермического процесса при добавлении солей меди 

повышается. При повышении температуры экзотермического 

взаимодействия нитриды переходных металлов разлагаются. 

Следует отметить, что на дифрактограммах четко 

прослеживается выделение двух фаз на основе меди и их 

зависимость от φ. Известно, что в системе никель-медь при 

охлаждении выделяются две фазы, кристаллизирующиеся в 

ГЦК решетке. При анализе дифрактограмм выявлено, что 

соотношение фаз CuNi γ = CuNi (ГЦК1) / CuNi (ГЦК2) при 

изменении φ от 1,25 до 4,0 изменяется от 0,2 до 0,6. 

Результаты расчета параметров ячейки и ОКР полученных 

материалов системы медь – никель приведены в таблице 1. 
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Таблица 1 – Результаты расчета параметров ячейки и ОКР 

полученных материалов системы медь – никель  

Отношение 

восстановителя к 

окислителю (φ) 

Параметры 

элементарной ячейки 

(а), Å 

ОКР, Å 

CuNi  

(ГЦК1) 

CuNi  

(ГЦК2) 

CuNi  

(ГЦК1) 

CuNi  

(ГЦК2) 

1,25 3,64191 3,73999 50-55 70-75 

1,50 3,63220 3,74167 48-55 72-76 

2,00 3,61919 3,74096 50-60 70-74 

4,00 3,61840 3,71105 50-60 35-40 

 

Применение комплексных восстановителей позволяет 

создавать особые дополнительные условия для протекания 

процессов синтеза. Использование более активных соединений 

способствует более быстрому и полному восстановлению, а 

также позволяет регулировать температуру и фазовый состав 

продуктов. Одним из наиболее активных восстановителей 

является гексаметилентетрамин (уротропин) C6H12N4, который 

не содержит в составе кислородных групп и при нагревании 

способен создавать восстановительную атмосферу. 

Исследование влияния уротропина на процесс синтеза 

проводилось в комплексе с глицином, во всех случаях φ 

составляло 4,00. 

По данным рентгенофазового анализа при добавлении 

уротропина в смесь наблюдается более четкое разделение 

дифракционных максимумов фаз и увеличение интенсивности. 

Это может быть связано с повышением температуры процесса 

взаимодействия (аналогичная ситуация наблюдалась при 

увеличении температуры реактора при получении никеля) 

которая способствует формированию более совершенной 

структуры материала. Расчетные ОКР и параметры 

кристаллической решетки фаз металлов приведены в 

таблице 2. 

 

Таблица 2 – Результаты расчета параметров ячейки и ОКР 

материалов медь – никель, полученных при использовании 

различных восстановителей 

Мольное 

отношение 

глицин/уротро

пин 

Параметры 

элементарной ячейки 

(а), Å  

ОКР, Å 

CuNi  

(ГЦК1) 

CuNi  

(ГЦК2) 

CuNi  

(ГЦК1) 

CuNi  

(ГЦК

2) 

0/1,0 3,61848 3,74016 92-100 90-95 

0,3/0,7 3,61275 3,72462 90-95 60-70 

0,5/0,5 3,62484 3,73130 55-60 50-55 

0,7/0,3 3,60326 3,70726 60-65 20-30 

1,0/0 3,61840 3,71105 50-60 35-40 

 

Исследование структуры полученных порошков, проводилось 

на электронном сканирующем микроскопе. Полученные 

данные (рис. 4) свидетельствуют о формировании 

микросферических частиц полифракционного состава с 

размерами 0,25-5 мкм с преобладанием фракции < 1,0 мкм. 

 
Рис. 4. Структура и элементный состав материала, 

полученного при использовании уротропина. 

 

Полученные при исследовании реализации процессов 

совмещенного пиролиза аэрозолей и экзотермического синтеза 

материалов результаты, свидетельствуют о возможности 

получения нанокристаллических металлов и сплавов в виде 

микросфер, а также управления процессами синтеза и 

составом продуктов при изменении состава (соотношения 

восстановителя и окислителя), а также внешних условий 

(температура реактора).  

 

 

4. Выводы 
 

При проведении исследований показана возможность при 

совмещении процессов горения растворов и пиролиза 

аэрозолей получения материала, содержащего микросферы 

никеля и никель-меди с преобладающим диаметром 0,5–

1,5 мкм. Размер образующихся кристаллитов (ОКР) для никеля 

составляет 9–15 нм и никель-меди 3-10 нм. При формировании 

фазового состава и структуры важную роль играют факторы  

вида и соотношения восстановителя и окислителя, а также 

температура проведения процесса. Повышение температуры 

реактора компенсирует тепловые потери в реагирующей 

системе и увеличивает степень выхода металла (возможно 

получения содержания чистого металла более 95%), кроме 

того способствует снятию микронапряжений, однако при этом 

протекают процессы способствующие увеличению размера 

кристаллитов.  

Полученные материалы могут быть использованы при 

создании высокоэффективных каталитических систем, 

металлических материалов с низкой теплопроводностью, 

аддитивных технологиях, магнитных жидкостей и др.  
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Abstract: This publication analyses opportunities for development of Bulgarian industrial manufacturing in conditions of dynamic self-

changing competitive environment during the period 2015 – 2018. A comparative analysis is done for different industrial sectors with 

purpose to determine the trends in their development and to identify the opportunities for improvement of their production activity. Actual 

statistical data are used and different methods for the existing information analysis.  The specific of development in the leading sectors in 

Bulgarian economy are identified. In addition, a comparative analysis is implemented as well as a classification of different industrial 

sectors on the base of Index of industrial production is created. The results show that the realized production of Bulgarian industrial 

enterprises during the considered period increase. This is a reason to search favourable opportunities for their further sustainable 

development and competitive location on the internal and external markets. Some fundamental problems and barriers in the industrial 

enterprises are considered, that obstruct the fast temps of their developments and are presented some appropriate decisions. The current 

publication put the beginning of a more depth investigation of the effectiveness of the industrial enterprises, their capacity utilization, as well 

as the development and introduction of different types of innovation decisions that will be implemented during the next two years in the 

range of a doctoral thesis in the field of the same problematics and researching analogical problems in the more comprehensive aspect.. 

Keywords: INDUSTRIAL MANUFACTURING, INDEX OF INDUSTRIAL PRODUCTION, FAVORABLE OPPORTUNITIES, 

SUSTAINABLE DEVELOPMENT 

 

1. Introduction 

This analysis provides information on the status and 

opportunities for development and improvement of Bulgarian 

industrial production by industry. The aim is to identify the leading 

industries in recent years and to analyze the opportunities for their 

sustainable development and improvement. The main sectors with 

potential for development are constantly being researched, but in 

general the research on this problem is not done in depth, which is 

the reason for this research. The analysis is made in three parts. 

The first part looks at the impact of the changing economic 

environment on individual sectors based on industrial production 

index. The trends in development of the industrial sectors during the 

period 2015÷2018 are presented, and a comparative analysis is 

made. 

The second part deals with the main key points regarding the 

investment activity of industrial enterprises, namely the realized 

investments in industry and their future investment plans. 

The third part looks at the main trends in the economic 

conjuncture of industry among the main industrial sectors. Major 

barriers have been identified and the most influential barriers to 

business development have been classified. 

2. Trends in the development of the industrial 

sectors in Bulgaria 

Bulgarian industry consists mainly of: mining, processing, 

production and distribution of electricity and heat and gas. There 

are some key economic indicators measuring, analyzing and 

representing the development and trends of the industry in Bulgaria. 

The first part analyzes several major sectors of the manufacturing 

industry. The subject of analysis are the sectors classified according 

to the Classification of Economic Activities (NACE.BG-2008): 

• Manufacture of computer and communication equipment, 

electronic and optical products; 

• Manufacture of general and special purpose machinery and 

equipment; 

• Manufacture of cars, trailers and semi-trailers; 

The main indicators by which the above industries are 

compared are: 

•Value added; 

• Industrial production index; 

• Domestic and foreign trade; 

• Employees; 

Manufacture of computer and communication equipment, 

electronic and optical products 

In 2016 the manufacture of computer, electronic and optical 

equipment contributes 3% to the value added created by the 

manufacturing industry, reducing its share by 0.3% compared to 

2015. 

Manufacture of computers, electronic and optical products 

"consists of the production of: electronic components and printed 

circuits, computer equipment, radio, television and 

telecommunications equipment, consumer electronics, measuring 

instruments, clocks, electromedical apparatus, optical instruments 

and photographic equipment, magnetic and optical media, etc. 

Made by 437 companies.[4] 

In 2017 the production of computers, electronic and optical 

products increased by 21% compared to the previous year. In 2018. 

The largest increase since 2005 was reported. with nearly 44%. 

Since 2004. there is an upward trend in production. Since 2008. 

exports of computers, electronic and optical products are on a 

steady upward trend. The highest export growth was recorded in 

2011. and 2015 or 16% y / y. The overall increase in exports of 

computers, electronic and optical products in the period 2008-2017. 

is 113%, and in 2017 C26 exports account for 3.7% of the country's 

total exports. The number of employees since 2015 increased by 

about 15% for the period 2015÷2018. or nearly 1.5 thousand more 

were hired, compared to 2015 (8.4 thousand). [3] 

 

Manufacture of general-purpose machinery and equipment 

In 2016 manufacturing of general and special purpose 

machinery and equipment contributes 6.4% to the value added 

created by the manufacturing industry. The production consists of 

the production of turbines and engines, hydraulic pumps, 

compressors, fittings, bearings, gears, furnaces and burners, lifting 

machinery, office equipment, tools, refrigeration and ventilation 

equipment, agricultural machinery, metalworking machinery, 

metallurgy equipment. and foundry and other industrial machinery. 

There are 1,026 companies. In 2016 the production of general and 

special purpose machinery and equipment increased by 2.2%, and 

in the next 2017. 14.8% increase in production was reported. In 

2018. the index reached a value of 119 points, which is a 19% 

increase for the period 2015÷2018. [4] 
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Exports of general and special purpose machinery and 

equipment have been on an upward trend since 2012, with the 

highest growth being in 2011. or 52%. The total export growth in 

the period 2015÷2018. is 19%. In 2017 exports of articles of other 

non-metallic minerals accounted for 6.9% of the country's total 

exports. The sector's employees have been slowly increasing since 

2015. Since 2015÷2017. the average annual decrease is 0.3%. The 

total number of employees increased by almost 1.9 thousand people 

during the whole period. [3] 

Manufacture of cars, trailers and semi-trailers 

In 2016 the manufacture of cars, trailers and semi-trailers 

accounted for 3.4% of the value added created by the manufacturing 

industry, reducing its share by 0.2 percentage points compared to 

2015. [4] 

Automobile production is one of the priority high-tech sectors 

for attracting foreign investments in Bulgaria, with great potential 

for development of exports, employment and regional economic 

activity. The industry is strategic for the economy of the country 

with a long-term perspective, but at the same time, for its successful 

development requires a number of factors - infrastructure, 

specialists and prerequisites for development. 

Automobile production in the country has established traditions 

and experience, a suitable basic infrastructure for the needs of the 

manufacturing industry has been developed. In recent years, the 

automotive sector in Bulgaria has seen a significant upswing and 

has been the subject of increased interest from potential new 

investors and suppliers of car components. 

The average change in the industrial production index in 2016 

and 2017. is 10.4% and 7.6% respectively. As for the period 2015-

2018, the motor vehicle manufacturing index increased by almost 

37 percentage points. Exports of cars, trailers and semi-trailers are 

also increasing, with a record growth of 60.5% reported in 2010. In 

2014 and 2015 industry exports increased by 18% and 28% 

respectively. In the following years, a drastic decrease in the export 

from the branch is observed compared to the total export of the 

country. [4] 

There are one car assembly plant in the country, and 126 

companies manufacturing automotive components as subcontractors 

to leading automotive companies. Employees in the industry have 

seen an increase since 2015 since 2015÷2018. the average annual 

increase is 12.4%. For the whole period the total increase in the 

number of employees is close to 3.5 thousand people. 

Based on information on changes in industrial production 

indices in 2015-2018. The author analyzed and systematized the 

dynamic changes in the industrial production index of the 

aforementioned industries. Each of the branches is compared to the 

others, according to the author's average index of industrial 

production, the following classification is made (Table 1) [4] 

 

Table 1: Classification of industrial sectors by average value of industrial 

production index (2015-2018). 

 

№ 

 

Industries 

Average value of the 

Industrial 

Production Index 

(2015÷2018) 

1 
Manufacture of computer and 
communication equipment, electronic and 

optical products 

114.9 

2 
Manufacture of cars, trailers and semi-

trailers 
110.3 

3 
Manufacture of general-purpose machinery 

and equipment 
107 

3.  Investment activity in industry - key features 

This part of the analysis uses data from the NSI Investment 

Business Surveys, and the monitoring collects information on the 

investments made and the investment plans of the enterprises. 

Managers are interviewed twice a year - in March and October, with 

questionnaires having different content. 

About 3,800 enterprises in the industrial sector are interviewed. 

The results of the survey conducted by industrial enterprises for the 

period 2015÷2018. The following conclusions about the 

development and investment activity in the industry in Bulgaria can 

be analyzed, deduced and marked: [4] 

The largest relative share in the expected investments is 

concentrated in the increase of the production capacity, formed 

overall for the country. Data show that in 2015, The value of 

investments for increasing production capacity is the lowest - 

29.1%, as in 2016. It increased by 6.1% and reached its highest 

value - 35.2%. Over the next two years, investments fall to 33.3% 

of the total investment in industry. 

Second is investment in replacement of worn-out equipment. 

There is a trend of increasing investments for replacement of worn 

out equipment - in 2015. the investment in the represented 

production group is about 29.3%, and at the end of 2018. increased 

to 31.3%. 

The downward trend in investment is also observed in the next 

production group - mechanization and automation of the existing 

production process and introduction of new production technologies 

- from 24.2% in 2015 to 20.5% at the end of 2018. Investments 

related to environmental protection, security measures and others 

also tend to decline. From 17.4% in 2015 to 14.9 at the end of 2018. 

Investments in the production of non-durable consumer goods 

decreased (from 20.4% in 2015 to 18.7% at the end of 2018), while 

investments in the production of intermediate goods increased by 

11% in the period 2015-2018 and reach 42.9%. [3] 

One of the factors influencing the decisions for investments in 

the Bulgarian industrial production in the next year, namely the 

demand for production has the lowest value in 2015. - 47,2% and 

the highest value was reported at the end of 2017 (50.4%). In 2018. 

a decrease of about 3.2% was registered. 

In the distribution of expected investments by major production 

groups for the period 2015-2018. there is a decrease in the expected 

investments in the energy and water-related industries - for 2015. 

they are about 33.7%, and at the end of 2018. they reach 21.7%. 

The growth of expected investments marks the production of 

intermediate goods - by 31.9% (in 2015) increased by 11% and 

recorded a value of 42.9% (in 2018). 

The distribution of planned investments by major production 

groups for the period 2016 - 2019 outlines a trend to reduce planned 

investments in energy and water-related industries - from 39.4% of 

planned investments for 2016 to 29.3% in 2019. The production of 

intermediate goods marks the highest growth of planned 

investments for 2017 (40.85), with the lowest value in 2016. 

(32.4%). An increase in the value of planned investments is 

expected in the production of non-durable consumer goods as well 

as in the production of investment goods. 

In terms of R&D expenditure by funding source and sector, the 

following classification can be made: 

For the period 2015÷2018, there is a lasting trend of increasing 

R&D investment by enterprises. The same conclusion can be made 

regarding the investment of R&D by the public sector and non-

profit organizations developing in the industrial industry. On the 

other hand, the tendency to reduce the participation of foreign 

investments in improving R&D can be highlighted. 

According to the NSI, industrial enterprises are classified into 

several groups based on employees. (Table 2) 
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Table 2: Classification of industrial enterprises by number of employees 
according to NSI 

№ Classification of enterprises by number of employees 

1 1 to 9 employees 

2 10 to 49 employees 

3 50 to 249 employees 

4 250 to 499 employees 

5 500 or more employees 

 

The trend observed can be outlined as follows: 

R&D expenditure in industry by size of enterprise for the period 

2015÷2018 has been steadily reduced. Only companies with 

between 10 and 49 employees increase their costs related to 

improving and improving their R&D activities. All other 

aforementioned companies concentrate their strategies and policies 

on almost double the cost reduction. [4] 

4. Business trends in industrial production. 

Analysis and classification of major barriers to 

industry development. 

This part of the analysis presents and analyzes the business 

trends or so-called Business Surveys (NSI) surveys. Unlike 

traditional statistical surveys, business trends present information of 

a largely non-quantitative, verbal nature. They seek input from 

economic agents (business managers and consumers) about current 

or expected changes in a particular set of economic variables or 

estimates of the current level of these variables. In short, business 

surveys provide important and different information than traditional 

statistics, namely information about the prevailing, most widespread 

opinion about the present or future behavior of an economic 

phenomenon. Future information is an extremely important feature 

of business trends, which in turn makes them an extremely good 

source for early warning systems for changes in the economy. [4] 

Although business surveys do not collect numbers but views, it 

is logical to think that opinions about increased production, exports, 

etc. for example, it weighs more on a large enterprise than the same 

opinion on a small industrial enterprise. This is due to the generally 

accepted fact, namely that the contribution to the economic activity 

of different organizations (enterprises, companies) is different and 

directly related to their size (scale or market share). From an 

industry perspective, each industry's contribution to economic 

activity is proportional to the added value it brings to the 

economy.[1] 

In order to use and analyze business survey data (through a 

survey) as short-term economic indicators, it is important to 

translate non-quantitative responses into quantitative indicators. The 

balance of views is most appropriate.  

In Fig. 1 presents the change of the present business situation of 

the industry for the period from 2015 to 2018. The balance of 

opinions indicator reached the lowest value of 21.6% (in April 

2016) and the highest - 41.8% (in July 2018). The trend towards the 

present business situation in the industry is characterized by gradual 

development. [4] 

 

 

 

Fig. 1. Changes in the business situation of the industry for the period from 2015 to 2018. 

 

 

 

 

The following factors are an integral part in forming the so-

called business climate in industry: [4] 

• Uncertain economic environment; 

• Insufficient demand from the country; 

• Weaknesses in economic legislation; 

• Insufficient demand from abroad; 

• Shortage of materials and / or equipment; 

• Financial problems; 
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• Labor shortages, including skilled labor; 

• Competitive imports; 

•Energy shortage; 

Among the factors influencing the economic situation of the 

industry are the current production activity, the level of orders and 

the level of finished goods stocks. 

In this part of the analysis, an attempt was made to classify the 

"Most serious obstacles to the development of industrial 

production". 

According to the analysis of data from the NSI Business 

Information Surveys for 2015 In the first three places, the following 

factors are the most serious obstacles to the development of 

business (industry): uncertain economic environment, insufficient 

demand from the country and weaknesses in economic legislation. 

With less influence are indicated - shortage of materials and / or 

equipment, shortage of labor, including qualifying. With little 

influence on the business situation of the industry, the factors are 

competitive imports and energy shortages. 

The trend for the most influential factors continues in 2016. in 

the first place are the uncertain economic environment and the 

insufficient demand from the country. Factors such as labor 

shortages, including skilled labor and competitive imports, all 

increase their negative impact on industrial production. With a less 

significant impact are again a shortage of materials and / or 

equipment and a shortage of energy. 

In 2017 the so-called 'most serious impediments to the 

development of industry' classification occupy the forefront - an 

uncertain economic environment and labor shortages, including 

skilled labor. The factors affecting the insufficient demand from the 

country and abroad, the weaknesses in the economic legislation, the 

competitive import, the financial problems of the industrial 

enterprises are characterized by the weak influence and lastly the 

shortages of materials and / or equipment and the energy shortage 

are again mentioned. . 

The level of finished goods stocks also provides information on 

the development of the economic situation of the industry. At the 

beginning of 2015. at the level of stocks of finished industrial 

production is positive - there is a surplus. Over time, there is a trend 

of shortage of stocks of finished industrial production by May 2018, 

when a positive value of this indicator is taken into account. The 

surplus of finished products is observed by the end of 2018. 

5.  Conclusion 

The stability, development and refinement of each industrial 

sector plays a particularly important key role in enhancing 

economic growth, job creation, promoting the expansion of 

production capacity of Bulgarian industrial enterprises, with both 

export and import projections.[2] 

 

 

 

In this publication, a small fraction of the sectors that build and 

describe such a complex and dynamically developing Bulgarian 

industrial industry are presented and analyzed. The focus of the 

analysis is on selected industries. As a result of this study, some 

scientifically sound guidelines for their future development are 

offered: 

1. Optimization of the organizational structure of industrial 

enterprises; 

2. Creating new jobs and investing in staff training ;. 

3. Technological modernization and creation of high value 

added products. 

4. Modernization of outdated infrastructure and expansion of 

the transport network in the country. 

5. Introducing a vision for the development and functioning of 

the industrial sectors. 

6. Increasing the cost of R&D, as it is a factor that has a positive 

impact on the economic growth and competitiveness of enterprises. 

7. Attracting more foreign direct investment as a major source 

of economic growth and a factor in achieving and improving the 

competitiveness of industrial enterprises. 

8. Increasing the competitiveness of industrial production by 

increasing the degree of resource efficiency. 

9. Stimulating technological innovation. 

10. Stimulate the creation of new innovative products. 

11. Strengthening the Business - Academic - Country. 

The prosperity of the Bulgarian industrial production goes hand 

in hand with the macroeconomic situation and the business climate 

in the country, with the introduction of incentives for attracting 

foreign investors, improving the conditions for investment 

realization, expansion and modernization of infrastructure, more 

targeted and specific policy, aimed at improving the quality of 

education in the country and the availability of well-prepared and 

skilled workforce. A broader analysis of these factors affecting the 

industry is the subject of a follow-up study. 
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Apstract: The technological and social environment in which we live changes very quickly. Competition grows from time to time, so 

it is a constant tendency towards product and service providers to achieve a competitive advantage, and thus satisfy the needs of 

consumers. In order to achieve the above, the organization is often at a crossroads where important decisions are needed, which are 

most often related to the investment in new equipment or technology. Also, in parallel with the decision to invest in new equipment or 

technology, a decision is made to retain or upgrade the existing one. In order to make the right decision, often well-known postulates 

of engineering economies are often used, which include systematic assessment of the economic values of the proposed solutions. In 

order for economies to be acceptable, solutions must show the existence of a positive relationship between long-term benefits and 

long-term costs, as well as ensuring the success and survival of companies in the market. In this paper, the economic cost-

effectiveness of replacing the existing electrolytic welding technology with insoluble electrode in inert gas (TIG), the new FSW 

welding technology is considered. 

KEY WORDS: TIG, FSW, ECONOMIC ANALYSIS, REPLACEMENT, BENEFITS, COSTS. 

 

1. Introduction 

An important decision facing a large number of organizations, 

both productive and service providers, is whether existing assets 

or technologies need to be withdrawn from use, replaced by new 

ones, or simply retained. Living in a time of strong market 

competition, which grows at an enormous speed from time to 

time, high productivity criteria are set before product 

manufacturers and service providers, which primarily relate to 

the higher quality of goods and services, and shorter delivery 

times. In this regard, in order to satisfy the above criteria, the 

most common is the implementation of the decision, which refers 

to the replacement of existing assets or technologies, new ones. 

The replacement problem, in order to improve operational 

efficiency and strengthen the competitive position in the global 

market, requires a thorough analysis and consideration of all the 

accompanying problems. 

The engineering economy provides assistance in deciding on the 

replacement of assets or technologies, based on an analysis of 

several proposed solutions. Often, for the use of resources, 

during the substitution analysis, the term "defender" is used, 

while the proposed alternatives, which refer to new ones, are 

called "challengers". 

However, the adoption of a specific substitution decision can be 

influenced in many ways. Thus, for sometime, it may be 

acceptable for the existing product or technology to be 

completely withdrawn from use, without replacement, while for 

some time a decision is made to retain it, but only for spare use. 

Also, the decision to substitute is influenced by the fact that the 

increase in market demands can be met by expanding existing 

capacities or by increasing the capacity of available funds. 

This paper analyzes the replacement of conventional welding 

technology with an unconventional one. Of the conventional 

technologies, one of the methods of arc welding (TIG) was taken 

into account, while the friction stir welding procedure - FSW was 

taken as an unconventional process. 

When considering, attention is focused on several important 

factors, which have the greatest impact. Also, consideration was 

given to the economic parameters of the analyzed technologies. 

2. Replacement analyses 

2.1. Reasons for replacement 

There are numerous reasons that make the questionable 

profitability of using existing assets or technology, and are most 

often followed by negative financial indicators. All influential 

factors, leading to the above mentioned adverse effects, can be 

grouped into three groups [1]: 

 Physical damage to resources. Changes related to physical 

characteristics. Continued use of resources ("aging") leads 

to a reduction in its efficient functioning. All this leads to a 

number of related problems such as: increasing planned and 

unplanned overhauls, increasing maintenance costs, 

increasing energy consumption, increasing the time needed 

to perform the operation, etc. Also, during the use of funds, 

an unexpected event can occur (an accident), which affects 

the physical state of the assets, and thus impair the economy 

and the possibility of further use; 

 Changed requirements. Capital assets are used to produce 

goods in order to meet the needs of consumers, using 

existing technology. Changes in demand or a change in 

product design may be reflected in a change in cost-

effectiveness; 

 Technology. The impact of technology change varies 

depending on the type of asset itself. Changes in 

technology, in general, positively affect: costs per unit of 

production, quality of products or services, etc., and 

therefore often make decisions about replacement of 

existing funds, new funds. 

Factors that relate to physical damage to assets and changed 

market requirements may refer to different categories of 
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limitation. In the case of a replacement problem, they do not 

need to be included in only one of the above factors, but can 

simultaneously be influenced by factors from all three groups. 

However, notwithstanding everything, replacing old funds with 

new assets is most often a good economic opportunity for an 

organization. 

2.2. Factors to be considered in the replacement analysis  

There are several factors that must be considered in the 

replacement analysis. Once these factors and their dependence 

are identified, the likelihood of experiencing difficulty in 

analyzing substitution is low. The most important factors are [1]: 

 recognizing and accepting mistakes from the past, 

 lost costs, 

 existing value and neutral viewpoint, 

 economic life of "challangrs", 

 the remaining economic life of "defenders" and 

 consideration of income tax. 

Recognizing mistakes from the past. The economic focus of 

the analysis study is always focused on the future. Any 

estimation errors made in the previous study, which are 

associated with existing assets, are not significant. In most 

resemblances, the inability to predict the future situation is 

anticipated during the initial assessment period. The organization 

is often at a crossroads, where it is necessary to decide whether, 

on the one hand, one should live with all the mistakes and 

differences from the past, or, on the other hand, to exist in a 

healthy competitive position in the direction of the future. The 

most common fears that arise when making this decision is the 

possibility of losing the value of the existing asset due to the 

replacement. However, regardless of whether there will be a 

replacement of the asset or not, the facts show that the loss is 

inevitable in any case. 

Lost Costs. It is very important to define a non-returnable loss at 

a particular point, which is the difference between the carrying 

amount of the asset and its current market value. Non-refundable 

costs are not a relevant factor in the analysis of substitution 

unless they have an impact on income tax, because in this case 

they must be taken into account in an economic study. It is clear 

that in practice, when analyzing the replacement, a major error 

can be made if the non-refundable costs are incorrectly 

calculated. 

Existing values and neutral viewpoint. The introduction of a 

neutral viewpoint aims to bring the concept of value to the 

existing asset of the "defender" closer. In fact, a neutral 

viewpoint is an attitude that would occupy a third (impartial, 

objective) person in determining the current market value of the 

asset used. This viewpoint forces analysts to focus on current and 

future cash flows during the exchange analysis, thus avoiding the 

temptation to retain on past (non-refundable) costs. The current 

market value of the asset is the exact amount of capital 

investment that will be allocated to the existing asset in the 

replacement process. Any new investment cost required to 

upgrade the existing asset in order to achieve competitiveness 

with the "challenger" should be added to the current market 

value of the asset in order to be relevant in the replacement 

analysis. At a neutral point of view, it takes into account that the 

assets of the "defender" are equal to the sum of the cost, which is 

equal to the current market value of the unsold asset and the cost 

of superstructures, with the aim of achieving co-curricularity 

with the best available "challenger". 

The economic life of the "challenger". The economic life of 

the asset is often shorter than useful or physical life. During the 

analysis it is necessary to know the economic life of the 

"challenger" for the reason that a comparative analysis between 

the existing and the new asset is precisely based on their 

economic life. Economic data on the "challenger" are 

periodically updated, and then the replacement analysis is 

repeated, in order to ensure a continuous assessment of the 

possibilities for improvement. 

The economic life of the "defender". It must be taken into 

account when comparing the current defender with the 

"challenger", as it is a comparison of different ages. The lifetime 

of a "defender" should be longer than its economic life, until its 

marginal cost is less than the minimum equivalent of the 

"challenger" annual cost in his economic life. 

The importance of the consequences of income tax. 

Substituting an asset often results in a gain or loss on the sale of 

depreciable assets. Consequently, in order to carry out a precise 

economic analysis in such cases, studies must be made after the 

taxation process. It is evident that the occurrence of taxable profit 

or loss during replacement can have a significant impact on the 

result of engineering studies. 

3. Project profitability assessment 

Because patterns of capital investment, revenue (or saving) cash 

flows, and disbursement cash flows can be quite different in 

various projects, there is no single method for performing 

engineering economic analyses that is ideal for all cases. 

Consequently, three methods are commonly used: Present Worth 

(PW), Annual Worth (AW), Future Worth (FW). This methods 

convert cash flows resulting from a proposed solution into their 

equivalent worth at some point in time by using an interest rate 

known as the Minimum Attractive Rate of Return (MARR) [2]. 

The Present Worth Method. To find the PW as a function of i% 

(per interest period) of a series of cash inflows and outflows, it ic 

necessary to discount future amounts to the present by using the 

interest rate over the appropriate study period (years, for 

example) in the following manner: 

(3.1)                     𝑃𝑊  𝑖% =   𝐹𝑘 1 + 𝑖 −𝑘𝑁
𝑘=0  

where are: i - effective interest rate or MARR, per compounding 

period,  k - index for each compounding period (0 ≤ k ≤ N),  Fk - 

future cash flow at the end of period k and 

N - number of compounding periods in the planning horizon (i.e., 

study period). 

The relationship given in Equation 3.1 is based on the 

assumption of a constant interest rate throughout the life of a 

particular project. If the interest rate is assumed to change, the 

PW must be computed in two or more steps. 

The Future Worth Method. The future worth metod is based on 

the equivalent worth of all cash inflows and outflows at the end 

of the planning horizon (study period) at an interest rate that is 

generally the MARR. 

Also, the FW of a project is equivalent to its PW; that is, FW = 

PW(F/P, i%, N), If FW ≥ 0 for project, it would be economically 

justified. Equation 3.2 summarizes the general calculations 

necessary to determine a project’s  future worth [2]: 

(3.2)                  𝐹𝑊  𝑖% =   𝐹𝑘 1 + 𝑖 𝑁−𝑘𝑁
𝑘=0 . 
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The Annual Worth Method. The Annual Worth (AW) of a 

project is an equal annual series of money amounts, for a stated 

study period, that is equivalent to the cash inflows and outflows 

at an interest rate that is generaly the MARR. Hence, the AW of a 

project is annual eqivalent revenues or savings (R) minus annual 

equivalent expenses (E), less its annual equivalent Capital 

Recovery (CR) amount. An annual equivalent value of R, E, and 

CR is computed for the study period, N, which is usually in 

years. In equation form the AW, which is a function of i%, is [2]: 

(3.3)                     𝐴𝑊  𝑖% = 𝑅 − 𝐸 − 𝐶𝑅(𝑖%). 

Also, we need to notice that the AW of a project is equivalent to 

its PW and FW. That is, AW = PW(A/P, i%, N), and AW = 

FW(A/F, i%, N). Hence, it can be easily computed for a project 

from these equivalent values. As long as the AW is greater than 

or equal to zero, the project is economically attractive. An AW of 

zero means that an annual return exactly equal to the MARR [2]. 

4. Economic aspects of TIG and FSW methods of 

welding 

In modern industrial production, every production process should 

be tested in terms of economy. For every company that invests in 

a new process or technology, it is important to carefully consider 

all the economic aspects that accompany this process, or 

technology. 

In this paper, the emphasis is placed on welding 6 mm thick 

sheets, made of Al alloys in the 6000 series (AA 6082-T6). A 

comparison in terms of cost-effectiveness has been made with 

regard to welding by electrolytic method of insoluble electrode in 

protection of inert gas (TIG), on the one hand, and on the other 

hand, friction stir welding (FSW). 

Friction stir welding (FSW) was developed and patented by 

TWI, Cambridge, UK, in 1991, whose main goal was to 

overcome the problems that occurred during welding (primarily 

aluminum alloys) by the process melting. Since its introduction, 

this process has been constantly improved and the scope of its 

application has been expanded. FSW is a solid state coupling 

process using a combination of heat and mechanical work to 

produce high-quality compounds, without the usual defects 

characteristic of the melting process [3]. 

The process itself has found industrial applications in 

shipbuilding, the aviation industry, auto-moto industry, etc. 

Additional material or protective gas is not used. The process can 

be easily automated, so there is no need for highly qualified 

workforce. The working environment in the case of FSW is 

cleaner than in arc welding, and there are also no harmful gases, 

smoke, UV and other harmful radiation. No special preparation 

of surfaces or edges of slabs prior to welding is required, which 

greatly reduces costs [4]. 

What makes the FSW process more economical compared to 

TIG welding are primarily the costs that are included in the TIG 

procedure, while in FSW welding they are not present. The 

estimation of cost-effectiveness is carried out on an annual basis, 

with the assumption that the welding is performed in one shift, 

during the working week (ie, it is assumed that the effective 

working time is about 6 hours during one shift). 

Welding of Al plate, thickness of 6 mm, in TIG welding, requires 

the preparation of these plates, which relates to the edging of the 

edges by the milling process. In addition, the welding of Al 

alloys is difficult due to the presence of a layer of Al oxide on 

the surface of the panels, so for the high-quality TIG welding it is 

necessary to remove the oxides by means of chemical reagents 

and mechanically. In addition to all of the above, it is 

recommended that during TIG welding of materials, whose 

thickness is greater than 3 mm, it is preheated for 30 minutes, 

which again requires certain costs. As FSW welding is known to 

be solid, it should be noted in this connection that the costs of 

preparing the material are minimized, i.e. there are no [5]. 

In addition to the cost of preparing welding materials, the TIG 

welding process also shows the cost of additional material, while 

FSW is a welding process without additional material. When 

welding the AA6082-T6 alloy with a thickness of 6 mm, an 

additional material made of an alloy of ER4043 [5] is used. 

In addition to the above, large costs are present in the use of a 

protective atmosphere. In order for the TIG procedure to be 

performed well, it is necessary to use a protective atmosphere. It 

is these costs, to a large extent, that contribute to the fact that the 

TIG procedure falls into high-cost procedures. 

According to [5], the total cost of TIG welding for the 1m alloy 

AA6082-T6 is 80 €, and the total time required for preparing the 

material and welding 1 m of said alloy is 90 minutes. 

According to the literature source [6], the welding power of 

AA6082-T6 for the TIG process is 3850 W, while for the FSW 

process it is 3382 W. Therefore, the difference in the cost of 

electricity consumption is negligible, so when considering the 

economy, it will not be taken consider. 

However, for the execution of FSW welding, a special tool 

designed for this type of welding is required. Tool construction is 

a crucial parameter that influences the quality of the welded 

joint. On the tool itself, welding forces act, which lead to 

negative effects, such as tool wear. In addition to the active 

forces, in the process of welding, the tool generates heat through 

the tool, which implies that the tool must be made of adequate 

material, which is adapted to the base material. According to the 

recommendation of the literature source [7], for the FSW 

welding of the AA6082-T6 alloy, a tool made of steel for 

working in hot state JUS C.4751 is used [8]. In addition, the tool 

has to be thermally processed so that its hardness meets certain 

requirements, and thus processed smoothly executes the welding 

process. The tool is made by cutting, and therefore the estimated 

costs of material and tool making, and its thermal processing are 

100 €/piece. As stated above, during the welding process itself, 

due to the high resistance of the welding material and the forces 

that act during the process, the tool suffers from some damage, 

thus losing its high-quality functionality, so it is necessary to 

replace it with new ones. 

5. Example of analysis of technology replacement 

The company that deals with welding aluminum panels is 

considering investing in new welding technology (FSW), which 

would replace the existing electrolytic welding technology with 

insoluble electrode in inert gas (TIG).  

If an effective working time of 6h is assumed during one shift 

(five working days a week and 52 weeks during the year), the use 

of TIG technology leads to costs (preparation of materials, 

additional material and protective gas) in the amount of 20000 € / 

year [5, 6]. TIG welding equipment could be sold on the free 

market for 1300 € and written off after five years of exploitation.  

The investment in a new, modern equipment costs  70000 €  [9]. 

The market value after 5 years of use is 50000 € [2], with the 
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annual spending on the special tools necessary for the 

implementation of welding to be 2400 €. If the minimum 

acceptable wage rate (MARR) for the company is 20% per year, 

it should be opted for economically more cost-effective 

technology. 

Solution: The first step in solving this problem is the 

determination of the investment value of the "defender" 

(equipment for TIG welding). From a neutral point of view, the 

investment value of a "defender" represents its current market 

value and is 1300 €. It will be approached to calculate the PW, 

and based on this, decide to retain or replace existing technology 

with a new one: 

Defender: 

𝑃𝑊  20% =  −1300 € − 20000 € 𝑃 𝐴, 20%, 5   − 61100 € 

Challenger: 

PW (20%)= -70000 € - 2400 €(P⁄(A,20%,5) + 

50000 €(P/F,20%,5) = -57082,12 €. 

According to the calculated, the PW "challenger" is greater than 

the PW "defender". In this way, it was pointed out that TIG 

welding technology was necessary to replace FSW technology. 

The diagram in Figure 1 shows the difference between the 

present value of the equipment and the future value of the 

equipment. It is evident that during the five-year period under 

review, the economic advantage of FSW technology is 

significant in relation to TIG welding technology. 

Fig 1. A graph of present values “defender” (TIG) and 

“chalanges” (FSW) 

Figure 2 graphically depicts the cash flows of the "defender", 

which refers to the TIG welding process and the "challenger", 

which refers to investment in new technology (FSW). In this 

case, the "challanger" is a better alternative than the "defender" 

because it has a higher PW value. Therefore, the extra benefits of 

investing in the new technology of 70000 € ("challanger") have a 

present value that is: -57082,12 € - (-61100 €) = 4017,88 €, or: 

PW (20%)Difference = -68700 + 17600 (P/A, 20%, 5) + 

+ 50000 (P/F, 20%, 5) = 4017,88 €. 

 

 

 
Fig 2. Cash flow diagram of the defender, challenger and their 

differences 

6. Conclusions 

In the pursuit of market survival and the provision of profits, in 

times of strong market competition and increasingly demanding 

consumer needs, the organization often makes decisions about 

replacing existing or new technologies, which will, in a longer 

period of time, ensure its survival and growth in a competitive 

market. 

Analyzing and comparing the costs of existing and new 

technology (resources) are basic aspects of engineering practices. 

The consideration of the economic cost-effectiveness of 

replacing the existing arc welding technology with insoluble 

electrode in inert gas - TIG ("defender"), new welding 

technology with mixing - FSW ("challanger") was carried out on 

the basis of the known postulates of the engineering economy, 

using the current value method (PW). Based on this method, in 

the considered five-year period, it was concluded that the 

investment in new technology is much more favorable than the 

alternative to retain the existing welding technology, which in 

the considered period leads to a large number of costs, which 

primarily relate to costs: preparation materials, costs of 

additional materials and protective gas costs. 

All of the above points to the fact that making a decision to 

invest in new welding technology for the company under 

consideration is the correct path to maintaining and strengthening 

market competitiveness and ensuring the profit and survival of 

the organization on the market. 
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Abstract: A heat regeneration system is presented for the emptying of the lime boilers in a normally conventional lime-room to reduce the 

sulphur gases emitted from the blowing tank. The vapor passes through the pipes from the blowing tank to the blowing condensate reservoir 

for regeneration of valuable secondary heat. Non-condensing gases are discharged from the blowing condensate tank to the gas cooler and 

then additionally for combustion. The condenser formed in the heat recovery condenser is led to the sewer. Heat recovery system for the 

emptying of the lime boilers reduces both gas emissions and energy costs. 

KEYWORDS: CONCENTRATED AND NON-CONDENSING GASES, HEAT REGENERATION, STEAM 

 

1. Introduction 

The object of the examination is a pulp mill, in which there is a 

conventional conventional boiler room consisting of six boiler boilers 

blowing to one blow tank. Sulfur gas contributes to the bad odor 

(stench) in the surrounding environment if it is not regenerated. This 

sulfur is oxidized and contributes to acid rain [1]= A large amount of 

valuable heat is regenerated from the vapor. Heat is used to produce 

large amounts of hot water, which reduces or eliminates the use of 

steam for heating liquids when flushing or bleaching. The steam 

passes through the pipes from the blow tank to the blow-off 

condensate reservoir to regenerate valuable secondary heat. Non-

condensing gases are taken from the blow-off condensate tank to the 

gas cooler and then further incinerated. The condensate formed in the 

heat recovery condenser is drawn to the sewer. 

There are three main outlets for concentrated non-condensing 

gases in a sulphate cellulose plant: 

1. Gases from the steam condenser in the boiler department. 

2. Gases from the pit of the vacuum boxes in the Evaporative 

Station. 

3. Gases from the treatment of contaminated condensate. 

The characteristic smell originates from the volatile sulfur 

compounds that are produced during digestion. Sulfide ions (HS-) 

react with lignin during digestion, leading to the four most observed 

smell compounds. These are hydrogen sulphide (H2S), methyl 

mercaptan (CH3SH), dimethyl sulphide (CH3SCH3) and dimethyl 

disulfide (CH3SSCH3). Other hazardous compounds that are 

produced during cooking are methanol (CH3OH) and turpentine. The 

common properties of these gases are: hazard, toxicity, smell bad and 

colorless. The amount of gas produced depends on the boiling 

conditions and the raw material. High sulphide, low Karra number, 

long boiling time and high boiling liquor temperature lead to 

increased sulfur emissions. 

2. Description of the process 

The boiling process is carried out in six boiler boilers by heating 

pine chips in an aqueous solution containing sodium hydroxide 

(NaOH) and sodium sulfide (Na2S). The content of the boiler boiler 

is released to the blow tank by opening the blowing valve. A large 

amount of steam is formed in the blow tank when the hot mixture of 

lye and pulp flare. Pulp and black liquor are separated from blowing 

vapor and concentrated noncondensing gases. The pulp and black 

liquor are removed from the bottom of the flushing tank in the 

flushing system. The vapor and gas are removed from the top of the 

blow tank and taken to the steam condenser where the steam energy 

is regenerated [2].  

The vapor condenser condenses much of the vapor that leaves the 

blow tank. 

 

The energy is regenerated from circulating hot water through the 

steam condenser. In each blow, hot water is pumped into the 

recirculation system, producing the same amount of hot water. 

Condensate from the steam condenser is pumped to sewerage in the 

evaporation zone.  

The gas and steam which do not condense in the vapor condenser 

are fed to the gas cooler where the residual vapor condenses at the 

same time as the gas is cooled to a suitable temperature (~ 50° C). 

Concentrated non-condensing gases from the gas cooler are fed to the 

collector tank. 

The cooling fluid during this process is soft water. If fresh water 

is used instead of soft water in the heat recovery condenser when the 

boilers are emptied, there is a risk of precipitation of CaCO3 on the 

heating surfaces. The condensate from the gas cooling process is 

returned back to the main condensate stream from the steam 

condenser. 

Concentrated non-condensing gases from the heat recovery 

system when emptying boiler boilers are above the upper explosion 

limit and it is important that they remain above the boundary and not 

be diluted.  

In the burner for concentrated non-condensing gases, natural gas 

is used in the ignition flame. Natural gas is also used as an auxiliary 

fuel in the soda-regeneration boiler. 

The concentrated non-concentrating gas pipeline is equipped 

with double shut-off valves and a ventilation valve as well as a 

protective membrane and flame retardant located near the 

incineration point. If the combustion in one source stops for some 

reason, the double shut-off valves are automatically closed and the 

drain valve opens. The combustion of concentrated non-condensing 

gases then switches automatically to the available incineration sites 

as described below in the section on combustion of concentrated 

noncondensing gases. 

If the protective membrane is broken, the temperature indicator 

after it will include the signaling. The pressure in the condensed 

noncondensing gas pipeline is controlled by adjusting the position of 

the conveying tube of concentrated non-condensing gases in the 

burner or by the low-pressure steam that is fed to the line if the 

pressure becomes too low and the pipe is in the final position. 

All necessary equipment is connected to an emergency power 

supply. 

The entire condensate from the concentrated non-condensing 

gases is collected to the pumping tanks and pumped into the sewer, 

which is in the evaporation zone. 
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Fig. 1.  Explosive limits of non-condensing gases 

3. Heat Regeneration System for Vacuum Boilers 

Emptying 

Various boilers are discharged to the existing vent tank, the 

pressure of which is set to 1.0 bar. The evaporating mixture of hot lye 

/ pulp releases a large amount of steam, which is directed to a blowing 

condensate reservoir. 

The blowing steam flow is calculated from the boiler boiler data 

according to Table 1. The blowing vapor flow is shown as a diagram 

in Diagram 2. 

Table 1. Data for boiler boiler feed in the plant for production of 
cellulose 

 

The pressure in the blow tank is used as an input to the pressure 

regulator that determines the velocity of the soft water pump. The 

higher the pressure, the higher the pump speed. Cooling water at 

about 40 ° C from existing soft water tanks is pumped to the suction 

of the cooling water recycling pump. The purpose of the regulator is 

to reduce the delay time in the blasting condensate tank, which leads 

to better control of the pressure of the blow tank. The hot cooling 

water is discharged to the existing battery that will be used as a clean 

water storage. 

 

Fig. 2. Typical flow of boiling vapor from boiler boilers, calculated from 

the heat balance and blowing time of the boiler 

 

The blowing vapor streams and the corresponding cooling / hot 

water streams are calculated for pulp production capacities 

corresponding to 27 ... 38 puffs / 24h. Soft water from a tank is used 

as cooling water in the blowing condensate tank, the produced hot 

water is pumped to the hot water tank. The bleeding tank is tightly 

closed (under pressure). The pressure in the tank will usually vary 

between - 5 kPa (g) ... 20 kPa (g). The tank is equipped with safety 

devices for high pressure and low pressure situations. Such a situation 

can occur, for example, if the cooling water pumps and / or do not 

work. 

Table 2. Heat production when emptying boiler boilers and secondary 

heat. 

 

The bladder tank has dual high-pressure protection. The regulator 

will open a valve and excess steam blows into the atmosphere. If the 

regulator fails, a protective membrane protects the tank and the steam 

is blown into the atmosphere. The bursting pressure on the membrane 

is 1 bar. 

The reservoir is protected against low pressure with a mechanical 

safety valve that opens at -10 kPa. It is important to avoid leakage of 

air to the blow tank between blows. The entrained air is an inert gas 

that will reduce the performance of the blowing condensate reservoir 

and will also disrupt the operation of combustion systems of 

concentrated noncondensing gases in the water intake pipes, and the 

mixture of concentrated non-condensing gases and air is highly 

explosive. The basic low pressure protection is a sealing vapor that is 

regulated by a regulator. The regulator will add backing steam to the 

blow tank at low underpressure. At even lower pressure, a regulator 

will open, and then the mechanical safety valve, the ejection of the 

reservoir. 

The contaminated condensate is collected at the bottom of the 

blowing condensate tank. Condensate is pumped with a level 

regulator to the sewer pipe located in the evaporation zone. 

The conductivity of the condensate is measured. If the 

conductivity level is above the setpoint, the condensate returns to the 

equalization tank.  

Non-condensing gases, from the blowing condensate tank, are 

directed to the gas cooler. The purpose of the cooler is to reduce the 

water pressure in the system, thereby reducing the volume of gas. The 

softened water is used as a cooling liquid. The water is added to the 

temperature control device The hot water produced is taken to the hot 

water tank by means of a blowing condensate tank. The contaminated 

condensate from the cooler drains through a seal to the blowing 

condensate reservoir and then pumped to the evacuation zone sewer 

pipe.  

The pressure regulator is mounted between the blow-off 

condensate tank and the gas cooler. The purpose of this regulator is 

to protect the system of concentrated non-condensing gases from 

excessive suction. 

Evaporation vapor condensation 

The blowing valve under each boiler boiler is left open when the 

boiling time is reached. The valves are programmed to open 

gradually to reduce the impact of the system pressure during blowing. 

The pulp, the steam, the black liquor and the gas are fed to the blower 

by the boiler pressure. The steam and gas are fed to the steam blowing 

condenser The pressure in the purge tube between the blow tank and 
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the steam condenser is maintained by adjusting the speed of the pump 

for softened water when the pressure is increased. If the pressure 

drops, the low pressure steam is taken to the system to maintain 

normal operating conditions. To increase overall safety during each 

blowout, the bladder tank is equipped with an overpressure protective 

membrane along with a mechanical vacuum safety valve. 

Heat Regeneration System 

The main part of condensation from the steam blowing is in the 

steam condenser, the main condenser. The circulation of the steam 

condenser cooler, the softened water, is maintained by a pump. Hot 

water is pumped from the softened water tank with a pump by 

adjusting the pump speed. The pressure regulator controls the speed 

of the pump. High pressure results in a higher spin speed. The energy 

that is released when condensing vapor condenses goes to the 

circulating hot water. The temperature of the resulting hot water is 

between 80-100°C when the hot water is taken to the hot water tank. 

The level controller controls the condensate level in the steam 

condenser. Emergency low level blocks a pump, the high level 

restarts the pump, and the emergency level high opens the valve. 

Uncondensed blowing vapor and non-condensing gases are fed to a 

gas cooler. The gas flow is controlled by a pressure regulator, and a 

valve balances the pressure fluctuation during each blow (the set 

point is between -3 - 0 kPa). The outside temperature of the gas cooler 

controls the amount of cooling water needed. When the cooling water 

temperature (about 40°C) has reached a temperature of about 50°C, 

the valve is set to an open position. In this way, cold water flows into 

the system at the same time as the hot coolant is pushed into the steam 

cycle of the steam condenser. The resulting condenser from the gas 

cooler is fed to the suction side of a pump. 

Collector and air conditioning system 

Concentrated non-condensing gases from the pre-treatment 

compartment are collected in a reservoir with a hydraulic lock / 

collecting tank for the CNG . The sum is taken up in the water jet for 

the CNG under the surface of the liquid to avoid backflow. The CNG 

is then sent to the CNG condenser to reduce moisture [3]. 

 

Fig. 3. Simplified pipeline process for condensed non-condensing gases 

- collector and air conditioning 

Transfer of concentrated noncondensing gases 

There is an ejector for transporting concentrated non-condensing 

gases from the bulk tank to the available incineration site. The ejector 

is located in the building of the soda regeneration boiler and is used 

when combustion of the concentrated noncondensing gases is carried 

out. 

4. Conclusion 

The construction of the heat recovery system when emptying the 

boiler boilers reduces the debilitating gases emitted from the blow 

tank. Non-condensing gases are removed and further incinerated. A 

system of heat recovery when emptying boilers generates financial 

gains associated with energy costs and reduced emissions of 

greenhouse gases. 
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Abstract: Automated optical scanning systems for analysis of solid surfaces are presented in this work. The prototypes are capable of 
detecting various parameters and irregularities related to the surfaces of solid bodies by measuring the amplitude of modulated signals of 

the Electromagnetic Echo Effect. The systems allow various sizes of all kinds of surfaces to be scanned and the results to be visualized on a 
computer screen. The aim of this work is to present two prototype versions (which use analogue and digital measuring devices) and to show 
their capabilities. Their general purpose is to scan different areas of specimens and visualize their sensitivity to the Electromagnetic Echo 
Effect onto a plot of coordinates but they are also capable of providing valuable information about structural, mechanical and electrical 
surface parameters. 

Keywords: SCANNING SYSTEM, LASER RADIATION, SOLID SURFACES, IRREGULARITIES, ELECTROMAGNETIC ECHO 
EFFECT 

 

1. Introduction 

 The investigation of the surface properties of materials is an 
important task with applications in chemistry, physics, technology, 
industry, etc. [1-3]. In recent years, together with tactile 
profilometers, which are among the most commonly used roughness 
measuring devices, some optical and other methods for surface 
characterization have been developed. Some of them require contact 
to be made with the sample, for example, when scanning with a 

stylus, which could lead to some destruction of the surface under 
investigation. There also exist techniques, which employ only very 
weak interactions with the surface, such as the atomic-force 
microscopy (AFM) [1]. Others, like the scanning electron 
microscopy (SEM) and the transmission electron microscopy 
(TEM), irradiate the sample with a beam of electrons and, thus, no 
contact with the surface is made [4].  

Such instruments offer high precision and resolution (from 

several nanometres to several hundred micrometres), but are very 
complex, expensive and require skills to be operated. They also 
demand special preparations of the sample and the use of a vacuum 
chamber, where the irradiation with electrons is performed.  

The abovementioned devices provide information mainly about 
the topology of the investigated surfaces and eventually their 
roughness. No single apparatus exists, which is capable of obtaining 
information about a large spectrum of surface characteristics. 

 

2. Prerequisites and means for solving the problem 

We have developed a simple and fast method for surface 
characterization via optical systems for 2-dimentional scanning of 
solid surfaces of all kinds of materials through irradiation with a 
modulated laser beam and induction of the Electromagnetic Echo 
Effect (EMEE), formerly known as the Surface Photo-charge Effect 
(SPCE). SPCE is the working name of grouped results obtained. In 

2019, it was proposed to change this working name to 
“Electromagnetic Echo Effect” (EMEE), since it more accurately 
describes the experimental results obtained later and better reflects 
the nature of the effect. In addition, in this way it will not be 
confused with the Photoelectric Effect. The EMEE is represented by 
small voltage, detected in all kinds of materials, when illuminated 
by an electromagnetic field [5]. It is very fast and with the 
appropriate equipment, it is possible to build a scanner operating on 

that principle [6]. This method is sensitive, non-destructive, cheap, 
fast and easy for implementation.  

The purpose of the systems is to measure the response 
(sensitivity) of various samples to the EMEE, in order to evaluate 
their surface condition and suitability for integration as working 
surfaces into a new type of sensors based on laser radiation-solid 
interactions. One of the most promising materials for working 
surfaces are silicon wafers. These automated scanning devices are 
improved versions of a similar system developed for investigation 
of conductive materials [7]. They have actually been modified and 

optimized for the purpose of detecting “special” points on the 
working surfaces, which have much stronger response to EMEE 
than the rest of the surface. The system have been built for 
development of a new type of fog sensors under a European project 
related to security. Since the signals from EMEE are very weak, it is 
essential to find these small areas and construct a “sensitivity map”. 
This would allow better and stronger signals to be measured and, 
thus, the efficiency of the sensors to be improved significantly. 

The scanning systems complement the range of scanning 

devices, such as SEM and TEM, since they cover larger areas of 
several centimetres squared. The scanning systems are automated, 
easy to operate with, they do not require special conditions, such as 
vacuum, and no special preparation of the sample is needed. 
Technical modifications can be made, so that they can scan larger or 
smaller areas. Similar systems, which use ultrafast shear acoustic 
waves [8], photo-structural changes [9], etc., are also available.  

Currently, no other single instrument exists, which is capable of 

detecting a large variety of surface structural characteristics, such 
as: mechanical defects, changes in surface electrical characteristics, 
surface states, chemical composition, the presence of impurities, 
etc. 

In order to better understand, the nature of the scanning systems 
and their principles of operation, we will shortly discuss the 
phenomenon that causes generation of the signal of interest, namely 
the Electromagnetic Charge Effect (EMEE). In different sources, 

phenomena very similar to EMEE have been referred to as Surface 
Photo-Charge Voltage (SPCV or SPV), Photocharge Voltage (PV) 
and others. The measurement of the EMEE is contactless and fast. 
An important characteristic of this effect is its significant 
dependence on the specific properties of the irradiated sample. The 
amplitude of the EMEE response depends on the type of the 
irradiated material. This allows for discrimination between different 
materials, which opens a wide area of analytical applications and 

reveals vast opportunities for rapid and contactless analysis of 
solids, liquids and gases.  

The EMEE is a phenomenon consequent to electromagnetic 
field-matter interactions. Its essence is that upon irradiation with an 
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electromagnetic field, all solid bodies generate an alternating 
potential difference at their surface, the frequency of which is equal 

to the frequency of the incident electromagnetic wave. This 
potential difference between the irradiated sample and the common 
electric ground of the system can be measured with an electrode, 
which can be either in contact with the solid body, or in near 
proximity; but there is no mandatory need for contact – the 
measurement can be entirely contactless. A principle scheme is 
illustrated in Figure 1, where a solid body’s surface potential is 
measured via an electrode. 

 

Figure 1. A general scheme for EMEE observation: (L) 
electromagnetic radiation source, (M) radiation modulating 
generator, (S) irradiated solid sample, (E) signal measuring 

electrode, (N) signal measuring device – nanovoltmeter 

It has to be noted though, that since the EMEE is a relative 

measurement, it has to be taken with respect to the steady state. This 
leads to a limitation in the measurement of the effect. It can only be 
measured by inducing it with modulated light. The process itself is 
quite fast. It has been observed that a 20 ns laser pulse is more than 
enough to change the surface potential and generate a full waveform 
of the output signal [10]. In fact, EMEE has been registered with 
modulation frequencies all the way between 1 Hz and 1 GHz. 
EMEE has also been observed in a wide range of the 

electromagnetic spectrum – from the infrared, throughout the 
visible and up to the beginning of the ultraviolet spectrum [10]. The 
measured value of EMEE can depend on many factors. Some of 
them are: intensity of irradiation, wavelength, area of irradiated 
region, surface condition, surface structure, chemical composition, 
material type etc. [11]. Carefully choosing an appropriate 
wavelength, for example, can maximize the levels of the generated 
voltage, since different wavelengths generate electron-hole pairs at 

different depths inside the surface, which directly affects the 
generated EMEE. 

EMEE has been observed in many types of solids, including not 
only conductors and semiconductors, but also dielectrics [10]. It is 
however most useful for investigation of semiconductor materials, 
as it can be used for characterizing and studying poorly understood 
compound semiconductors, where other common methods using the 
fabrication of ohmic contacts or special device structures may be 

difficult. [12] This also means that methods of investigation of 
semiconductors via EMEE can be quite valuable for developments 
in electronics. This effect can be used to measure the minority 
carrier diffusion length. This measure is critical for determination of 
the performance of devices, such as photo conducting detectors and 
bipolar transistors. In both cases, the ratio of the diffusion length to 
the device dimensions determines the gain. Other common uses 
include the detection and localization of different impurities and 
defects that limit (or boost, depending on the use) device 

performance. For example, EMEE can be used to measure the 
density of impurity-derived recombination centres. [12] Some other 
noted possible applications that take advantage of the fast and 
contactless measurement include quality control of the composition 
of various goods during manufacturing (e.g. bricks [11], milk [13]), 
chemical composition tests (e.g. detection of counterfeit coins [10]) 
and different remote sensors (e.g. fluid level sensor [14]). In 
contrast to other similar effects, the EMEE is a characteristic of all 

kinds of solids and this makes it very interesting from scientific as 
well as from practical point of view. By this method one can obtain 
valuable information about the irradiated solid surfaces, namely 
about the presence of mechanical defects and imperfections, 
impurities and surface states, surface electrical characteristics such 

as a type of conductivity, etc. One can trace the shape of the 
produced surface structures, for example, by ion implantation. 

 

3. Solution of the examined problem 

Prototypes of a measurement system based on the EMEE have 
been developed by using different technical implementations. Here 
we present two of them. The systems have been built, tested and are 
currently operating. They are capable of detecting various 
parameters related to the surface of solid surfaces by measuring the 
amplitude of modulated signals obtained by EMEE.  

Their general purpose is to scan different areas of specimens 
and visualize their sensitivity to EMEE onto a plot of coordinates. 
To do that, automated movement and automated measurement are 
needed. For the movement, a dual-axis linear stage is used. It is 
driven by a pair of step motors and controlled by its own controller. 
This controller can then be used to drive the stage programmatically 
from a PC. The measurement principle – the signal is modulated, so 
that a nanovoltmeter can lock to the same frequency and measure 

the low amplitude with an enormous noise cancellation. The 
measurement device is fully or partially controllable via a computer 
interface. The principle block diagram is shown in Figure 2. 

 

Figure 2. Block diagram of the automated EMEE scanning systems 

for solid surfaces 

The generator of the signal of interest is an EMEE sensor, 
which often has an integrated semiconductor wafer inside playing 
the role of a working surface. Internal specifics about this sensor 
will not be discussed here, due to confidentiality considerations. It 
will be considered as a whole unit integrated into the system. 
Silicon wafers are interchangeable for the purposes of their 
investigation along with other purposes of the system. The sample 

is irradiated with a modulated laser beam, which stays fixed and is 
aligned perpendicularly with respect to the sensor’s open surface. 
To move the specimen relative to the laser beam, it is easier to 
move the whole sensor. Thus, the sensor is fixed to the surface of an 
XY positioning stage driven by two step motors. The system is able 
to move automatically the specimen to desired coordinates and 
measure in each point inside a predefined by the user rectangular 
region. It is also able to scan over a single line (horizontal, vertical 

or inclined), or in a single point with specific coordinates. It has 
been empirically discovered that the slightest movement or 
vibration during a measurement disrupts it. This is why the laser 
module should be kept fixed, only the specimen (along with its 
sensor) should be able to move and final measurements of each 
point should be taken only when both are stationary (i.e. not 
continuous measurement but point-per-point measurement). 

If a whole “sensitivity map” of a specimen is built, one can take 
advantage of the distribution of sensitivity in future integration of 

the semiconductor wafer into produced units. The general aim is to 
be able to scan and visualize the sensitivity to EMEE of whole areas 
of the surface of different wafers and to visualize it onto a plot of 
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coordinates. Such areas should be represented by discrete sets of 
hundreds, thousands or even millions of sample points. 

Due to the nature of EMEE, the best approach to extract any 
useful signals and results is to modulate the input signals and expect 
modulated output signals with the same frequency. For the purpose, 
a standard digital signal generator is used. Its signal controls the 
laser, and in turn, the pulsed beam creates very weak fluctuating 
electromagnetic fields inside the sensor. These fields are then 
sampled. A signal with the same modulation frequency in the range 
of nano- and micro- volts is generated (usually in the range between 

200 nV and 1 mV, depending on the specimen). The system has to 
be well shielded from external noises (both electromagnetic fields 
and radiation in the visible spectrum can be considered noises to the 
system). Even so, noise levels in the output signal can be more than 
a hundred times stronger than the signal of interest. This is why 
specialized measurement equipment is used to filter and amplify 
EMEE generated signals.  

The systems can currently work with two types of analogue 
nanovoltmeters – lock-in nanovoltmeters and selective 

nanovoltmeters. The output signal from the nanovoltmeters has to 
be digital, so either an ADC (analogue-to-digital converter) from 
their output can be used, or for better control over the process, fully 
controllable nanovoltmeters can be used.   

 - The first prototype uses an ADC coupled to an analogue 
selective nanovoltmeter. This configuration allows for quicker 
development, simpler solution and increased scanning speeds. Short 
name: analogue scanning system. 

 - The second prototype uses a programmable and fully 
controllable lock-in nanovoltmeter with an integrated processor and 
digital controls. This configuration offers better controllability and 
higher accuracy, but slower scanning speeds. Short name: digital 
scanning system. 

These two configurations taken together allow for versatility 
and each of them is suitable for a different situation with specific 
requirements. The components of the systems are shown in Figure 

3: 

 

 Figure 3. Photograph of the components of the automated 
scanning systems: 1) EMEE Sensor; 2) Dual axis linear stage 
Standa 8MTF-75LS0; 3) Dual-axis motor controller Standa 
8SMC4-USB-B9-2; 4) Laser module Roithner Laser Technik 
RLDH650M-40-5; 5) Protective glasses Kentek KOS-6109; 6) 
Digital signal generator Rigol DG1022; 7) Lock-in nanovoltmeter 
SRS SR510; 8) Selective nanovoltmeter Unipan Type 237; 9) ADC 
converter; 10) PC or laptop; 11) Power supply Standa PUP120-17; 

12) Power supply Roithner Laser Technik LPS51; 13) A standard 
power supply (5 VDC, 1A); 14) LogiLink UA0042A RS232-to-Serial 
converter. 

Due to conversions and amplifications of the measured signals, 
the output information, which is presented to the user, does not 
represent the real values of the measured signals. That is why the Z-

axis of the graphs obtained with the scanning systems is in arbitrary 
units. This is not a problem, since the ratios of the amplitudes of the 

signals are kept the same as the original ones and can still be 
adequately compared. 

 

4. Results and discussion 

All visualizations of experimental scans show the scanned areas 
in the XY plane and the amplitude of the measured EMEE signals 
in the Z direction (in arbitrary units). All results are visualized by 
DPlot software. 

Figure 4 shows visualizations of “special” points (irregularities) 
on the surface of a silicon crystal. The fog sensors that we develop 
use such crystals and such special points, where the efficiency is 
high. Efficiency, in this case, is the difference between the signals, 
which the sensor measures, when sensing fog of pure water and fog 
with impurities. The scans were performed using the analogue 
scanning system. 

 

Figure 4. Experimental results – visualization of special surface 
points on a silicon crystal  

This result shows that our systems are able to detect 
irregularities on the surfaces of silicon crystals.  

Figure 5 shows visualizations of a droplet of distilled water at 
two different stages in the process of evaporation. The results in 
were obtained by the digital scanning system and indicate that it 
allows processes on surfaces to be investigated and controlled in 
real time. 

 

 

a)                                             b) 

Figure 5. Experimental results – visualization of distilled 
water droplet: a) full droplet; b) partially evaporated droplet 

Figure 6 demonstrate that our systems allow mechanical defects 
on surfaces to be controlled. It shows a visualization of the 
scratched surface of a silicon crystal obtained by the digital 

scanning system. It can be clearly seen that there is a good 
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accordance between the visualized results and the actual mechanical 
deformations on the surface of the silicon crystal.  

A 3D visualization of the surface of an ion implanted specimen 
obtained by the analogue scanning system is shown in Figure 7. 

 

 

Figure 6. Experimental results – visualization of the scratched 
surface of a silicone crystal 

 

 

Figure 7. Results of surface scanning of an ion implanted 
specimen studied with the developed system 

5. Conclusion 

We present two versions of automated systems for optical 
scanning of solid surfaces and have demonstrated some of their 
capabilities of detecting various surface irregularities, such as: 
changes in chemical composition, topology, and mechanical 
defects. Visualizations of such scanned characteristics as 3D maps 
were shown. We have demonstrated that it is possible to also 
control ongoing processes on solid surfaces in real time. The 
systems were designed to perform scans of areas of several 

centimetres squared, but can be modified to scan larger or smaller 
areas. The advantages of the developed systems include simplicity, 
fast operation, reliability, relatively low cost, and the ability to 
detect various kinds of irregularities. They offer the possibility to be 
further developed and improved, in order to perform scans at 
varying depths inside solid surfaces. They can be used for quick and 
easy surface characterization and surface quality control. 
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Abstract: In this paper for full─bridge serial resonant converter, exact general equations for dependencies of phase angle, the maximum 

voltage of the capacitor and the maximum value of the output current are derived. Mathematical analysis of the this dependence on the reso-

nant circuit dumping frequency when it is excited with pulse voltage with a different frequency than the resonant one is made. This depen-

dences derived in wide a band around the resonant frequency. 

Keywords: POWER CONVERTER, PHASE ANGLE, OUTPUT CURRENT, EQUATIONS  

1. Introduction    

In the analysis of serial resonant converters it is usual to use the 

resonant circuit frequency ω0 for two reasons: 1) assuming that the 

value of the resistance of the resonant tank is very small the dump-

ing is negligible and thus resonant ω0 and damping ωd angular fre-

quencies have very close values; 2) active power is calculated using 

the phase angle between voltage and current first harmonics [1], [2], 

[3], [4]. However, at these converters in applications of induction 

heating there is an equivalent resistance of the resonant circuit and 

the resonant and dumping are different [5], [6], [7]. Also in these 

converters, the voltage waveforms are pulse and the current has a 

dumped sinusoidal form [8], [9]. In such cases is required the phase 

angle and maximum value on the output current of the converter be 

calculated in respect to the dumping frequency.  

In this paper for H–bridge serial the resonant converter the 

explicit dependence of the output current of the converter from the 

deviation on the switching from damping frequency is determined. 

This calculation is made in a wide band around the resonant fre-

quency. 

2. Calculated of the output current of the serial reso-

nant bridge converter  

Calculation of the current in wide band around the resonant fre-

quency based on calculate the value of the phase angle and maximal 

value on current in this wide band. 

2.1 Phase angle dependence analysis 

The knowledge of the dependence of the phase angle between 

the output voltage and current of the bridge converter is convenient 

for maintence operating the converter with constant power [10], 

[11], [12]. Fig. 1 shows a block diagram of the feedback control 

circuitry used in the direct phase control of full-bridge serial reso-

nant converter [13], [14].  

The microcontroller program has predefined values for the initial 

value of the switching frequency fs,ref0 (or period Ts,ref0 = 1/fs,ref0) 

and the desired or the reference phase difference between the output 

voltage and current φref [15]. This phase difference would be zero or 

close to zero if maximum power transfer is needed, or have a spe-

cific value that corresponds to the desired output power when we 

like to control the power transfer. 

Analysis of the series-resonant converters usually use the voltage 

and current first harmonics to determine the circuit parameters and 

behavior. Assuming that the resistance in the circuit is small, the 

resonant frequency ω0 is used in the calculations. 

 
Fig. 1 Block diagram of the full-bridge series-resonant converter. 

When a series resonant circuit, Fig. 2 is excited by a sine wave vol-

tage, all waveforms have the same shape. 

 
Fig. 2 Serial resonant circuit supply with voltage ±UDC.  

 

When the supply voltage of serial resonant circuit is in form of 

the Heaviside step function, then the current oscillates around zero 

with angular dumping frequency ωd, as shown in Fig. 3. When the 

voltage has square pulses waveform (duty ratio D = 0.5) and ampli-

tude ± UDC, then in every half-period the current is a piece of the 

dumped oscillation of Fig. 3. 

 
Fig. 3. Current waveform in the series-resonant circuit when excited by a 

Heaviside step voltage with amplitude UDC = 60 V. Parameters' values are R 

= 0.24 Ω, L = 26.5 μH and C = 26.6 μF with initial values iL(0+) = –165 A 

and uC(0+) = –163 V. 

When the circuit excitation with voltage pulses, the current is in the 

form: 

  )1()(sin)sin()( dd ttωKeφtωKeti αtαt    
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For full-bridge serial resonant converter supplay with square vol-

tage in [13], [14] is derived dependence on phase angle from damp-

ing and resonant circle frequency. This dependence is given with 

(2).  
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2.2 Calculated the maximal value on the output cur-

rent 

In full-bridge serial resonant converter supply with voltage 

±UDC, the output current is given with (1). In [1], [2], [3] [4], in 

calculate on the output current of the full─bridge serial resonant 

converter with assumptions ωo ≈ ωd ≈ ωs, iL(0+) = 0 and uC(0+) = 0 

the  phase angle, the maximum voltage of the capacitor UCmax and 

the constant K are : 
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With (3) the maximum voltage of the capacitor UCmax and the con-

stant K are calculated in a small band around the resonant frequency 

and in calculated not taken to consideration the impact of the phase 

difference.  

In this paper, first in calculation of the current in wide band 

around the resonant frequency for the phase angle we used above 

derivation exact equation (1) from [13], [14]. The second should be 

calculated the value constant K in this wide band. Determination of 

the constants K for the steady state solution can be done using two 

border conditions for this time interval, i.e. di/dt, t = 0 and di/dt, 

t = Ts/2. The voltage of the coil L is: 
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On the other hand, at the series resonant circuit, when the current 

passing from 0- in 0+ in the moment t = 0, the voltage of the coil is: 

)9()0( maxminmax CDCCDCLL UUUUuu   

From (5) and ( 9) for the constant K are obtained: 
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In the moment t = Ts/2 when the current passing from  0+ in 0-,  the 

voltage of the coil is: 
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as and  (10) and (12), can be determined the maximum voltage UC-

max of the capacitor C, i.e.:
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With used on (13) and (10), after a certain number of transforma-

tions for the constant K are obtained: 
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With the expressions (13) and (14) are determined the maximum 

voltage UCmax of the capacitor and the constant K in wide band 

around resonant frequency at the serial resonant converter.  

From (13) and (14) with substituting ωs = ωd are obtained the ex-

pressions, (3), for the maximum voltage of the capacitor UCmax and 

the constant K given in [1]. 

The maximum current of the converter is for t = Ts/4 and she can be 

calculated with used on (1) and (14), i.e: 
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With used (1), (2), (14) and (15) for the output current of the serial 

resonant converter in wide band are obtained: 
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In (16) the of the output current of the serial bridge converter is 

calculation in relation to the deviation of the switching of damping 

frequency in a wide band around the resonant frequency. 

In the Fig. 4 is shown graph of the maximum voltage of the ca-

pacitor UCmax obtained with (13) with RLC values R = 0.24 Ω, L = 26.5 

μH and C = 26.6 μF. 
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Fig. 4. Graph on the maximum voltage of the capacitor UCmax obtained with 

the exact equation (13). 

In Fig. 5 is shown graph of the maximum output current of 

the converter for t = Ts/4 obtained with (15). 
 

 
Fig. 5. Graph of the maximum output current of the converter Imax obtained 

with the exact equation (15). 

3. Experimental results 

A check of the theoretically derived equations in the preceding 

chapters is made using the full-bridge IGBT converter who operates 

in mode on the induction heating furnace with nominal output pow-

er converter from 15 kW and resonant frequency 5.994 kHz. In the 

Fig. 6 is  shown control module on this converter. 

 

Fig. 6. The control module with IGBT drivers and IGBTransistors. 

It is a serial resonant converter with a RCL load mentioned 

above. Resonant frequency is 5.994kHz. In the Fig. 7 is given wave 

form the on output converter voltage and current a) on a frequency 

5,92 kHz, smaller from resonant, b) on the resonant frequency  

5.994 kHz and c) at a higher frequency 6,15 kHz than the resonant. 

In the Table I is given values on output converter voltage and 

current on wave form from Fig.7. 

 

        
a)                                           b) 

 
                                 c) 

Ch1=100V/div, Ch2=300A/div, time=50μS 

Fig. 7. Wave form the output converter voltage and current a) with a fre-

quency smaller, b) at the resonant frequency and c) at a higher frequency 

than the resonance. 

Table I: Values on output converter voltage and current on wave form 

from Fig.7. 

fs 

effective value 

Uo 

[V] 

Io 

[A] 

5,92 kHz 55,60 244,00 

6,00 kHz 56,10 247,20 

6,15 kHz 55,70 244,00 

In the Fig. 8 is given wave form the on output voltage and cur-

rent of switching frequency  fs = 0,5 f0 = 2 979 Hz, obtained with 

simulation in PSpice [16].  (a) and with an experiment (b). 

.
           Time

3.40ms 3.60ms 3.80ms3.21ms
1  I(L) 2  V(1)

-200A

-100A

0A

100A

200A
1
 

-80V

-40V

0V

40V

80V
2

   >>

 

a) 

 
fs = 0,5 f0 = 2 979 Hz, Ch1=50V/div, Ch2=100A/div, Ch3= 2000W/div, 

time=80μS 

b) 

Fig. 8.  Wave form on the  output voltage and current of switching frequency  

fs = 0,5 f0 = 2 979 Hz, obtained with: a) simulation in PSpice and b) with an 

experiment. 
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In Fig 8 on the chanel 1 is given wave form on the output voltage, 

chanel 2 is wave form on the output current and chanel 3 is output 

converter active power. 

 

3. Analysis of the results 

From Fig. 5 we can see that the maximum value of the output 

current of the converter Imax according to the exact equation (15) is  

highest value for x = 1.1. Also and here for the values on x < 0.6 the 

maximum value of the output current has significant oscillations 

and for x > 1.1 this current decline with lower slope. 

From Fig. 5 and Fig. 7b can see that for  fs/ f0 = 1, obtained is 

maximum current abound 300 A with exact equation (15), as and 

with experimantal results. For switching frequency above resonance 

fs/ f0 = 1.1, the current has a greater value around 320 A. 

Also from Fig.8 can see that for the frequency fs = 0,5 f0 = 2 979 

Hz maximal current value is around 60 A and it is the same current 

value of the graph of Fig. 5 obtained by the equation (15). 

4. Conclusion 

In this paper for full-bridge converter with serial resonant circuit, 

analytical are derived exact general equations for dependencies of 

the maximum voltage of the capacitor and the maximum value of 

the output current.  This equations giving dependences on this pa-

rameters from the deviation on the switching from damping 

frequency in wide bands around resonant frequency. Derived ex-

pressions can be used for controlling of the full-bridge serial 

resonant converter. The results of the experimental testing are close 

to the values of the parameters obtained by the derived equations.. 

From these general equations can be obtained the equations for the 

case when  ωs ≈ ωd ≈ ω0. 
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NUMERICAL SIMULATIONS OF HONING PROCESS OF THIN WALL CYLINDER 

LINERS, WITH CONSTANT AND WITH VARIABLE THICKNESS OF WALL OF 

HONED PARTS 

 
M.Sc. Sender P.G. 

Faculty of Mechanical Engineering – Gdansk University of Technology, Poland 

piotr.sender@wp.pl 

Abstract: Numerical simulations of honing process of thin-wall cylinder liners, with constant and with variable thickness of the wall of 

honed workpieces can improve and can help to conduct the experimental research of honing process and can improve the honing process.     

A very valuable research assumption, before performing the numerical analysis of computer simulation of honing process, is the 

measurement of the real geometry of the honing head using a CNC coordinate measuring machine and measuring of the honed workpiece’s 

temperature occurring in the honed workpiece during honing process with a thermal infrared camera. Thick-walled workpieces do not 

create machining and technological performance problems. In a predictable way, it’s possible to plan the machining time remaining to 

receive the desired diameter of the hole being honed. Deformations of a thin-walled workpiece with varying wall thickness occurring during 

honing, which were measured after machining, showed that there is no linear correlation of holes deformation received for a different cross-

section thicknesses of wall of honed cylinder liners for various oilstone pressure and due to the workpiece temperature increase.  

Keywords: HONING, CYLINDER LINER, FEA SIMULATION OF HONING PROCESS 

 

 

1. Introduction 

1.1  Short literature review 

Many attempts have been made by researchers to develop 

numerical simulation methods for manufacturing processes ... [6]. 

In order to reduce the time and costs of surface finish 

development, simulation programs have become a powerful tool 

and are being increasingly used in the automotive industry [3]. 

Numerous publications address the determination of the real shape 

and shape deviations of liner bores using various methods of 

simulation and measurements [2]. The model and simulation 

method can be used to predict the evolution of bore diameters 

during finish honing [5]. In the modern conditions, a computer 

simulation of processes is more frequently used as it accelerates 

design and allows avoiding some errors [7]. 

1.2  Serial manufacturing process of honing of cylinder 

liners – material removal rate (measured during real 

production of cylinder liners) 

Several hundred of the cylinder liners of internal combustion 

engines (Fig. 1) underwent a honing process. The honed workpieces 

was mounted in such a way that round plates were placed on both 

faces and screwed together, so that the workpiece was stiffened 

(Fig. 3). Honed cylinder liners  were attached to the honing machine 

by catching on the discs, so that the chain clamp did not cause 

deformation of the honed workpiece (Fig. 3). 
 

 
Fig. 1 Drawing of honed cylinder liner with shown 4 measured sections 

 

 
Fig. 2 Cylinder liners, with their treatment (No.19, No.20, etc.) and cross-

section numbers used for making a manufacturing and  process quality 
report (after honing process) [1] 

 

 
Fig. 3 Cylinder liners mounted on a Sunnen’s CNC HTH 4000-S  horizontal 
honing machine  

 

        Comparing Fig. 4 - Fig. 7, it can be seen that each 

workpiece’s cross-section (showed on Fig. 1 and Fig. 2) is 

characterized by a slightly different MRR behavior, which means 

that during honing, when honing several different sections of 

different thicknesses, different hole diameters are obtained (in 

different sections).       
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As a result of the honing on a Sunnen’s CNC HTH 4000-S  

horizontal honing machine, of cylinder liners with 4 variable cross-

wall thickness,  the received information is that only on the thickest 

section No. 4 there is a predictable MRR behavior in honing 

duration time T.   

                                                                                                 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 The material removal rate in section 1, in 4 stages honing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5 The material removal rate in section 2, in 4 stages honing 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6 The material removal rate in section 3, in 4 stages honing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 The material removal rate in section 4, in 4 stages honing 

1.3  Serial manufacturing process of honing of cylinder 

liners – workpiece temperature increase during honing 

(measured during real production of cylinder liners) 

 

Fig. 8 and Fig. 9 show the thermogram obtained with the 

thermographic camera. Fig. 8 shows the thermogram of the cylinder 

before machining, Fig. 9 shows the thermogram of the cylinder after 

the honing process. The measured temperature increase in honing 

process  was even T + 40° C . 
Despite the use of a stiffening sleeve, due to the occurring 

temperature increase, the measured dimension of the diameter of the 

smoothed hole immediately after the treatment was different by a 

few hundredths of a mm after cooling the cylinder stored in the 

Quality Control Chamber. 
Thermal distortions (measured diameter in different places of 

the honed workpieces) showed that is no linear correlation about 

thermal distortions in the same workpiece, but on different sections 

(in different cross-wall thickness). 

 

 
Fig. 8 Thermogram of cylinder liner (treatment No. 42) before honing 

process  

 

 

 
 

Fig. 9 Thermogram of cylinder liner (treatment No. 42) after honing process 

(red color show an increase + T °C  of workpiece temperature) 

 
 

 

The reason to make the FEA numerical simulation of the honing 

process of combustion’s cylinder liners was to recognize the 

differences of honing of parts with variable and with the same 

cross-section’s thickness of honed workpiece’s walls. 
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2    Numerical simulations of honing process 

2.1 Preparing of 3D model of honing head used in FEA 

softwares 

 

 

Numerical simulations of the honing process FEA (Finite 

Element Analysis) of thin-wall cylinder liners, with constant and 

with variable thickness of the wall of honed workpieces can 

improve and can help to conduct the experimental research of 

honing process and can to improve the honing process. A very 

valuable research assumption, before performing the numerical 

analysis of computer simulation of honing process, is the 

measurement of the real geometry of the honing head using a CNC 

coordinate measuring machine, and measuring of the honed 

workpiece’s temperature occurring in the honed workpiece during 

honing process using a thermal infrared camera. Fig. 10 and Fig. 11 

shows the measuring stand - the CNC coordinate measuring  

machine Zeiss Contura. Deformation of a thin-walled workpieces 

with variable wall thickness causes the most difficulties in the 

honing process, due to the variable MRR value (efficiency of honing 

process) in cross-sections of various thicknesses [1, 4]. 
 

 

Fig. 10 Zeiss Contura with measuring swivel head RDS 

 

 

Fig. 11 Measurement of the axial pressure shaft of the honing head  on a 

CNC coordinate measuring machine Zeiss Contura  
 

All parts of the honing head were measured and then the 

received dimension of each of the parts was used for making the 3D 

solids of honing head,  needs for conducting a numerical simulation 

of the honing process.  

 

Fig. 12 shows the 3D model of the honing head, created in the 

CAD system in 1:1 scale, according to measurements made on the 

CNC coordinate measuring machine. 

 
 

Fig. 12 3D model of honing head made by the  author of the article 

 

Fig. 13 shows the 3D model of the honing head and the honed 

workpiece (cylinder liner of a combustion engine) used in FEA 

numerical simulation of the honing process. 

 

 

Fig. 13 Honing head’s and cylinder liner’s 3D model, made by the 

author of the article 
 

 

2.2 Distortion of thin-walled workpieces with constant 

cross-section thickness of the wall of honed parts 

 

Fig. 14 shows the 3D model of the honing head and cylinder 

liner with the measuring grid, which has been subjected to 

numerical FEA simulations. 

 

 

 

Fig. 14  3D model of the honing head and cylinder with computing FEA 
measuring grid 
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 Fig. 15 Model of the honing head with showed axial and radial honing 

force  

 

In practice, when performing for several years dozens of 

cylinders of internal combustion engines, it was noticed that it is not 

possible to honing the holes in one stage, due to thermal 

deformations. It was noticed too that honing of holes of workpieces 

with thick wall thickness runs smoothly. 

Fig. 16 presents an example of a computer simulation, of the 

cylinder with a constant cross-section wall thickness, of 

deformation value depending on the value of the honing working 

pressure of oilstones to the machined surface of the honed hole. For 

the 0,5 MPa pressure (axial direction, Fig. 15a) a deformation value 

in the X direction (radial vertical direction) of 0,027 mm was 

obtained. 

 

 

Fig. 16 Simulation of displacement of honed workpieces in the X direction 
(0.5 MPa pressure); X direction means the radial vertical direction 

 

 

The effect of the simulation of the honing process of the 

workpieces with cylindrical holes (with a constant cross-section 

thickness of honed workpiece walls) for three values of the honing 

pressure: 0.5, 1.0 and 1.5 MPa as shown in Fig. 17, the impact of 

the oilstone pressure on the deformation of the honed cylinder’s 

diameter dimension is a linear function. 

 

 

 

 

 

Fig. 17 The pressure of the oilstone on the surface of the honed hole and the 
hole’s deformation 

 
 

Simulation of honing process of workpieces with the same 

cross-sectional thickness showed a linear correlation coefficient r 

value of r = 0.97, which means that honed parts with the same 

thickness have the possibility of machining in the predicted manner, 

i.e. conducting honing with predictable treatment time T remaining 

until the expected dimension of the diameter of the hole to be 

honed. 

 

2.2  Simulation of thermal deformations of the honed  

workpiece in the honing process 

On Fig. 18 shown received temperature of the honed 

workpiece’s  received during real honing of the engine’s cylinder 

liners. Fig. 18a and Fig. 19 shows photographs of a honed 

workpiece, made with a thermal infrared camera. Fig. 18b 

schematically presents the heat flow through the cylindrical baffle. 

 

Fig. 18 Temperature in honing process: a) view on the thermogram of the 

manufacturing system, b) sketch of the heat flow (T1 > T2)  through the honed 

workpiece with a pipe cross-section thickness ”g” 
 

Stream of heat Q flowing from the inside of the cylinder to the 

outside (from Fig. 18b) is represented by the formula (1): 

                1 2

2

1

2

ln

T T
Q kL

r

r




 
 
 

                  (1) 

where:                                                                                                 

k - heat transfer coefficient [W/mK] ; L – workpiece’s honed hole  

length [m]; T1 – internal temperature [°C] ; T2 external temperature 

[°C]; T0 – ambient temperature [°C];  r1- internal radius of the 

honed hole [m]; r2 - external radius of the honed workpiece [m];      

g –  cross-section of honed workpiece from Fig. 1;    
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Fig. 19 Photo and thermogram of the oilstone (upper image) and honed 

cylinder liner  (bottom image) after the finishing of the honing operation. 

 

The next stage was to import of data (received in the real honing 

process) to Solidworks Simulation 2016 and to Autodesk 

Simulation 2014 FEA softwares and to conducting the numerical 

simulations of the honing process. 

 

 

Fig. 20 Isometric view of a deformed honed cylinder liner with a variable 

wall thickness 

Fig. 19, Fig. 20 and Fig. 21 shows an image recorded during 

computer simulations, illustrating stresses created during the honing 

process, that have different values in different cross-sections. 

 

 

Fig. 21 Computer simulation image: deformation of a honed  thin-walled 
cylinder with variable cross-wall  thickness 

 

Fig. 22 FEA computer simulation image: von Misses stresses in a honed 

thin-walled cylinder liner with variable wall’s cross-section thickness 

 

Fig. 23 shows a cylinder of an internal combustion engine with 

marked sampling measuring points (where simulation results were 

collected). The FEA numerical simulations showed that anywhere 

in the honed cylinder liner, loaded with a temperature of T = 40°C 

on each oilstones, there is a different temperature on the outside 

surface in different sections. 

 

Fig. 23 Window view from the Autodesk Simulation 2014 program: a) load 

b) heat flux flow measurement for cross-sections with different wall 
thicknesses 

At a difference of 22°C between the temperature of the oilstone 

and the cylinder (Fig. 22), 6 microns of thermal deformation occur.  
The flow of heat from the oilstone at 40°C to the workpiece  with 

ambient temperature T0 = 20°C (measurement of heat flux at many 

points) shown on Fig.23. 
 Fig. 23, Fig. 24 and Fig. 25 shows a different temperature field 

on the honed cylinder liner received in FEA thermal simulation 

analysis. 
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Fig. 24 Window view of heat flux temperature measurement, from Autodesk 
Simulation 2014 FEA software 

 

Fig. 24 and Fig. 25 shows the image recorded during computer 

simulations from FEA software, showing the flow of temperature, 

which have varied behavior in different workpiece’s cross-sections. 

 

 

 

 

Fig. 25 Window view of flow of temperature measurement, from Autodesk 

Simulation 2014 FEA software  

This different  temperature flow behavior in a different cross-

sections causes a differential thermal stresses and distortions of 

honed holes’s diameter. 

Fig. 26 shows an image recorded during FEA computer 

simulations, illustrating stresses that have different values in 

different cross-sections, of the honed engine’s cylinder liner. 

 

 

 
Fig. 26 Window view from Solidworks Simulation 2016 - the measurement 

of stresses in various cross-sections of a thin-walled sleeve with a variable 
wall thicknes 

Fig. 27 shows the cylindricity deviations obtained during the 

serial manufacturing honing process of a thin-walled cylinder liners 

for the section with the largest thickness, due to the occurring 

pressure of the oilstone to the surface of the borehole being honed. 

There is no linear correlation for a thin-walled workpieces with 

varying wall thickness between individual wall thicknesses in each 

section of honed workpiece, and the measured strain. This means 

that due to the stresses behavior occurring in honing process 

(influencing on MRR value), the honing process creates 

technological problems. 

 

 

Fig. 27 The lack of  linear correlation between the effect of cross-section of 

wall thickness on the cylindricity deviation of the hole being honed relative 
to machining efficiency on each cross-wall thickness  
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Fig. 28 shows the cylindricity deviations obtained during the 

serial honing manufacturing process of a thin-walled engine’s 

cylinder liners due to the temperature increase of honed workpieces 

during machining. There is no linear correlation for thin-walled 

parts with variable cross-wall thickness, between the temperature 

increment in the machining system and the measured cylindrical 

deviation of the honed hole. This means that due to the temperature 

behavior, machining of workpieces with variable cross-wall 

thickness creates operational problems, due to the inability to easily 

set the time remaining to finish of machining, in order to remove 

the material to obtain the required diameter of the honed hole. 

 

 

Fig. 28 The lack of linear correlation of the influence of the 

temperature increase of the honed cylinder liner, on the deviation of 

cylindricity of the honed hole on each cross-wall thickness 

 

3   Conclusions  

 

Thick-walled honed workpieces do not create performance 

problems. In a predictable way, there is possible to plan the 

machining time T remaining until the desired diameter of the hole 

being honed. Deformations of a thin-walled workpiece with varying 

wall thickness occurring during honing, which were measured after 

honing, showed that there is no linear correlation of strain for 

different section thicknesses as well as there is no linear correlation 

of the temperature rise to deformation (significantly impedes the 

honing, due to the inability to estimate the time T remaining to 

finish of the honing process. 

Computer simulations illustrate the different values of strains 

recorded during the honing of a thin-walled workpieces with 

variable wall thickness in different sections of honed part. The heat 

flow observed during computer simulations shows that more heat is 

present in a thicker cross-section. The more heat - the greater its 

thermal deformation. The obtained results also change the different 

stress values for cross-sections on the different cross-section of wall 

thicknesses .  

There is no linear correlation for a thin-walled workpieces with 

varying wall thickness between individual wall thicknesses in each 

sections of the honed workpiece, and the measured strain. This 

means that due to stresses behavior occurring in the honing process, 

the machining creates technological problems. 

There is no linear correlation for thin-walled parts with variable 

cross-wall thickness, between the temperature increment in the 

machining system and the measured cylindrical deviation of honed 

hole. This means that due to the temperature behavior occurring, 

machining of workpieces with variable cross-wall thickness creates 

operational and technological problems due to the inability to easily 

set the time remaining to finish machining, in order to remove the 

material to obtain the required diameter of the honed hole. 

Thermal and stress distortions make it impossible to perform the 

treatment (honing of cylinder liners) in one step, due to the lack of 

linear correlation of machining efficiency for each cross-section of 

the honed workpiece, that’s why the honing process of a thin-wall 

cylinder liners with a variable cross-section thickness should be 

carried out in several stages.  
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1. Introduction  
The development of the innovation sector of the engineering 

industries in the direction of the broad development of advanced 

technologies will ensure a transition to a qualitatively new level of 

industrial production. The widespread introduction of technologies 

and equipment of the new generation will allow to achieve such a 

level of resource saving and product quality, which can contribute 

to a significant increase in the degree of import substitution and 

competitiveness in the external market for the products of 

engineering industries.  

 

2. Problem discussion  
In any industry, the introduction of advanced technologies and new 

technology does not give such rapid and  

significant results, as in engineering. The recoupment cost of 

introducing advanced technologies takes 1.5-2  

years, and the costs of new production equipment pay off in 2-2.5 

years. In addition, the effects obtained from  

the introduction of advanced technologies, provide improved 

product quality and improved environmental  

performance of engineering production.  

Most of the effects of new engineering technologies are observed in 

metal saving and increasing the strength,  

wear resistance and durability of machine parts.  

Metal saving is provided by 37.5% of new construction materials 

and 25% of new machine tool building  

technologies and tool production. Increasing the strength, wear 

resistance and durability of machine parts is  

ensured when most of the technologies are introduced into 

production. The leaders here are machine-tool and  

tool production (35% of technologies are aimed at improving the 

wear resistance of cutting tools) and the  

technology of modifying the surfaces of machine parts (50% of new 

developments of this group of technologies  

provide a significant increase in the tribological characteristics of 

products).  

Metal saving is one of the most pressing problems due to high 

prices for ferrous metals. For mechanical  

engineering, the rise in metal prices is one of the most significant 

factors affecting the results of economic  

activity, since in most branches of mechanical engineering, the cost 

of metal accounts for more than 90% of the  

material costs of production. Among the new engineering 

technologies there are technologies that can save up  

to 40% of the metal; Methods have been developed that ensure the 

use of metal at the level of 0.8-1. The  

widespread introduction of these technologies could significantly 

affect production efficiency and raise  

engineering to a higher level of development corresponding to the 

level of developed countries.  

 

3. Objective and research methodologies  
Scientists Saratov State Technical University. Yu.A.Gagarina and 

Zapadno-  

Kazakhstan Agrarian - Technical University. Zhangir Khan 

developed several  

directions for improving and improving the efficiency of 

technological processes  

Finishing surface treatment parts:  

1. “Creation of a highly profitable high-tech automated production 

of rolling bearings of a new generation of  

fibrous materials based on advanced high-tech waste-free 

technology”  

Waste-free resource-saving mass production is intended to ensure 

the release of innovative products - rolling  

bearings of a new generation, made from non-traditional fibrous 

materials for the bearing industry. As part of  

the project, it is planned to create an automated line intended for the 

manufacture of automotive thrust bearings  

of type 1118-2902840, used in the supports of 1118 “Kalina”, 

“Priora” cars and many other cars, including cars  

from other countries that have an acute need for quality , 

inexpensive and affordable bearings.  

The basis of this technology is the manufacture of bearing parts 

from a standard metal tape. Domestic  

metallurgical plants supplied metal tape, pre-cut along the edges, 

thermally treated, clarified. Therefore, the  

production of bearing parts on the proposed automated line has the 

following features:  

- no turning required;  

- the subsequent heat treatment is not required;  

- high material utilization rate is ensured - up to 0.92 and higher;  

- small dimensions of the equipment;  

- ease of setup and maintenance;  

- the possibility of producing bearings in non-specialized 

enterprises, including small ones.  

In addition, this technology provides high performance properties of 

the bearing, including increased durability,  

since the bearing parts have a fibrous structure, and therefore have 

high wear resistance and high cyclic  

strength. hus, the proposed design of the thrust bearing and the 

technology of its manufacture practically has no  

competitors among the products of leading Western firms. 

Superiority is ensured at once by two major  

parameters - in terms of the quality of products and in their price.  

 

2. "Creation of high-tech automated waste-free production of 

railway bearings of a new generation with an  

increased resource of work."  

The task of the research is to create a unique, automated, highly 

profitable production of railway rolling  

bearings with a high service life, based on waste-free, 

environmentally friendly technologies with low energy  

consumption, with minimal consumption of human and natural 

resources.  

The scientific novelty of the production technology of cassette 

bearings is ensured by the following factors:  

- using an innovative form of working surfaces of bearing parts in 

which contact stresses are favorably  

distributed and their working capacity dramatically increases. 

Compared with the best foreign analogues  

(bearings of the company INA, SKF, FAG and others), these 

bearings provide an increase in durability and  

reliability of 3-7 times; reduction of friction torque by 30-40%; 

increased speed by 26-55%; increase in static  

load capacity by 30-50%; \  

- a combined bearing structure consisting of a radial-stop and roller 

bearing. This is especially effective for axle  

bearings, including cassette bearings, as they operate under 

combined load.  

- high quality of the surface layer of the working surfaces, as in the 

manufacture of bearings, effective  

hardening and stabilizing technologies are used.  
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Low production cost of bearings is provided by the following 

factors:  

- Production is carried out on a short automated line, which 

occupies little  

location, easy to maintain and reliable in operation;  

- high accuracy, as it is automatically provided by the geometrical 

parameters of the tools, which are copied by the part;  

- high performance, since the manufacture of bearings is carried out 

in front of the methods of precise cold rolling on high-performance 

equipment;  

- small required production areas, as in the manufacture of bearings 

used small-sized equipment;  

low consumption of materials, so production is waste-free;  

The decisive competitive advantages of the proposed bearings are 

their high quality and low cost, which allow to vary the cost of 

bearings over a wide range.  

 

3. “Creation of industrial production of high-tech competitive 

equipment for relaxation of residual stresses in precision machine-

instrument engineering products”  

The ultimate goal of this study is to manufacture a prototype of an 

automaton for ultrasonic relaxation of residual stresses and further 

organize its serial production.  

The most important task of precision engineering, in particular, 

bearing engineering, at the present stage is the development of more 

efficient technological processes for manufacturing parts that ensure 

not only the achievement of high accuracy with minimum costs, but 

also the preservation of the initial accuracy indicators during the 

entire service life of the product. One of the main factors leading to 

a decrease in the initial accuracy of parts is the relaxation of 

residual stresses. The increase in the deviations of their shape, 

caused by the relaxation of stresses, inevitably leads to a decrease in 

reliability and a decrease in the service life of the machines, a 

decrease in their operational properties.  

The problem of stabilization of geometrical parameters is 

particularly acute facing the production of rolling bearings of 

accuracy class 6 and above, which are widely used in various 

machines and assemblies. Even a slight change within a certain time 

interval leads to a sharp loss of accuracy of these bearings.  

In order to avoid loss of product quality during operation, residual 

stresses are relaxed in the process of manufacturing products. The 

main method of relaxation of residual stresses in the production 

process is the low-temperature tempering of parts in furnaces. But 

this technology is very labor-intensive and energy-intensive.  

The authors of the research have developed a technology for 

relaxation of residual stresses in parts under the action of ultrasonic 

vibrations acting on a product mechanically: Compared with 

traditional processing based on low-temperature thermal tempering, 

ultrasonic relaxation of residual stresses has the following 

advantages:  

a) provides a higher quality of processing: compared to the heat 

output, the residual stresses decrease 1.4 times, the dimensions of 

the parts stabilize, the ovality of the parts decreases by 1, 6 times, 

the deviation from roundness by 1.5 times, the waviness - by 44%, 

the hardness of parts increases and the variation of quality 

indicators is significantly reduced.  

b) higher productivity compared to heat treatment;  

c) expensive thermal equipment is not required, since the processing 

is carried out on a simple ultrasound machine;  

d) the equipment is easily integrated into the automatic line;  

e) dramatically (an order of magnitude or more) energy costs 

decrease;  

e) small production areas are required;  

g) ultrasound technology is environmentally friendly and safe for 

others.  

To date, designs of devices have been developed for which patents 

of the Russian Federation and the Republic of Kazakhstan have 

been obtained for the relaxation of residual stresses in bearings and 

necks of crankshafts.  

 

4. "The creation of advanced technology and multi-bar 

superfinishing machine for precision machining of parts such as 

bearing rings and crankshaft journals."  

The aim of the research is to create an innovative product that is 

competitive in the global market for precision equipment, intended 

for re-equipment of precision engineering enterprises.  

The proposed superfinishing technology allows you to create 

superfinishing machines competitive in the global market.  

The basis of the machine is based on the new technology of form-

building superfinishing, which significantly expands its 

technological capabilities. In terms of its technical and 

technological parameters, the offered equipment surpasses the best 

foreign analogues of such leading companies as Supfina, Telenhaus, 

which supply products to the world market. The main advantage of 

automata offered for production is that they, when processing the 

rings of roller bearings and crankshaft journals, precisely form the 

convex profile of the surface being processed and have a rational 

shape that significantly improves the performance of parts.  

 

4. Conclusion  
Conducted research in these areas allowed us to manufacture 

prototypes of products and equipment and conduct their successful 

testing. The introduction of the technologies and equipment under 

consideration in production will significantly improve the efficiency 

of technological processes for processing parts.  
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Abstract: With transition to the 21st century, there are radical changes that influence on every aspect of the business, including how 

goods and services are produced. With the launch of Internet and high-speed communication, the market has indeed become global and 

fragmented. Customers require smaller quantities and more personalized products. Traditional production, with its broad approach and 

static organizational style, can no longer compete in global markets. Customers are now looking for more flexibility, shorter delivery times 

and more diverse products and services. The flexibility of an enterprise makes it possible not only to adapt to the rapidly changing 

environment but also to the opportunities it provides. The flexible enterprise is able quickly to reorganize its people, management, 

technology, equipment and operational philosophy to produce products and services tailored to customer needs or new markets. Flexibility 

is a strategic solution for survival in today's market conditions. Small and medium-sized enterprises are doomed to operate flexibly.  

Keywords: FLEXIBLE ENTERPRISE; DIGITAL BUSINESS; BUSINESS MODEL; DIGITAL TRANSFORMATION OF 

BUSINESS; FLEXIBLE SMALL AND MEDIUM ENTERPRISES; COMPETITIVENESS. 

 

1. Introduction 

This research is being carried out in the range of a scientific 

project №14/2019 of Department of Industrial Management in 

Technical University of Varna, financed by the state budget and 

devoted to the current problem of searching for opportunities for 

building and managing the typical for Bulgarian economy small and 

medium enterprises (SMEs) in order to be competitive and able to 

cope with competitive pressure of the global markets. The project is 

attended by lecturers and students from the department. It is 

currently implementing in two stages – theoretical and practical. 

Here is presented the first theoretical stage. The focus of the study 

is on the research objectives of the project: 

1. Analysis and evaluation of the existing business models in 

SMEs in Bulgaria; 

2. Exploring the opportunities for building and managing 

flexible SMEs in Bulgaria in line with the international standards to 

achieve strong market positions in the long term. 

3. Development of a concept for digital transformation of the 

business of SMEs. 

Within the analysis of the business environment in which 

Bulgarian SMEs operate and the business models that they 

implement, it is concluded that one of the reasons for their poor 

positioning in the global economic environment is the lack of 

flexibility and adaptability. This study makes a systematic analysis 

of these two important characteristics of the business in order to 

outline the main directions of the inescapable change of the existing 

business models in Bulgarian SMEs. Study Methodology that is 

used in the theoretical stage is critical analisys. Tools and metrics of 

flexible businesses are defined. In the second stage of the project 

they will be effectively monitored, analyzed and processed for the 

Bulgarian SMEs. 

As the industrial economy of 20th century recedes to the creative 

economy of 21st century, the attributes that make businesses ideal 

for the 20th century can cripple them in the 21st century. So they will 

have to change dramatically. Industrial economies are so efficient in 

the production of goods that majority of the workforce can now be 

freed and engaged in providing services or in producing abstract 

goods such as data, software, news. 

The flexibility is becoming an increasingly important factor of 

competitiveness. The flexibility of today's enterprise is reflected in 

strategies for fragmenting mass markets into niche markets, gaining 

competitive advantages based on customer perceived value, 

producing multiple products and services in different market 

amounts, designing solutions interactively with customers, 

organizing change and fast response, leadership, motivation, 

support and trust, make full use of information and communication 

technologies, capabilities, resources and assets, regardless of the 

estopolozhenieto their work by teams entrepreneurship, partnerships 

with other companies. [4] 

The digital business transformation is an objective process that 

responds to changing business environments. Its implementation 

requires a clear strategy and prioritization supported by financial 

resources, leadership and active participation of all employees of 

the organization. Transformation of the business operations in 

organization covers the automation of R&D, production and 

distribution processes. The digitization of routine research 

processes, information gathering and prototyping shortens the 

innovation process the innovation process. Digital technologies also 

enable the capacity of employees at different levels to be developed 

in separate functional areas. Increasing remote work, decision-

making based on customer-generated data, helps to make decision-

making faster for production in different production units. [5]  

2. Strategic vision for the development of flexible 

small and medium-sized enterprises 

Most of the successful flexible practices are in fact a 

continuation of existing production practices. Producing 

optimization is one of the successful approaches that have been 

applied in the past, as innovations are being implemented very 

slowly, but many companies are still implementing it. With the fast 

changing competitive conditions, there is a need to create new types 

of businesses capable of coping with and thriving in a complex and 

constantly changing business environment - enterprises that can 

continually change and adapt themselve. This requires strategic 

vision for the development of enterprises to be fully associated with 

changes in the business environment. This includes creating a 

strategy to ensure that SMEs operate in three interrelated directions 

such as: 

 Niche enterprises - to develop and exploit abilities to 

prosper in the face of the growing diversity of customers and 

markets and to deal with the problems of a fragmented and diverse 

world. 

 Knowledge-based enterprises - to develop and use 

knowledge and information for a sustainable competitive advantage 

and as a source of wealth. 

 Flexible (adaptive) enterprises - to develop and exploit 

opportunities for prosperity in a changing, insecure and 

unpredictable business environment. [2] 

Flexible production is formed in these three interrelated 

directions. However, flexibility is only one component of the 21st 

century manufacturing strategy. Many companies are successfully 

developing niche businesses by using concepts and strategies 

related to personalizing products at mass production prices. 

However, many of them have not actively explored the issue of 

entrepreneurship, although more and more companies begin to 

explore this area and better define and further develop their 
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concepts. When analyzing companies involved in ever-expanding 

personalization, it is obvious that there is often no flexibility. 

Flexibility is typical of best practices. Flexible production is a 

strategy aimed at developing the ability of SMEs to prosper for a 

long time. In this respect, it is similar to the production strategy as it 

has to support business and marketing strategies. However, these 

strategies also need to be modified to take advantage of flexible 

production capabilities. As a strategy, flexible production has 

objectives, structures, processes and resources, not just individual 

solutions, specific technologies, methods, etc., viewed in 

isolation.[1]  

The emphasis is on the design of enterprise as whole so as to 

achieve certain characteristics rather than the partial adoption of 

operational decisions. Flexible production requires the application 

of some current best practices, product concepts, technologies and 

ideas to be reassessed, modified or even abandoned. In the same 

way that mass production has led to the disappearance of many craft 

firms, flexible production is likely to lead to the elimination of 

many mass-produced firms, even those with better production. The 

most profitable businesses will manage information instead 

focusing on physical assets only. Good information management 

can enable beginners to defeat established players. Using the 

information to manage themselves and serve their customers better, 

companies will be able to make things cheaper, faster and with 

much less waste. [2], [3] 

The flexible production also leads to more flexible competition. 

This is not a vague concept of how a company should work not only 

to survive but to outperform others. This includes: 

 Innovative alliances between suppliers, customers and 

producers in the search for valuables; 

 Strong concepts of flexibility with technological 

capabilities. 

Innovative unions and concepts are integrated and characterized 

by specific organizations, teamwork, empowerment, personalization 

and social responsibility. There are no exact prescriptions to achieve 

flexibility; however, there are a few general guidelines to help 

organizations become more flexible: [4] 

1. Customer benefits - companies sell solutions - provide 

unlimited variety of products, information and services; 

2. Cooperation to strengthen competition: 

 Internal - inter-functional teams, empowerment; 

 External - supply chain management; 

3. Managing Change and Uncertainty 

 Fast reconstruction of installations and facilities; 

 Fast decision making at all organizational levels. 

4. Use of people and information 

 Allocation of power, resources and awards. 

 

3. Tools and measures of flexible enterprises 

3.1. Transaction analysis 

Transaction analysis helps to recognize the inherent complexity 

of engineering partnerships and shows the need to develop tools. It 

reveals where intensive transaction activity is being conducted and 

allows to see how activities at a given moment are related to 

activities elsewhere. Actual transactions do not necessarily 

correspond to official organizational schemes or approved transfers 

of information but relate to the extent to which they differ and are a 

good indication of how participants should change the formal 

process in order to make progress.[4] 

3.2. Cost chains for different activities 

The cost chains for different activities are expansion of activity-

based expenditure. They are result from the use of direct cost 

measurement methods during the transaction analysis. In many 

cases, transactions can be cost-related. Cost analyzes for different 

activities show how much it is worth doing some basic activity, 

such as changing design, adjusting parameters or reducing 

tolerances, etc. Knowledge of costs can help justify improvements 

in design and business processes. Most companies, however, do not 

know their actual costs to the required accuracy, and usually collect 

costs in functionally defined cost items instead of linking them to 

processes or functional boundaries. 

3.3. Organizational maps 

Organizational maps clearly show who what do in the network 

of vendors. Products are usually linked to assembly nodes and tools, 

and are divided into very small elements and each item is assigned 

to another supplier. If companies make these cards during the early 

design of the product, they could plan who the partners should be 

and start thinking about who to do. Vendor selection criteria can be 

formulated based on where suppliers are on the map and what is 

their involvement in shaping compliance with customer 

requirements. [4] 

3.4. Customer orientation 

World-class manufacturers focus on being close to customers, 

customer prosperity and going farther and exploring how much 

value to add to customers through the use of products and services 

of the company. The company is required to understand more about 

the use of its products than the customers themselves know. To 

meet the real needs of customers, a company must sell solutions 

rather than products. It may be necessary to add additional services 

or technical support or special conditions. It may be necessary to 

add additional products supplied by other companies, sometimes 

even by competitors to meet the needs of customers. To be flexible, 

a company must design or develop products that are specifically 

focused on individual customer requirements. The design process 

must be integrated with the manufacturing process. Often products 

can be modulated to allow configuration, not a separate design of 

each product, thus simplifying the design process. Sometimes, 

automated design systems (Computer Aided Design – CAD) need 

to be introduced so that CAD systems can replace much of the 

designer's skills from the design process. Sometimes these CAD 

systems are integrated with CAM systems for automated 

manufacturing (Computer Aided Manufacturing - CAM) so that 

projects can be automatically delivered to computer-controlled 

production machines (CAD/CAM systems). The design process can 

be greatly improved if customers are involved in it. This close 

collaboration allows the development of products that can develop 

over time and the customer and the company work together. This 

leads to the development of long-term relationships. 

The new information systems technology enables the company's 

staff to be in direct contact with each other, wherever people around 

the world are. This can be a powerful tool that connects people, 

customers and other third parties in close cooperation.[2], [4] 

3.5. Information system and virtual collaboration 

Available, complete, relevant, and easy-to-access information is 

quickly becoming a key competitive weapon that allows customer 

contacts to be thorough and fruitful. This leads to the ability to 

closely link customer information systems to the company's 

systems. Wide Internet and World Wide Web access reveals a 

standard and direct method of access to information and provides 

customers with a standard connection to the company.  

The fast change in technology added new customer 

requirements. The seeking of highly customized, personalized 

products has led to much greater collaboration within and between 

companies. No company can possess all the necessary skills and 

knowledge. In order to meet these diverse and constantly changing 

needs, a great deal of cooperation within the company is needed. 

With the advent of the Information Revolution, various 

companies can easily communicate and collaborate over long 

distances and provide products and services that are widely 

dispersed geographically and politically. The beginning of the 

Information ege made possible to create a variety of virtual 

corporations that can quickly and efficiently meet customer and 
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market needs. Virtual corporations require significant trust, respect 

and openness. Information technologies that allow groups of people 

to work together effectively, even if geographically separated, they 

are tools that enable these informal, collaborative efforts to be 

developed. [4]  

3.6. Highly qualified specialists 

Flexible companies place a strong emphasis on the training and 

development of their people. Some of them are through traditional 

training courses, books and seminars, team initiatives to improve 

functionality or intelligent use of information technology, making 

the latest information immediately available for education or 

analysis. Leadership, motivation and trust must replace the 

traditional style of management and control. 

A major trend supporting the ability of a flexible enterprise is its 

ability to coordinate its knowledge through its employees. This 

increased need for coordination is due to the shorter life cycle of the 

product and is reflected in the changing composition of the 

workforce. Technology-intensive companies also step up 

cooperation with universities to find the necessary professionals or 

develop qualification programs for their own staff. [2] 

3.7. Internet Challenges and Opportunities for 

Business 

Whether a company is involved in planning, supplying, 

manufacturing or delivering products, the internet is changing the 

way it works today. The traditional model of the vertically oriented 

enterprise is aging. Rapidly changing demand or the fast turnover of 

product technology means that the company earns the least of the 

assets and most of the information. As manufacturers struggle to 

meet growing demand for products tailored to their customers' 

needs, they face an exponential increase in product complexity, 

unprecedented competitive pressure for faster product realization, 

and growing dependence on their supply chains. In order to 

compete, a flexible enterprise must create an environment in which 

both customers and partners can participate in the innovation 

process and where new products can be delivered dynamically, as 

demand requires, all at competitive prices. Focused on all phases of 

the product lifecycle, from concept and definition to production, 

service and disposal, co-product marketing allows manufacturers to 

collaborate online with customers, suppliers and partners 

throughout the development and delivery process. The evolution of 

the Internet can be compared to the 19th century industrial 

revolution where, for a relatively short period of time, huge 

productivity gains have been achieved. Now the industrial economy 

of the past is giving way to the creative economy and the 

corporations are at another crossroads. The attributes that make 

them ideal for the 20th century can cripple them in the 21st century. 

Converting from the traditional supply chain concept into a 

customer-centric value chain, where all resources and processes are 

optimized to serve customers faster and better, is a challenging task 

for a company of any size. The perception of many of these 

organizations is that transferring from manual or unintegrated 

automated business processes to fully integrated automated 

processes provided by information technology would be too 

difficult, destructive to the business, and costly. For SMEs, 

implementing IT should not be a choice between everything or 

nothing. Given the unique challenges facing companies, it is clear 

that low-tech market technology needs to be business-focused, 

inexpensive, easy to implement, and easy to learn and use. 

Performance must be relatively fast - and therefore there must be 

return on investment (ROI). SMEs wishing to adopt the value chain 

paradigm can succeed if they choose the right solutions according to 

the scale and scope of their business and if they apply intelligent 

technology in the areas where they will add the greatest value. [2] 

In many developing companies, the application of technology is 

more an evolution than a revolution. Companies usually start with 

an unofficial accounting package. Later, they can add software 

packages for specific functions - inventory management, or 

barcoding and identification, but in general, many business 

processes in small or medium-sized organizations are still done 

manually. However, more and more companies recognize the value 

of integrated information and adopt it in one form or another in 

applications specifically designed for production such as Material 

Requirements Planning (MRP), Material Resources Planning (MRP 

II) and Manufacturing Execution System (MES). The problem is 

that these solutions, although offering a certain level of integration, 

focus almost exclusively on manufacturing and plant operations 

rather than on overall business processes. While product offer 

solutions often result in significant savings as a result of operational 

efficiency and waste reduction, they can not in themselves make the 

enterprise flexible or increase the value of an enterprise or create an 

intrinsic value in customer relations. 

In order to achieve sustainable growth, companies should focus 

their efforts on those who can stimulate this growth - their 

customers. Building a value chain involves integrating every aspect 

of the business to achieve optimal value for customers. This is the 

safest way to build sustainable growth and long-term value. 

Advances in technology enable the development of a whole range 

of new solutions for small and medium-sized businesses - from 

scalable Enterprise Resource Planning (ERP) systems to delivering 

solutions for stand-alone supply chain applications. [2] 

The network and its ever-growing relationship between 

information flows change the way in which future businesses will 

be required to function. 

There are tremendous advantages in using the Internet to deepen 

and secure customer relationships, making it more accessible, 

providing better service and lock-out key relationships. To achieve 

this, an enterprise needs to create an open information system that 

integrates with all the supply chain partners' applications. As a 

result, those who are the most flexible and have the fastest reaction 

time will succeed. Realizing that manufacturers are ready to 

compete strongly for their business, customers are increasingly 

looking for customization of products. Given these challenges, how 

does a small or medium-sized company differ from its competitors? 

More and more, the answer is to serve value-added customers. 

There is a merger of products and services, making the service a 

major differentiator. First customer placement is the driving force 

behind the growing popularity of Customer Relationship 

Management (CRM). Sometimes called the Next Generation Sales 

Automation, these systems integrate sales and marketing 

information with all transactional information related to customer 

product acquisition, when, where, and how they want it. CRM 

focuses not only on internal processes but also on input and 

customer processes, focusing on delivering a high level of 

personalized contact and customer care. Receiving customer 

feedback in real time and feedback actions will be the norm of a 

flexible enterprise. Customer retention requires: 

 Individual product: More non-standard products. 

Customers need products designed for their specifications. 

 Personalized Marketing: Ads for products that customers 

are looking for - via e-mail or magazine pages. 

 Non-Refusal Service: Sales staff must be trained to 

respond to customer problems as if they were the most important 

things in the world without any refusal. 

 Fast change: The flexible enterprise will not wait to make 

these changes. Customers can now shop in competition. 

Along with the increasing focus on CRM is another major trend 

- Ecommerce - which is already rethinking the way businesses do 

business. With sales on the Internet and the World Wide Web, e-

commerce is growing at an incredible speed. [5] 

Today, the value chain is also driven by the preferences and 

requirements of the end user as well as by the company's own 

strategic goals. For customer-centric professionals, the customer-

centric value chain can be a viable path to sustainable growth 

through higher productivity and increased market share. To achieve 

these goals, companies seek to reduce operating and inventory 
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costs, rationalize production, shorten delivery and delivery times, 

and maximize profits and return on assets.  

To add value to the enterprise, IT needs to be implemented 

intelligently and strategically and achieve the best result. With the 

right decisions, the company can only realize the modules it needs 

at the moment and add functionality as business needs expand and 

grow. 

It is crucial to allocate sufficient time, budget and internal 

resources to ensure the efficiency of IT infrastructure and the 

success of its implementation. Adopting a business-oriented 

approach to transforming the traditional supply chain into a 

customer-centric value chain with a look at return on investment is 

a prudent solution in this technology. Smartly integrated software 

solutions make good processes better, slower processes faster, and 

valuable information is more accessible to everyone who needs it, 

across the enterprise and beyond. 

As the industrial economy of the 20th century recedes to the 

creative economy of the 21st century, the attributes that make 

businesses ideal for the 20th century can cripple them in the 21st 

century. They have to change dramatically. Industrial economies are 

so efficient in the production of physical commodities that most of 

the workforce can be released and can provide services or produce 

abstract goods: data, software, news. The most important 

intellectual property is at the head of each employee. The best a 

corporation can do is to create an environment in which the best 

people want to stay. Sustainable employee relationships are 

becoming a huge asset because these employees are what links the 

company with partners. Managers in this new economy need to 

adapt to new rules. The Internet gives everyone in an organization 

the ability to access information instantly from anywhere. The 21st 

century corporation must adapt to its network management. The 

rapid flow of information will penetrate the organization. Orders 

will be completed and finalized electronically without a single 

phone call or a piece of paper. 

The most profitable businesses will manage information instead 

of focusing on physical assets only. Good information management 

can enable a beginner to beat the established player. Using the 

information to manage themselves and serve their customers better, 

companies will be able to make things cheaper, faster and with 

much less waste. 

Mass customization will lead to waves of personalized products 

and services, as well as huge savings for companies that will no 

longer need to know what and how many customers want. [2] 

3.8. Dependence on intellectual capital 

The advantage of introducing pre-market products on the 

market will be shorter than ever, because technologies such as the 

internet will allow their competitors to compare or overwhelm them 

almost immediately. To overcome the new steep product curve, it is 

critical for businesses to attract and retain the best thinkers. Old 

command and control hierarchies must give way to organizations 

that empower a large number of people and reward them as owners. 

The flexible enterprise of the future will look for talents and 

resources, especially intellectual capital, wherever they are around 

the world, just as it will sell its products and services around the 

world. The web will seamlessly connect every outpost, so 

freelancers and freelancers can work together in real time. Internet 

is an instrument and the greatest impact of this tool is speed. The 

speed of action and the speed of the discussions and the speed of 

information have increased. The speed in every aspect of the 

product life cycle will be critical. 

 

 

 

 

4. Conclusion 

The flexible enterprises of 21st century will look like a complex 

network that connects partners, employees, outsourcers, suppliers 

and customers in a variety of collaborations. Managing this 

complex network of partners, individual businesses, contractors and 

freelancers will be just as important as managing internal 

operations. The company of the future has to adapt its products to 

each individual customer by turning customers into partners and 

giving them the technology to design and demand exactly what they 

want. In recent years, there is a very clear trend for every industry 

to digitize. However, this transformation requires a complete 

change of traditional business models. Transforming the business 

model into a new digital business and digital globalization are 

processes that go by adding digital content to existing products and 

services and introducing new digital solutions. 

The change that the business needs is to adapt existing 

organizational structures throughout the organization. Centralized 

structures are slowly adapting to the changing environment, because 

the design and management of changes in activities and processes 

takes place over a long period of time. Even interfacial teams do not 

have the ability to change quickly because of the hierarchy of 

decision-making. There is a need for a new and more flexible model 

of leadership and leadership across the organization to meet the 

transformation of leadership thinking with multidisciplinary teams 

of experts and experienced staff. Small and medium businesses 

require flexible solutions. 

The corporation of the 21st century will not have an ideal form. 

Some will be completely virtual, entirely dependent on a network of 

suppliers, manufacturers and distributors for their survival. Some of 

the most successful companies will be very small and very 

specialized. Some businesses will go on beyond the time it takes to 

reach the market. As soon as this happens, these temporary 

organizations will transfer their innovations to receiving companies 

that can use them more quickly and at less cost.  
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Abstract: Production levelling, also referred to as production smoothing (jap. Heijunka), is an effective method for reducing unevenness 

in the production process and maintaining better control over stock levels. It helps keep production at a steady pace and ensure the desired 

level of flexibility. The authors present a study aimed at developing a method for planning the inflow of products from the production 

process, intended to be used in the scheduling of levelled production. Focus has been put on finding the right combination of lot size and 

production interval which, assuming certain input parameters (order size and placement rate, initial stock levels), yields the best outcome in 

terms of timely/untimely order fulfilment and minimum and maximum stock levels.   
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1. Introduction 

In the market conditions prevailing these days, demand can be 

anything but steady. Enterprises striving to remain competitive need 

to adjust to a rapidly changing environment.  

To keep up with the fluctuation of demand, manufacturing 

enterprises increase their stock levels or enhance flexibility of the 

production system [1]. Higher stock levels have a stabilizing effect 

on the production process on the one hand, but drive the cost of 

warehousing upwards and lengthen the production cycle as the lot 

size increases, thus reducing flexibility of the production system on 

the other [2]. 

A flexible production system is synonymous with the ability to 

react to sudden peaks in demand, relying on putting orders through 

directly to the production system. The resulting irregular production 

schedules generate overtime or idle time [3].  

Heijunka is a happy medium which stabilizes the production 

schedule on the one hand and ensures the required flexibility of the 

production system on the other [4]. Production levelling has been 

gaining reputation recently for being an effective tool to smooth out 

the production process and improve stock level management [5]. 

Heijunka flattens out peaks in production by ensuring cyclical, fixed 

production schedules. The schedules are aimed to even-out the 

production process without increasing stock levels. Sadly, however, 

many manufacturing enterprises find it extremely difficult to set up 

fixed production schedules due to uneven production processes 

caused by high machine failure rate, lack of standards, etc. 

Therefore, before implementing the principles of Heijunka, it is 

essential to get production under control, e.g., with the use of Lean 

Manufacturing methods and tools [6, 7]. 

The underlying assumption of production levelling is to 

manufacture small lots of goods at short intervals. Determining the 

right lot size and production interval to meet customer demand and 

not exceed the maximum stock level may be challenging [8].      

This study is aimed at developing a method of planning the 

inflow of products from the production process, to be used for 

scheduling levelled production. For the purpose of the study, a 

simulation model has been created in Microsoft Excel.  

2. Production levelling 

Production levelling is a planning technique oriented at even 

inflow of goods from the production process. It requires the 

determination of sequence and rate of inflow of goods from the 

production process in a way to sell directly from the warehouse and 

avoid sudden changes in the production schedule [9-12]. The 

production plan must be repeatable and not cause sudden peaks or 

delays. With production levelling, enterprises can get the inflow of 

goods from the production process and stock levels under control.   

There is an array of interpretations of production levelling in the 

literature. Some of them define production levelling as a method 

for: 

 increasing production capacity [13], 

 reducing stock levels [14], 

 preventing work overload [15],  

 increasing competitiveness [16], 

 smoothing out peaks in production [17], 

 manufacturing for stock [18]. 

The concept of production levelling was developed by Toyota 

for the automotive industry more than 50 years ago [19]. Heijunka, 

in combination with work standardization and Kaizen, are the 

fundamentals of management at Toyota Production System (TPS) 

[20]. 

Many authors deal with implementation of production levelling 

in various industries. Abdulmalek and Rajgopal [21] described the 

implementation of Heijunka in the steel industry, as one of the 

components of Lean transformation, together with mapping the 

value stream, SMED, 5S, JIT, and TPM. Huchmeier et al. [13] 

conducted a comparative analysis of Heijunka and Just in Sequence 

(JIS) on the basis of a case study at a BMW engine manufacturing 

plant. The study proved the supremacy of Heijunka over JIS in 

terms of smoothing out the highest production peaks. Runkler [22] 

compared Heijunka and Kanban on the basis of a manufacturer of 

electronic circuits. With a steady demand and a proven sales 

history, Heijunka provided a better result than Kanban in terms of 

stock levels and order fulfilment capacity. 

3. Methodology of production levelling 

The methodology of implementation of production levelling in 

a manufacturing plant has been discussed by several authors [5, 18, 

23, 24]. However, the solutions proposed are difficult to implement 

in a real manufacturing environment, considering their high level of 

generalisation and complexity.    

Long research has led these authors to the development of an 

original production levelling methodology, described in [10-12]. 

The methodology consists of five stages, as shown in Fig. 1.  

At stage one, a group of products for which levelling is to be 

implemented first is selected. The group contains mainly best-

sellers and products sold in large quantities. Next, the products are 

grouped into families based on their structural and technological 

similarity. At the following stage, the stock replenishment rate is 

calculated using the EPEI (Every Part Every Interval) method. At 

stage four, stock levels (rotational, buffer and safety) are calculated. 

However, the crucial and most challenging is the last stage, at 

which a levelled production plan is developed. At this stage, three 

factors need to be taken into consideration:  

 lot size,  

 production intervals, and 

 sequence in which product families are manufactured.  
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The authors focus on finding the right combination of lot size 

and production intervals which, assuming certain initial input 

parameters, yields the best outcome in terms of timely/untimely 

order fulfilment and minimum and maximum stock levels. 

Determining a group of products

Division of selected products into families

Determining stock levels

Establishing a levelled production plan 

Determining the frequency of repeating

 

Fig. 1 . Production levelling methodology, source: own 

4. Simulation model of product inflow planning 

method 

4.1. General information 

The initial simulation model has been developed in Microsoft 

Excel (Fig. 2). 

 

Fig. 2. Product inflow planning model, source: own 

The model required the following input data (Table 1): 

 lot size, 

 production interval, 

 initial stock levels, 

 order size and placement rate (mean value and standard 

deviation). 

Table 1: Simulation model input data, source: own. 

 
Symbol Value 

Production interval  o = 1 

Lot size  p = 200 

Initial stock levels   m_p = 1400 

Order size, mean value wielk_zam_sr = 1000 

Order size, standard deviation  wielk_zam_odch_st = 10 

Order placement rate, mean value  czestosc_sr = 3 

Order placement rate, standard deviation  czestosc_odch_st = 1 

The output data include: 

 number of timely and untimely fulfilled orders (“timely” means 

upon order placement), 

 stock levels (minimum, maximum). 

Fig. 3 shows the proposed model and output data.  

The model is based on four assumptions:  

 there is a determined product family, 

 the required capacity of the production system is available,  

 the time unit is a working day, 

 orders are generated at random, according to a regular schedule 

with a certain mean value and standard deviation.  

The simulation is aimed to find the combination of lot size and 

production interval which, assuming certain parameters (order size 

and placement rate, initial stock levels), will yield the best outcome 

in terms of timely/untimely order fulfilment and minimum and 

maximum stock levels. 

 

Fig. 3. Example model and output data, source: own 

  

4.2. Simulation variants 

Three simulation variants were determined. In each variant, one 

of the input parameters was changed. Each simulation was repeated 

100 times; each time a random order size and placement rate was 

generated in accordance with a regular schedule and the relevant 

input data. The study results are shown in graphs representing the 

number of timely and untimely fulfilled orders (in percentage 

values) and the minimum and maximum stock levels.  

Variant 1 

In variant 1, the production interval and lot size change, the 

other parameters remain constant (Tab. 2). An assumption is made 

that the customer orders on average 1000 units every 10 days. The 

simulation is supposed to find an answer to the question: should the 

company manufacture 1000 units every 10 days, 100 units daily or 

500 units every 5 days?  

Table 2: Variant 1, input data, source: own. 

 
Symbol Value 

Production interval   o = 1 

Lot size  p = 100 

Initial stock levels m_p = 1400 

Order size, mean value wielk_zam_sr = 1000 

Order size, standard deviation  wielk_zam_odch_st = 10 

Order placement rate, mean value  czestosc_sr = 10 

Order placement rate, standard deviation  czestosc_odch_st = 1 

The following input data options were used in variant 1:   

 1: manufacturing 100 units daily,  

 2: manufacturing 200 units every two days, 

 3: manufacturing 500 units every five days, 

 4: manufacturing 1000 units every 10 days. 

The simulation results are shown in Fig. 4 and 5. A negative 

value of stock level represents the maximum number of units the 

plant is short of to fulfil the order. 

 

Fig. 4. Number of timely/untimely fulfilled orders, broken down by options, 

source: own 
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Fig. 5. Minimum and maximum stock levels, broken down by options, 
source: own 

Variant 2 

In variant 2, the mean value of order size changes, while the 

other parameters remain constant (Table 3). An assumption is made 

that the customer orders on average 1000 units every 10 days. The 

simulation is supposed to find an answer to the question: if the 

customer changes the order size, will the company be able to fulfil 

the orders with the manufacturing output of 100 units daily?  

Table 3: Variant 2, input data, source: own. 

 
Symbol Value 

Production interval  o = 1 

Lot size  p = 100 

Initial stock levels m_p = 1400 

Order size, mean value wielk_zam_sr = 1000 

Order size, standard deviation  wielk_zam_odch_st = 10 

Order placement rate, mean value  czestosc_sr = 10 

Order placement rate, standard deviation  czestosc_odch_st = 1 

The following input data options were used in variant 2: 

 1: mean order size 800 units, 

 2: mean order size 900 units, 

 3: mean order size 1000 units (base option), 

 4: mean order size 1100 units, 

 5: mean order size 1200 units, 

 6: mean order size 1300 units, 

The simulation results are shown in Fig. 6 and 7. 

 

Fig. 6. Number of timely/untimely fulfilled orders, broken down by options, 

source: own 

 

Fig. 7. Minimum and maximum stock levels, broken down by options, 
source: own 

Variant 3 

In variant 3, the mean order placement rate changes, while the 

other parameters remain constant (Table 4). An assumption is made 

that the customer orders on average 1000 units every 10 days. The 

simulation is supposed to find an answer to the question: if the 

customer changes the order placement rate, will the company be 

able to fulfil the orders with the manufacturing output of 100 units 

daily? 

Table 4: Variant 3, input data, source: own. 

 
Symbol Value 

Production interval   o = 1 

Lot size  p = 100 

Initial stock level  m_p = 1400 

Order size, mean value wielk_zam_sr = 1000 

Order size, standard deviation  wielk_zam_odch_st = 10 

Order placement rate, mean value  czestosc_sr = 10 

Order placement rate, standard deviation  czestosc_odch_st = 1 

The following input data options have been assumed in variant 

3:  

 1: mean order placement rate – every 7 days, 

 2: mean order placement rate – every 8 days, 

 3: mean order placement rate – every 9 days, 

 4: mean order placement rate – every 10 days (base option), 

 5: mean order placement rate – every 11, 

 6: mean order placement rate – every 12 days. 

The simulation results are shown in Fig. 7 and 8. 

 

Fig. 7. Number of timely/untimely fulfilled orders, broken down by options, 

source: own 

 

Fig. 8. Minimum and maximum stock levels, broken down by options, 

source: own 

5 Conclusions 

Production levelling helps maintain a fixed production schedule 

on one hand and ensures a certain level of flexibility of the 

production system on the other, while keeping the stock at a 

minimum required level. The study presented above is aimed to 

develop a method of planning the inflow of products from the 

production process. The method will be used for production 

levelling.       

The authors focus on finding the right combination of lot size 

and production interval which, assuming certain input parameters 
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(order size and placement rate, initial stock levels), will yield the 

best outcome in terms of timely/untimely order fulfilment and the 

minimum and maximum stock levels. A Microsoft Excel-based 

simulation model has been developed for the purpose of the study. 

Three simulation variants have been distinguished: 

 in variant 1, the production interval and lot size change,  

 in variant 2, the mean order size changes,  

 in variant 3, the mean order placement rate changes.  

In variant 1, the best timely order fulfilment rate is obtained 

with 100 units manufactured daily. Moreover, this option provides 

optimum (minimum and maximum) stock levels.  

In variants 2 and 3, the scope of changes in customer demand is 

examined relative to the order fulfilment rate and stock levels. This 

is a preliminary study which, when fully fledged, is aimed to find 

the range of fluctuation in demand within which the company will 

be able to meet customer demand while maintaining a fixed 

production schedule. 

The authors describe only a part of the study in progress. At 

present, simulations are conducted for various input data, as well as 

works to develop a simulator in the FlexSim simulation software to 

map a real production system. 
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Abstract: The article concerns the problem of selection  the most suitable method of calculating manufacturing time of products created 

in Design To Order approach. Product customization is becoming an increasingly important aspect of many companies. The basic problem 

of this type of production is the determination of time needed for delivery to the customer.  Also estimating the duration of individual 

production operations can be a significant problem for production planning. Without these values, it is not possible to conduct the 

production planning process without mistakes and faulties. The use of common worktime calculation methods is often impossible or 

inadequate from the point of view of the workload involved during production preparation. The article presents the results of practical 

research in an enterprise, determining the most effective method of calculating production time in Design To Order approach. 
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1. Introduction 

Requirements of customers, that are related to personalization 

or customization of products, both in terms of individual needs 

(desire to stand out) and institutional (the need to use unique 

solutions) is becoming more important challenge for many 

manufacturing companies. The need of customization of their 

products for individual groups or even for individual users 

significantly affects the production planning possibilities, and thus 

also its production possibilities. Maintaining high efficiency and 

efficient production planning processes is necessary to maintain 

competitive on modern market. The combination of the ability to 

manufacture products whit unique design or with many 

configurations for individual users with efficiency similar to mass 

production, can become a key element for many companies to 

achieve success on the market and compliance with the concept of 

an intelligent factory [1] [2] [3] [4] [5] [6]. 

The right determination of production capacity is directly 

related to determination of work time required to produce specific 

products. Unfortunately, in the case of customized products, 

determining these values is frequently difficult. A large number of 

possible configurations of multi-variant products means that the 

methods of determining production time, used for the  serial 

production, in that case do not apply [7] [8]. Due to the growing 

importance of customization, i.e. pursuit of the maximum match of 

the product to the customer's expectations, it should be assumed that 

the scale of variant and DtO production will increase over time, 

replacing some part of mass production. Multi-variant products are 

produced on the customer's special order, according to his 

individual requirements, making them usually not repeatable in a 

given configuration. The design and technology of manufacturing 

of individual products has a direct impact on the duration of 

production process. However, in the case of excessive 

diversification of individual manufacturing operations, it becomes 

necessary to use a tool that allows for fast and accurate loading of 

individual work stations, and thus to develop a production schedule 

[7] [8] [9]. 

Lead time estimation methods can be divided into two basic 

categories related to the purpose of the method. In the case of unit, 

variant or low-volume production, summary methods are used, 

while in the case of mass production, analytical methods are 

considered most suitable [12, 13, 14, 15]. 

 Summary methods (based on partial times) of work time 

estimation are based on determining the work time of individual 

production operations, with dividing the work task into individual 

stages or moves – depending on the adopted criteria. This group of 

methods include  [15, 16, 17]: 

 knowledge-based estimation - setting the time of work by 

an employee who, based on his own experience, 

determines the amount of time necessary to perform a 

given production task 

 statistical learning methods - the use of historical data on 

product performance times or analogous operations 

 predictive analytics, comparative method - the use of 

historical data for similar production operations, taking 

into account the change in the duration of a given 

operation by characteristic factors such as dimensions, 

area, weight of the product or detail subject to processing.  

Analytical methods are based on the analysis of individual 

components of performed production tasks and their duration, 

determining additional elements that are part of the execution time 

standard and determining the total time necessary to perform the 

entire production task.  

The analytical and measuring method is also called the research 

method. The method is based on measuring the implementation 

times of individual production operations in a given environment (at 

a given workstation). The tests can be carried out: directly by means 

of timing, indirectly by observation (photographs) of the work day, 

or by random sampling (snapshot) [9]. 

The calculation-analysis method can be carried out in two basic 

ways. First of them involves specifying in each operation a set of 

basic movements (activities) and adding up the duration of 

individual micro movements that make up the given task. The 

second method allows the calculation of the total time of the 

production task on the basis of the duration of machining of the 

manufactured element, taking into account the time necessary to 

perform all auxiliary activities [17]. 

The simplified analytical method is based on the division of the 

production task into individual operations and the determination of 

the total duration based on the tables of work intensity of typical 

operations or generally available execution time standards (e.g. 

welding standards or catalog of material inputs for construction 

industry). 

The production of customized products creates great challenges 

to the processes of scheduling and production controlling. They 

have a direct impact on the efficiency of resources held and the 

achievement of production objectives dependent on costs. 

Therefore, system solutions are needed for production scheduling, 

material flow monitoring, and analysis and decision making. As a 

result of many factors that should be taken into account when 

preparing the production schedule, it is necessary to implement 

methods that allow to make dynamic changes [10] [11]. 

Considering the varied requirements of clients, the adopted lead 

time calculation methods should take into account the possibilities 

of creating products with different resources. This includes the 

importance of closely related scheduling to the production 

preparation process. Additional scheduling processes should be 
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implemented on the basis of available options of production 

operations and materials. This can allow to select most effective 

material flow due to the adopted criteria, eg the use of production 

resources, the shortest lead time or minimization of inventory [12] 

[13] [14]. 

In this context it is particularly important to calculate the 

precise time standards for the manufacturing processes. The degree 

of accuracy of these standards has a direct impact on the accuracy 

of scheduling and production control. On the other hand, it is 

equally important to limit the time needed to prepare these norms, 

especially considering the degree of diversity and low repeatability 

of manufactured products. 

2. Case study 

The research has been carried out in the SME manufacturing 

company. The enterprise employs about 25 employees - taking into 

account small fluctuations resulting from a significant increase in 

employee mobility on the Polish labor market (employee rotation 

independent of the employer). 18 of the employees are employed in 

production positions divided into two departments: electrical (works 

mostly done manually) and mechanical (turning, milling and 

welding processes). Other employees are employed in office, 

including administrative and management positions. 

Over 90% of the company's production are unique products 

with a unique configuration, implemented on the basis of customer 

orders. The technology of making these products remains 

unchanged, however, high variability and the possibility of 

modifying individual product details means that basically any 

production batch can be considered customized and manufactured 

in accordance with Design to Order approach. The technological 

structure of the products consists of 7 basic types, which may differ 

from each other by elements such as: dimensions, power, type of 

current output, type of wires, corrosion protection, length of work 

(heating) zones, assembly method, number and type of 

technological holes, type of winding, the presence of additional 

holders and fixings, etc. Each of the mentioned elements can have a 

significant impact on the complexity of work, and thus on the total 

duration of the product. 

At the beginning of cooperation, the work time necessary to 

complete individual production orders was estimated by employees 

with the greatest experience, who were responsible for supervising 

the work of individual operators (production foremen). Such 

handling of customer orders implied significant difficulties both in 

setting the deadline for production of a given order and in assessing 

the loads on individual workstations. According to the company's 

data, nearly 76% of orders were carried out with at least 1 day 

delay, including 23% that had significant delays exceeding 5 

business days. During the surveys, long lead times and significant 

delays were indicated by the company's largest contractors as the 

biggest problems in cooperation. The inefficiency in loading 

individual employee positions, however, caused numerous 

personnel problems related to the lack of a sense of justice of the 

workload of individual employees. This resulted in reduction of 

involvement of some employees, and an additional decrease in the 

efficiency of their work, which was particularly noticeable with 

simple manual work based on repetitive tasks. 

3. Research methods 

The cooperation undertaken between the Poznań University of 

Technology and the company was aimed at finding an existing or 

developing a new method to increase the effectiveness of 

forecasting the time of production of individual orders. The research 

began with simulation tests allowing to select several most adequate 

methods described in the literature. The basic criteria demonstrating 

the possibility of use of a given method to the enterprise's 

requirements were considered: the time necessary for 

implementation, implementation costs, the time necessary to 

prepare a new production order, and the most important: the 

accuracy of the obtained results. As a result of the simulation, the 

methods worth testing in the conditions of the actual production 

process were: the partial and total statistical method, the simplified 

partial movement method and the product critical features method. 

All of the selected methods have been implemented in a trial in 

an enterprise in order to obtain results allowing to assess their 

accuracy, as well as thoroughly analyze the implementation time 

and preparation time of individual production plan for specific 

production orders. 

The research was divided into stages: 

1. Collection of data on work times, preparation times, etc. 

2. Collection of data on the technological structure of products and 

production processes 

3. Determination of critical features of products for the duration of 

individual operations - including preparation and finishing time, 

number of pieces, etc. 

4. Screening thick errors of data collected - caused by errors of 

employees in recording the duration of operations 

5. Development of time standards for partial motions 

6. Development of statistical formulas to calculate the duration of 

individual operations and whole lead time 

7. Collecting comparative data to check the reliability of the results 

obtained from the implemented methods  

The first stages of research involving the collection of specific 

production processes covered 5 months (from April to August 

2018). At the time of this study focuses on one of the most popular 

type of product for which there was an 790 (single production 

orders). The verification part, however, lasted from October 2018 to 

the end of April 2019. During this time, 2072 production orders of a 

given type were recorded. The volume of orders ranged from 1-450 

throughout the research, reaching an average order size of 8 pieces 

during the test period and 6.84 pieces during the verification period. 

In order to compare the methods of determining the time 

necessary to complete a production order, it was necessary to bring 

the results to a harmonized percentage form, showing the size of the 

error in accordance with Fig. 1. This was due to significant 

differences in production times. The shortest lead time for a single 

unit was 2.5 hours in the examined period, while the longest was 

54.3 hours. 

 

Figure 1 Estimation of error 

Where: 

LTr – real production time 

LTe – estimated production time 

Em – estimation of error 

4. Conclusions 

The accuracy of the results obtained in individual methods was 

estimated on the basis of the average error rate, in accordance with 

the formula in Figure 1. The values of the average error rates for the 

entire production process are presented in Figure 2, while the error 

values for the most important production processes in Table 1. 

During the tests, the partial movement method due to too much time 

commitment of employees necessary for each preparation was 

rejected. In the conditions of the audited enterprise, the time 

necessary for manual preparation of time standards for each order 

exceeded the available working time, which resulted in delays 

already at this stage of production preparation. 

Based on the results, it can be concluded that the least accurate 

method of calculation is the estimation method based on the 
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operators' experience. The most accurate method is a statistical 

learning method that uses technological knowledge based on 

previously implemented processes. 

Figure 2 Average error of the lead time  

 

Table 1: Accuracy of results in individual production operations 

 

Statistical 

method 

[%] 

Knowledge 

estimation 

[%] 

Predictive 

analytics 

[%] 

Steel plate 

cutting 
3 9 8 

Steel bending 8 10 9 

Welding 10 24 16 

Core 

preparation 
17 34 24 

Current 

connections 
12 29 22 

Electrical 
isolation] 

11 28 18 

Final 

assembly 
18 27 22 

Quality 

control 
5 8 6 

Total 10,5 21,125 15,625 

 

 The most accurate of the selected methods turned out to be the 

partial statistical method. It allows to estimate the time necessary to 

maanufacture a product with a relatively high probability, with 

partial times of all manufacturing operations. R2 of the model fit for 

this method is 0.87, which indicates the considerable utility of this 

method. Importantly, this method showed the highest accuracy in 

the field of relatively low-complex products whose unit production 

time did not exceed 2 hours. In the case of products whose 

processing time exceeded 4 hours, the calculation errors were more 

significant. This could have been caused by a fewer occurrences of 

this type of cases, and thus worse input data to create a 

mathematical model predicting the execution time. The relationship 

between the planned time and real time is shown in figure 2. It is 

also characteristic for this method that most of the estimated times 

are longer than the actual duration of the process.  

Figure 2 Correlation between estimated and measured time  

 

Method based on an analysis of the critical factors of product 

(predictive analitics) showed significantly worse fit, not exceeding 

R2 = 0.7. In this analysis, the most important critical features of the 

product were taken into account, which, according to the operators' 

experience, had an impact on the duration of their operations (e.g. 

product volume for core insulation time or total surface area for 

surface treatment time). However, the model has been greatly 

simplified in order to speed up development time of a  single order, 

which could cause a decrease in accuracy of the results. 

The studies also have taken into consideration a method of 

estimation knowledge, which is the estimated time required to 

manufacture the product by foremen. This method, although used so 

far, proved to be the least effective, which resulted in significant 

delays in the production plan. The low accuracy of this method may 

be caused by significant underestimation of working time by the 

foremen, caused by overestimating the capabilities and skills of 

employees. 

Worth considering is  the fact that errors vary considerably 

depending on the operation being performed. Regardless of the 

analysis, the biggest error was burdened with time estimation for 

the core preparation operation. When foremen estimated time, the 

average error was as much as 34% of estimation. This is due to the 

fact that this operation is performed mostly manually and its 

duration is clearly related to the experience of the operator who is 

performing it. In extreme cases, this operation can take up to 3 

times longer than planned by the foreman or 2 times longer than 

indicated by the statistical method. For comparison, the smallest 

fluctuations in estimated time occurred in the most homogeneous 

operations, e.g. quality control, in which the working time is 

relatively similar regardless of the product variant. 

The factor that allows the use of a given method in the case of 

customized production, not less important than the accuracy of the 

results, is the time necessary to prepare a single production order. 

As mentioned earlier, the partial movement method was rejected at 

the very beginning of practical research. This was due to too much 

time during its execution. In the case of several dozen orders for 

new products per day, the time of a single analysis should not 

exceed a few minutes. In the case of this method, without the use of 

specialized software written especially for the company, the time of 

a single study was on average about 36 minutes. 

In terms of time, the fastest analysis is the estimation of 

production time by the most experienced employees. The average 

time of such analysis can be estimated at 4 minutes. The main 

problem of this method, however, is the significant risk of its 

disorders caused by the absence or rotation of the employees 

responsible for it. The experience of employees in this case is 

crucial, and their loss can lead to a total loss of control over the 

production planning process. 

The statistical method and predictive analytics ensure relatively 

good preparation time for the analyzes. As in the case of knowledge 

estimation, its duration should not exceed 5-6 minutes, if the tools 

are properly prepared. However, a significant problem with these 

analyzes is the time needed to implement them. In the case of the 

examined company, this time was 4 months devoted to collecting 

data, which seemed an absolute minimum and still does not allow 

estimation of time for products significantly different from the 

others. In the case of other enterprises producing customized 

products, this time may be extended up to 1 year. However, to 

ensure the best fit of the model, the data collection process should 

not stop and should be updated as far as possible or include 

processes such as machine learning. 

5. Summary 

The production of customized products is a big challenge for 

modern manufacturers. This type of production requires 

implementation of many organizational and process solutions to 
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meet individual customer requirements. From this point of view, an 

important issue is the ability to determine production capacity and 

set possible delivery dates for given orders. For this purpose, it is 

necessary to have reliable data related to the time of production 

processes. 

The article presents a study comparing three methods of 

calculating lead time of production process for real life production 

process. During the study found that the least accurate method is a 

solution based on operators' experience (knowledge based 

estimation). The result was expected after simulation tests. Based 

on the obtained data, it can be stated that the simpler the operation, 

the tendency to overestimate the results, while the more complex 

production tasks, the time value is underestimated. 

Predictive analytics methods indicate that most important is to 

determine the correct mathematical dependence that takes into 

account the critical factors of the product or production operations. 

In many cases, the relationship based on the unit of measured  

parameter is not linear.. 

The most accurate results to real times were obtained for the 

partial statistical method, with usage of the historical data from 

already completed production processes. 

On this basis, it can be stated that a knowledge base is required 

to make rational decisions related to the functioning of a production 

system that meets the individual design requirements of products 

for customers in the Design to Order approach. However, obtaining 

this state forces companies to collect and analyze various of data 

indicating the correlations occurring in the process or production 

system. Thus, enterprises will be forced to enter the path of an 

intelligent factory striving for the so-called self-learning 

organization. 
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Anotation. The classifications of innovation strategy of industrial enterprises are investigated: their advantages and disadvantages are 

determined. Classifications of innovation strategy of industrial enterprises are improved. Classification features, types of strategies of 

innovation activity of industrial enterprises are characterized. The expediency of using a certain innovation strategy of industrial enterprises 

is substantiated. 
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Analysis of recent researches and publications. Most 

researchers considered the classification of the innovation strategy 

only and did not investigate the classification features of the 

strategy of innovation activity, as well as in the mentioned 

classifications of innovation strategies, to a greater extent, the need 

to improve the activities of enterprises, the feasibility of using 

scientific and technological developments are taken into account, 

the quality of products, the production of a new product are 

emphasized, the needs of the consumer, evaluation of  factors of the 

macro environment are considered, but there are no signs of 

innovation activity of industrial enterprises, the possibility of 

influencing the threats of the internal and external environment, 

resource availability, investment development, the long-term nature 

of the strategy, the sphere of activity and sector specificity of the 

enterprise, the direction of economic development. 

Chubay V.M. conducted a thorough analysis of 

approaches to the classification of innovation strategy. [3, p. 6-7; 4, 

c. 349], in his study he   distinguished a group of classification 

features: by way of satisfaction of existing consumer needs; by the 

areas of innovation; by location of the enterprise; in accordance 

with the objectives of the enterprise; depending on the position of 

the company on the market; depending on the stage of the life cycle 

and the level of competitiveness; by way of applying innovations; 

on the level of attractiveness of the market; by the level of 

efficiency of all types of activity of the enterprise. The advantage of 

the given classification is that the author takes into account the 

peculiarities of the activity of the enterprise, its divisions, the 

specifics of the process of manufacturing each individual product 

unit, defines the main objectives of the activity and the ways of 

achieving them, but the influence of risks on the development of the 

enterprise, the direction of innovation activity, the relationship 

between investment and innovation development of the industrial 

enterprise are not evaluated. 

Another author Fedulova I.V. [1; 2, p. 126] in her study 

carried out a deep analysis of existing approaches to the 

classification of innovation strategies, considered the features of 

strategy development, analyzed the factors of influence on their 

formation. The author, based on the results of the research, 

identified a group of classification features of the innovation 

strategy, which include: the degree of novelty of the use of research 

(active, passive); by the level of accessibility of the innovative 

model (open, closed); sepending on competitive behavior 

(patiences, violations, commutants); on the direction of 

development of the enterprise (market, commodity, production, 

management); depending on the development of technologies 

(availability of technologies, lack of innovation, financing of 

development, licensing); by the level of competitive positions (cost 

reduction, diversification, leadership). The given classification 

allows us to choose the innovative strategy that will help achieve 

the established goals of the activity, introduction of innovative 

technologies, crowding out competitors, and setting up innovative 

activities. 

At the same time, in the given classifications there are 

some contradictions, inaccuracies and differences, they are not 

adapted for the activity of industrial enterprises, therefore we 

consider it appropriate to supplement the classification of strategies 

of innovation activity of enterprises. 

Results. In accordance with the results of the analysis 

carried out, we have identified the existing classification features 

and defined the essence of the supplemental classification (Table 1). 

The table. 1 shows that the correct strategy gives a chance 

to establish the innovation activity of the enterprise through the 

successful construction of a business model, increasing the 

efficiency of introducing innovations, investment activity, 

improving the production process and entering new markets. 

On the basis of the development of the enterprise, the 

competitive position and the level of investment activity, the 

following strategies have been formed: rapid growth - is 

characteristic for enterprises with a high level of economic 

development, protection from the influence of factors of the 

environment, which not only develop new technologies, but also 

introduce them into production, reduce the use of human resources, 

produce entirely new products, and not an analogue of any product, 

have energy-saving production; moderate growth - used by 

enterprises that have undergone the stage of basic development, are 

trying to implement innovations, produce products with new 

characteristics, provided with investment resources; reduction - 

there is a decrease in the volume of production of quality products, 

the pace of innovation is decreasing, but if there are investments, 

there are opportunities for improvement of activity; a rapid decline 

in production volumes - production is unprofitable, there is a 

decrease in demand for manufactured goods in connection with the 

appearance of analogues of lower price and higher quality, output 

only for the domestic market, limited range of consumers, reduction 

of competitiveness of the goods, absence of application of 

innovative technologies, deterioration of indicators of economic 

development, indicating the expediency of making adjustments to 

the management system of the enterprise, change of organization, 

planning, control over innovation activity. 

Depending on the intended purpose of the innovation 

activity and the sphere of operation, the following types of 

strategies are defined: at the level of separate units - updating the 

range of products due to the needs of consumers, directing 

innovations only in separate departments, narrow specialization of 

the enterprise, expectations of rapid growth of profit; at the 

enterprise level - aimed at a comprehensive upgrade of obsolete 

equipment, the development and implementation of innovative 

technologies, the monitoring of constant changes in the 

development of researches, acquirement of licenses, personnel 

training; at the state level - production for the needs of the state, 

export of goods, distribution of goods in the foreign market, gaining 

competitive positions, receiving state support, modernizing existing 

technologies; at the level of the region - updating of the main types 

of activity, introduction of nanotechnologies, resource-saving 

technologies, high-tech development, raising the level of welfare of 

the population, environmental protection, meeting the needs of 

consumers, social, economic, financial development of the region 

and support of enterprises; at the level of a separate branch - 

production of products for the needs of agriculture, food industry, 

energy, transport, manufacturing goods depending on the needs of 
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the industry, increasing the volume of orders, establishing contacts 

with customers, finding new customers and new suppliers, the 

application of information technology, the introduction of 

technologies in a certain area of activity. 

 

Table 1 Classification of the strategy of innovation activity of the enterprise

№ Classification indication Kind of innovation strategy Characteristics of the classification indication 

1. Level of enterprise 

development, competitive 

positions and level of 

investment activity 

growth at a fast pace; moderate 

growth; reduction; a rapid decline 

in production volumes 

Determines the company's ability to innovate, increase the 

pace of investment activity, assess the level of security of 

investment capital, allow the organization of business 

processes of the enterprise, increase the level of 

competition. 

2. Depending on the purpose of 

the IA and the sphere of 

functioning 

at the level of separate 

departments; at enterprise level; at 

the state level; at the regional level; 

at the level of a particular industry 

They are used because of the need to assess the list of 

main tasks of the enterprise, industry orientation, the 

definition of the market niche and the needs of consumers, 

the need to apply several strategies, depending on the 

scale of activity, geographical location. 

3. The ratio of the directions of 

the IA and the objectives of 

the enterprise 

basic (investment); development 

(growing); professional; reduction 

 

Allows you to assess the attractiveness of the market, win 

leading positions, outline the prospects of functioning, the 

feasibility of introducing innovations and the production 

of new products. 

4. The effect of innovative 

activity 

 

financial; environmental 

protection; production; investment 

 

Implementation of these strategies will allow to fulfill the 

tasks, evaluate the effectiveness of the chosen strategy, 

make adjustments in line with changes in the needs of the 

enterprise, and assess the level of investment activity. 

5. The degree of riskiness of 

innovation 

high-; medium-; moderately risky 

 

Estimation of the level of risk impact on the development 

of enterprises, the possibility of innovation activities 

under the conditions of the threat of the environment. 

6. Depending on economic 

expediency 

 

maximizing profits; minimize 

risks; resource availability; R & D; 

leading positions; social security; 

economic security 

They are used to ensure an increase in the efficiency of 

the enterprise, increase financial indicators, which will 

allow to evaluate the prospects of innovation and how to 

manage innovative development. 

7. The level of potential of 

enterprise IA 

 

stable development; development 

of innovation activity; avoidance of 

risks; combined 

The existing level of financial performance of an 

enterprise contributes to the choice of strategy depending 

on the assessment of the possibilities for further 

development, investment potential and IA, which will 

allow to achieve the established goals. 

8.  Accomplishment of 

innovative activity, 

realization of innovation 

 

first-introduction; traditional; the 

strategy is focused on the 

introduction of innovations; 

maintaining a benchmark for the 

use of innovative technologies 

Assist to evaluation the effectiveness of functioning of 

traditional business, assessment of threats of market 

environment, determination of expediency of investment 

to the development of innovation, substitution of  

production spectrum, attraction  of competitors 

technologies, change of organization form. 

Note: Designed by the author on basis [3, 4]

On the basis of the ratio of directions of innovation 

activity and goals of the enterprise activity, the following strategies 

were identified: basic (investment) - it is expedient under the 

condition of initial stages of enterprise development, production 

with using of outdated technology, insignificant amount of 

investment resources, but there are opportunities for improvement 

of performance indicators, introduction of innovation technology; 

development (growing) - the possibility of output for other 

industries by updating its characteristics, satisfying the needs of a 

wide range of consumers, increasing the level of competitiveness of 

products, sufficient amount of investment resources; professional - 

characteristic for enterprises with a high level of investment 

potential, production of qualitatively new products, the creation of 

new machines and equipment, innovative competitive products are 

produced in order to conquer new markets, production is provided 

with new equipment, economic development is increasing; 

reduction - is formed under the condition of increasing the influence 

of factors of the market environment on the innovation activity of 

the enterprise, the crisis situation, the growth of the number of 

competitors, the lack of opportunity to produce new products in 

connection with the increase in costs and causes the decline in 

production capacity, the transition to another kind of strategy or 

change in product range. 

In accordance with the received effect from the 

implementation of innovation activities, the strategies were divided 

into: financial - coherence of the work of all departments of the 

enterprise, balanced decision-making, effective management system 

of the enterprise, the justification of the development of its own 

base of innovation, reduction of threats to the market environment; 

environmental protection - application of energy saving 

technologies, automation of production process, ecological 

compatibility of packaging, reduction of pollutant emissions, 

implementation of payments for pollution of the environment; 

production - replacement of manual labor on automated systems, 

modernization of equipment, improvement of staff qualification, 

reduction of raw materials and materials, search of new clients; 

investment - availability of sufficient resources for the purpose of 

development of innovation activities, directing funds for conducting 

research works, development of the spheres of enterprise activity, 

achievement of competitive positions in the market. 

It should be noted that according to the degree of riskiness 

of an innovation strategies can be: high-risk, that is, the 

implementation of this strategy can cause the enterprise to be 

damaged, because there are no effective methods for combating 

risks, the introduction of innovations takes place at the level of their 

borrowing from competitors, increases the amount of costs, there is 
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a loss competitive positions in the commodity market; the medium 

risk is characteristic for enterprises that produce products with new 

properties, but are not convinced of the possibility of growth in 

demand for products and at the same time the possible improvement 

of the results of innovation activity as a result of meeting the 

demand of a certain circle of consumers; moderate-risk is a way of 

preserving competitive positions, introducing innovations in various 

spheres of activity, conducting research works, cooperating with 

foreign firms, developing intellectual potential, diversifying 

production, a prerequisite for the company to enter a new stage of 

innovation development. 

Depending on the economic feasibility the strategies are 

divided into: the strategy of maximizing profit determines the 

directions of increasing the profitability of the enterprise, aimed at 

improving the management system, development and 

implementation of technological developments that will reduce the 

cost of servicing obsolete equipment; risk minimization defines 

measures, methods of combating identified risks, allows us to find 

out the list of threats to the external and internal environment; the 

availability of resources characterizes a sufficient amount of not 

only their own, but also attracted investment resources, which are 

the prerequisites for the IA; research and development aimed at 

development, use in practice of resource-saving technologies, 

attraction of innovations, monitoring of the dynamics of technology 

market development; leading positions ensures the preservation of 

competitive positions of the enterprise provided the production of 

quality products, the timely introduction of innovative technologies; 

social protection guarantees the creation of proper working 

conditions, the establishment of the atmosphere in the team, the 

application of various incentives for labor; economic security 

determines the company's readiness for economic development, the 

possibility of using innovations, aimed at the harmonious 

functioning of all units, increasing the stability of activities. 

By the level of potential of enterprise IA, the following 

types of strategy were identified: the strategy of sustainable 

development is used by enterprises with favorable conditions of 

functioning, sufficient level of investment resources, available 

potential of successful innovation, reduction of the number of 

threats to the environment; the strategy of innovation development 

is possible provided that there is a free investment capital, the use of 

available technologies, the availability of competitive advantages, 

the ability of the enterprise to develop, attracting foreign investors; 

risk avoiding strategy is used by the enterprises with insufficient 

investment resources, low level of innovation development, but 

only when the profits cover costs; a combined strategy is a 

combination of several strategies and is appropriate on conditions 

that according to predicted data the business will flourish, and it 

will allow to assess the prospects of economic development of the 

enterprise. 

By the necessity of the implementation of the IA and the 

accomplishment of innovations some strategies were determined: 

the before innovative strategy is used by the enterprise when it was 

decided that the use of innovation is inappropriate, does not threaten 

development and there is no need to attract investment resources, 

change in management structure. The implementation strategy is 

typical for the enterprises that see the use of innovation as a 

prospects for development, which will gain advantages over 

competitors, increase the attractiveness of products among 

customers, improve the production process. The traditional strategy 

is the direction of investments into traditional spheres of activity, 

use of proven innovative technologies, minimize the risks, lack of 

attempts to produce new products, improve product quality; the 

strategy focused on the introduction of innovations is used by 

enterprises that operate in the market for a long time, introduce 

several types of researches, produce innovative types of products of 

different types, follow the development of the technology market, 

force out competitors. A strategy to maintain a benchmark for the 

use of existing technologies describes enterprises with a slower rate 

of attraction of innovations which make calculated management 

decisions, prefer proven technologies, change the way of doing 

business, finance research and development, covering the narrow 

consumer sector. 

Conclusions. The classification is improved, which, in 

contrast to the existing ones, allows us to choose a more effective 

strategy and methods for its implementation in the process of 

forming the strategy, takes into account the specifics of the strategy 

implementation at industrial enterprises, the availability of 

sufficient resources, permits us to evaluate the possibilities for 

implementing the strategy, to form competitive advantages, to 

determine the required amount of investments for the development 

of innovation activity, all this makes it possible to assess the 

peculiarities of the implementation of the strategy, taking into 

account the potential of the enterprise, the level of its development, 

the target purpose of innovation activity and the sphere of 

functioning, the ratio of directions of innovation activity and goals 

of activity, the effect of innovation activity, the level of riskiness, 

economic feasibility, the need for innovation, and creates 

opportunities for achieving strategic goals, reducing the risks, 

assessing the economic effect, complex development. 

The use of the above classification allows to find out the 

type, main features, advantages and disadvantages of each strategy, 

to select and evaluate the effectiveness of the strategy of innovation, 

to determine the possibilities of the enterprise, innovation and 

resource potential, the feasibility of using the strategy as a tool for 

improving the efficiency of the operation of the enterprise, the 

preconditions for economic development on conditions that there is 

a sufficient amount of investment resources. 

In practice, most enterprises use several strategies for 

innovation activity in order to achieve their full development, 

consolidate competitive positions, and the possibility of a rapid 

transition from one type of strategy to another, since each type of 

strategy has a number of characteristics, benefits, and peculiarities 

of functioning that allows organizing the enterprise, promoting 

innovative transformations in all departments. 

The IA strategy plays a significant role in the 

development of the enterprise and permits to solve a number of 

weighty problems and the main tasks. At the same time, it is 

impossible to implement one or another strategy of innovation 

activity if the enterprise is at the initial stage of its activity and only 

a general strategy is implemented. Only after the introduction of 

technologies, the establishment of the level of economic security at 

the enterprise there is an opportunity to use the strategy of 

innovation, which also depends on the economic, political situation 

in the country, the position of the company on the market, 

investment and innovation potential, equipment with modern outfit, 

type of products, methods of protection against threats, level of 

competition. 
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      Results. Carrying out an innovation policy at the enterprise will 

allow analyzing the effectiveness of existing innovative 

technologies, to produce a new product, to assess the needs of 

consumers, to study the formed demand, to promote the sale of 

products, to establish the level of innovation potential. In turn, the 

formation of the economic mechanism of IA is a prerequisite for 

innovative development in the context of improving the efficiency of 

IA, performance, introduction of innovation, production, 

management of economic development. The reasonable use of the 

economic mechanism of IA in the activity of enterprises will ensure 

the following: application of the system of insurance of risks of IA; a 

system of training of employees and exchange of experience; 

regulation of the level of prices for industrial products; interaction of 

the state with the enterprises concerning improvement of IA; product 

promotion and promotional activities; financing of researches, 

implementation of development, production of products with new 

properties; rational allocation of resources; satisfying the needs of IA 

participants; long period of use of EM; protection against 

environmental factors. 

       Therefore, the development and further use of the economic 

mechanism of industrial enterprise IA is an important task not only 

for individual entities, but also for the region, the country, which 

demonstrates the need for innovative development, the use of 

experience of foreign countries, development of innovations, use of 

resource potential, development programs for attracting innovations 

at all levels of operation, financial support for IA, assessment of 

long-term prospects of activity, diagnostics of the impact of risks and 

possible directions of IA [1]. 

       Analysis of recent research and publications. Most domestic 

scientists focus on studying the issues of innovation policy formation 

on the principles of construction, formation, use of organizational 

and economic mechanism of IA, economic mechanism of 

management of innovation process, management of IA, the 

mechanism of profitability growth, determination of problems of 

their implementation in different enterprises, but development of 

economic mechanism IA at industrial enterprises remains 

insufficiently studied [2, p. 446-450]. 

       Among the scientists, a significant contribution to the study of 

the components of the organizational and economic mechanism of 

IA was made by: Breus S.V. [3], Didchenko O.I. and Kostomakha 

O.M. [4], Dolgosheia N.O. [5], Kyryk O.A. [6], Kipioro I.M. [7], 

Koval A.A. [8], Mykytiuk P.P. [9], Seniv B.G. [9], Slavuta O.Yu. 

[10], Turilo A.A. [11], Cherepanova V.A. [12]. 

       Results. Slavuta O.Yu. [10, p. 95-97] constructed an 

organizational and economic mechanism for managing innovation 

activity, which consists of interrelated elements and allows to take 

into account the effect of environmental factors aimed at managing 

the development of the enterprise (Fig. 1). 

 

 
 

Fig. 1. Elements of organizational and economic mechanism of innovation activity management 

Note: Created by the author on the basis of [10, p. 95-97)] 
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Among the elements of the organizational and economic 

mechanism were identified: organizational (stimulating the 

development of IA, training of staff, coordination of work); 

economic (attraction of investments, use of innovations, 

improvement of IA, increase of competitiveness of the goods); 

technical (compliance with current legislation, implementation of 

technological developments, taking into account production 

capacities); the market (product demand, innovation market 

development, enterprise capabilities); subjects and objects of IA; 

macro level (state support, current regulations, cooperation with 

international organizations); meso level (development and use of 

new technologies at regional level, their dissemination, 

implementation into practical activities); micro level (application of 

innovative developments, production of products, promotion of 

goods) (Fig. 2). The author proposes stages of enterprise IA, 

namely: development and improvement of product properties that is 

to preparatory stage; stage of production of goods; distribution of 

products to consumers and income generation. The advantage of the 

analyzed approach is that the proposed organizational and economic 

mechanism contributes to the use of marketing measures, reducing 

the impact of market environment factors and obtaining a 

synergistic effect. However, it should be noted that the mechanism 

does not define the role of the state, the use of IQA strategy, 

methods and directions of innovative development. 

       Koval A.A. [8, p. 42-46] paid great attention to the formation of 

the organizational and economic mechanism of IA, the 

differentiated the essence of the economic and organizational 

mechanism, considered the feasibility of using the economic 

mechanism, supplemented the organizational and economic 

mechanism of management of IA. The economic mechanism was 

seen as a way to strengthen competitive positions, regulate prices, 

ensure the production process with financial resources, and 

stimulate staff activities. In turn, the organizational mechanism 

consists of a set of elements that can be managed, which contributes 

to the interaction of units, taking into account the needs of 

entrepreneurs, the actions of environmental factors and improves 

performance. The main elements of the organizational and 

economic management mechanism are: the legislative system; 

budgeting; tax pressure; financial support; preferential lending; state 

IA support policy; carrying out research works; influence of market 

environment factors; IA management strategy; product formation 

strategy; investment strategy; development promotion strategy; 

production process; IA management system; product receipt. The 

organizational and economic mechanism proposed by the author 

defines the purpose of activity, goals, objectives, takes into account 

the influence of environmental factors, is based on the use of tools, 

levers for the purpose of improving the activity of the enterprise. In 

this approach, the question of the use of methods and principles of 

constructing an organizational and economic mechanism remained 

unaddressed. 

         Didchenko O.I. and Kostomakha O.M. [4, p. 104-106] 

considered the features of construction and clarified the need to use 

an organizational and economic mechanism for managing 

innovative development. In this case, the organizational and 

economic mechanism was considered as an open system, which 

should take into account the influence of factors of external and 

internal environment, the interaction of the company with suppliers, 

competitors, buyers, creditors, government bodies, since these 

factors impede the development of innovation. To build an 

organizational and economic mechanism, the following functions 

have been defined: equality of conditions for development of 

economic entities in carrying out innovative activity; improvement 

of marketing service; stimulating the development of employees' 

creative potential; maintaining competition between enterprises; 

development of innovative potential in order to overcome the crisis. 

The components of the organizational and economic mechanism 

were: principles, functions, criteria, tools, strategies. Among the 

stages of the mechanism formation are defined: goal formation; 

assessment of the enterprise's capabilities and the level of 

development achieved; detecting the influence of environmental 

factors; choice of strategy, formation of tools necessary for its 

implementation, implementation of the strategy; evaluation of 

results, control. The disadvantage of this mechanism is the lack of 

substantiation of the feasibility of diagnostics of innovative 

development and no methods of management of this process. 

        Mykytiuk P.P., Seniv B.G. [9, p. 157-162] in the construction 

of organizational and economic mechanism of management of 

innovative development distinguished the set of systems to which 

they are attributed (Fig. 2): the level of accessibility of information, 

the possibility of information exchange between the enterprise and 

the external environment, the process of data collection and its 

analysis; stimulation of staff, use of the system of rewards, increase 

of level of professionalism; forecasting of IA development 

opportunities, market research, product demand, activity planning; 

organization of the IA, that is to control over the use of resources, 

innovation development, strategy adjustment. 

The use of each system provides the efficiency of formation of 

organizational and economic mechanism, but the mechanism of 

construction does not take into account the system of management, 

control, adjustment, evaluation of macro factors. 

Another author considered the formation and use of 

organizational and economic mechanism of innovation activity and 

claimed that this mechanism is aimed at carrying out technological 

researches, research works, development of new technologies and 

uses the principles of improving the activity of the enterprise [5, p. 

20-21]. The main elements of the organizational and economic 

mechanism are (Fig. 3):research of innovative market, technological 

developments; production process; finished goods with new 

properties; information support; state regulation; financial 

resources; management; marketing; IA planning; regulating prices 

and reducing the number of risks; expected results of the activity. 

The advantage of the analyzed mechanism is the consideration of 

the impact of risks on the IA, the possibility of adjusting the price 

level, but the influence of the micro- and mesoscale factors on the 

formation of the mechanism, the need to use the IA strategy is not 

determined separately. 

         The approach of Breus S.V. [3, p. 26-29] to the development 

of the organizational and economic mechanism of machine-building 

enterprise IA is worth considering, which is carried out by 

observing the functions and making state regulation of innovative 

development, using financial support. In constructing this 

mechanism, the organizational and economic aspects of the 

enterprise functioning were taken into account and the following 

components were distinguished (Fig. 3): use of the overall 

development strategy and IA strategy; research on the level of 

development of IA; taking into account the experience of innovative 

development; mechanism of state regulation; security of finances, 

information; legislative data; organization of IA; monitoring; 

prospects for raising IA. Thus, the formation of the mechanism 

takes into account the experience of foreign countries, the feasibility 

of strengthening state control over innovative development. It 

should be noted that the disadvantage of the established approach is 

the absence of a mechanism for insurance of risks of innovative 

activity and the methods, functions, principles of this mechanism 

are not defined. 

        The same opinion was followed by Miroshnychenko O.Iu, 

Kariuk V.I. [13], who proposed the process of building an 

organizational and economic mechanism of innovation. The use of 

the above mechanism at enterprises allows to evaluate the 

possibilities of functioning in the future, to analyze the threats and 

prospects of IA, to organize the development process, to achieve 

economic goals and to fulfill the set tasks. 

        The mechanism we analyzed was constructed through the 

following steps: formation of goals and objectives of the IA in 

accordance with the goal of the overall development strategy; 

analysis of the innovative potential of the enterprise, the level of 

availability of resources, additional sources of financing; 

assessment of threats and risks of the market environment, 

favorable influence of the internal environment on the development 

of IA; the choice of several innovative strategies; determining the 

prerequisites for using the chosen strategy, that is to attracting 

financial resources, methods of attracting innovation; 
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implementation of innovative strategy, control, adjustment; 

determining the results achieved, improving the IA according to the 

strategy used; finding out the shortcomings of the strategy, 

assessing the prospects for the future functioning of the enterprise. 

 

 

 
Fig. 2. Elements of organizational and economic mechanism of innovative activity, innovative development 

Note: Created by the author on the basis of [5, p. 20-21; 9, p. 157-162; 3, p. 26-29) 

 

 

         The use of organizational and economic mechanism will 

improve the performance of the enterprise, increase innovation and 

economic development and its advantage is the consistency of the 

innovation strategy with the existing level of IA, the ability to 

regulate and activate IA.         

      A somewhat different approach is revealed in the writings of 

Turylo A.A. [11, p. 94-95], because a mechanism for managing the 

innovative development of the enterprise was proposed, which 

allows to improve innovative development, to organize the 

management of IA, consists of economic and organizational 

components. The author defines the following components of the 

organizational and economic mechanism: the governing body, its 

rights and the degree of responsibility; the subject and object of 

management (types of activity, subdivisions of the enterprise, 

directions of IA); functions; methods; tools and levers; accessibility 

of information; regulatory legal support; financial assistance, 

investment capital; determining the conformity of the organizational 

and economic mechanism with the economic mechanism; attraction 

of innovative technologies; analysis of results of activity, control, 

adjustment of innovative development. Implementation of the 

organizational and economic mechanism will promote innovative 

development, increase the efficiency of the process of managing the 

implementation of innovations, but the formation of this mechanism 

does not take into account the action of the external and internal 

environment, strategic goals of the activity. 

       Savchenko O.V., Soloviov V.P. [14] pointed to the possibility of 

using an organizational and economic mechanism to stimulate 

innovation, under which considered the use of principles, methods, 

implementation of economic relations in the development, use and 

dissemination of innovative technologies, the application of a system 

of motivation of consumers, staff, the use of innovations, the 

activation of employees, as well as taking into account the influence 

of factors of internal and external environment on innovation 

activity. Among the functions of the mechanism were identified: 

formation of enterprise potential; strengthening competitive position; 

cooperation between enterprises; incentives for employees to use 

innovation and develop technology; realization of economic potential 

for innovative development; equality of economic conditions; 

proportionate distribution of responsibilities among unit employees. 

The elements of a motivational mechanism include: market 

environment incentives; rewarding employees for developing 

innovative technologies; staff activities; participation in innovation; 

the enterprise staff's perception of innovative development directions 
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for the manufacture of a new product; improving IA. Therefore, the 

organizational and economic mechanism is aimed at achieving 

strategic goals, using methods of increasing IA, stimulating 

innovative development. However, this mechanism does not 

determine the expected economic effect, does not take into account 

the feasibility of predicting the results of IA. 

       In her research Cherepanova V.O. [12, p. 21-23] analyzed the 

essence of the economic mechanism of innovative development and 

the process of its formation. In the study, the economic mechanism 

of innovative development was considered as an integral part of the 

economic mechanism and the use of which occurred through the 

application of management methods to enhance staff work, 

accelerate the introduction of innovative technologies. Among the 

elements of the mechanism were identified: management process, 

provision of information, finance, materials, technology, planning 

and organization of activities, the feasibility of attracting innovation. 

Among the subsystems of the mechanism, an important role is 

played (Fig. 3): control over the development of the enterprise; staff 

incentives; availability of finance; information environment; 

forecasting of innovative development. The disadvantage of this 

approach is the failure to take into account the economic mechanism 

of risk, uncertainty of further development, variability of the goals of 

the enterprise. 

Quite the opposite approach was followed by Ilyashenko N.S. and 

Rosokhata A.S. [15], who, in constructing the organizational and 

economic mechanism of innovative development, took into account 

the process of forecasting innovative development and identified the 

need to manage it. The peculiarity of this mechanism is the 

consideration of organizational and economic levers, the 

implementation of innovative development management, which 

allows improving the activity of the enterprise, to generate 

competitive  

advantages, to increase the innovation potential. 

 

 
Fig. 3. The components of the economic mechanism of innovative development 

Note: Created by the author on the basis of [15; 12, p. 21-23] 

 

          Conclusions. The main elements of the mechanism were: the 

subsystem of information support (factors of external and internal 

environment); management subsystem (owners of the enterprise, 

who carry out planning, organization, motivation, control of IA); 

managed subsystem (definition of directions of innovative 

development); targets subsystem (task formation, mission 

definition); subsystem of prediction of directions of innovative 

development (principles, functions, stages of implementation, 

formation of recommendations, decision-making on innovative 

development); functional subsystem (marketing, IA organization, 

planning, forecasting); controlling. The advantage of the analyzed 

mechanism, in our opinion, is the use of management subsystems, 

functions and principles, the implementation of forecasting prospects 

for innovative development, the coherence of all elements, taking 

into account the influence of environmental factors. 
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Annotation. The types of entrepreneurial activity and form of enterprises are investigational. Described business system and her elements. 

Sequence of executions and in accordance with principles which provide the acceptance of effective administrative decisions aimed at 

realization of investment strategy of industrial enterprises is offered. Tasks which must be the strategies of industrial enterprise taken into 

account in the process of choice are certain. The stages of life cycle of industrial enterprises are set from the period of "birth" to the period 

of "expansion". Expediency of different forms of strategy of diversification of investment activity of industrial enterprises is reasonable. 
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Results. A business system being an economic system has 

such elements: entrepreneurial business; state business; consumer 

business. 

The subjects of entrepreneurial business are businessmen 

- legal entities and individuals- who are interested in getting income 

through production and selling, fulfilling work and delivering 

services. 

The types of entrepreneurial activity depend on the forms 

of ownership and organization. 

There are different organizational forms of enterprise: 

state, rent, individual, private, domestic, different societies, and 

joint ventures. There are big, medium, and small companies. The 

companies differ in their relation to property. The functions of a 

businessman and an owner are separated at a large enterprise; that 

means that the capital function is separated from the capital owner. 

The functions of the owner and the businessman coincide at the 

small company. The middle business is on border of the large and 

the small enterprise and combines the features of the first and the 

second one [1, р.13]. 

The combination of such types of enterprises creates 

market environment, in which every businessman occupies the 

niche, finds the place and solves the management problems 

considering the criteria of production efficiency, own interest, and 

commercial success. 

A small enterprise is accessible to population. Small 

business must be encouraged by the state for strengthening 

entrepreneurial environment. Development of small business 

creates bigger employment opportunities and is the main "supplier" 

of workplaces for the state. 

Entrepreneurial business is subdivided also into 

production, commercial and financial. 

Production business is the production, consumption of 

commodities and services and is represented by enterprises, firms, 

establishments. 

Commercial business is the exchange, distribution and 

consumption of commodities through trade establishments and 

exchanges. 

Financial business is circulation and exchange of costs 

through banks and stock exchanges. 

State business is carried out by state bodies; that means 

they enter the market with business propositions. State business 

interest is providing the priority of national scientific and technical, 

production, and other objectives which satisfy interests of national 

economy. The state encourages firms participating in these 

programs, to provide their performance. The basis of state business 

is national property on capital goods, information, money resources, 

and securities. 

Consumer business is carried out by public with the aim 

of getting commodities and services by the independent selection of 

producers and salespeople on the basis of maximal benefit. For the 

consumers of commodities a benefit is a commodity (favour) which 

satisfies their needs the best way. The basis of such business is the 

property for consumer goods and services. 

Business strategy is maximization of benefit (profit, 

income) in the process of realization of various agreements. This 

strategy is realized depending on a definite case considering the 

terms of realization, period and subject of an agreement [2, р.77]. 

An entrepreneurial environment is a complex of external 

terms and strengths, which effect the opportunities and results of 

entrepreneurial activity of subjects of market relations. It is divided 

into external and internal environment. 

External environment is foremost legislative and 

regulative bases, competition, market infrastructure, stimuli, and 

features of economic development of the state, socio-political terms 

and so on [3, р.94]. 

Internal environment is the presence of outset capital, the 

system of doing business (marketing, management). 

Entrepreneurial environment can be favourable, or 

unfavourable. The level of favourableness of entrepreneurial 

environment depends on the following factors: 

- property rights of a businessman to capital goods, 

product and incomes; 

- certain rights and freedoms, choice of type of economic 

activity; 

- favourable psychological climate; 

- the level of market competition development; 

- the reliability of protection of a businessman rights; 

- the state support [4, р.15]. 

An unfavourable environment is the absence of the above-

mentioned conditions. Partially favourable environment exists in the 

case of instability of economy and society. Entrepreneurial 

environment constantly changes due to various cyclical and not 

cyclical factors 

Cyclical factors are divided into evolutional and wave, 

and not cyclical – into constantly operating and not constantly 

operating. 

Evolutional factors are irreversible factors which in the 

absence of other influences operate in a certain direction (for 

example, the tendency of increase of population, increase of general 

production). 

Wave factors change an entrepreneurial environment in 

the different intervals of time with an identical or similar conditions 

(for example, labour productivity, price, interests on a capital, rate 

of unemployment and so on). 

Constantly operating not cyclical factors signify the 

change of level of economic development, scientific and technical 

progress, monopolization, government control, militarization of 

economy, competition. Inconstantly operating non-cyclical factors 

are seasonal fluctuations, social conflicts, political crises, 

calamities.  

The driving force of business development is the needs 

and personal economic interest which is the basis of needs. 

Business development is impossible without 

corresponding operating conditions. They provide a legislative and 

normative base, competition environment, market infrastructure and 

stimuli of entrepreneurial activity. 

The methodological basis of business is a theory of 

market management. 

A market is a form of economy functioning, and a market 

mechanism is an important regulator of economic development. 
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Functioning of market mechanism has some conditions, 

which allow to make important conclusions about the character, 

type and level of organization of market: 

 independence and freedom of action of 

businesses; 

 an opportunity to independently place an order 

and to freely dispose of own incomes; 

 responsibility for the use of resources, for 

possible losses and ineffective decisions; 

 the opportunity of mutual choice of partners at 

the market; 

 competition as a result of sufficient amount of 

producers and consumers of commodities. 

Forming of enterprise environment and effective market 

mechanism need taking the following measures: denationalization 

and privatization; reformation of financial, credit money system and 

pricing; demonopolization of economy; creation of the effective 

system of population protection. 

Forming of market environment presupposes the 

encouragement of such activity by tax deductions, direct state 

grants, financing of important innovative projects [5, 69]. 

The specification of investment strategy according to the 

periods of its realization means sequencing the terms of 

achievement of definite goals and strategic tasks. In the process of 

this specification external and internal synchronization in time is 

provided. External synchronization means synchronization of the 

investment strategy with the general strategy of economic 

development of a corporate structure, and also with the forecast 

changes of the investment market. Internal synchronization means 

synchronization of separate directions of investing, as well as 

synchronization with forming the necessary investment resources. 

The last stage is the estimation of the developed 

investment strategy and its correspondence to the principles of the 

investment strategy forming. 

The basis of the process of the choice of strategic 

directions of investment activity is the aims of this activity. The 

following tasks must be taken into account in the process of choice: 

1) determination of correlation of different forms of 

investing on the definite stages of the considered period; 

2) determination of branch orientation of investment 

activity; 

3) determination of regional orientation of investment 

activity.  

Correlation of different forms of investing on the definite 

stages is related to directions of activity of a corporate structure. 

Institutional investors carry out the investment activity 

mainly at the stock market. Thus the main form of a long-term 

investment activity is investing in stocks, bonds, saving certificates 

and other financial instruments. Real investing in such structures 

can fluctuate within the limits set by norms and regulations 

developed for each of the group of investors. 

Production corporate structures have real investments as 

the basic form of investing. This form of investing allows such 

structures to develop in the highest pace, to master new products, to 

penetrate into new commodity and regional markets. Financial 

investments of such structures are short-term investments of 

temporally free money carried out with the purpose of instituting 

control (or influence) over the activity of definite companies 

(partners, competitors and so on). 

Solving this task substantially depends on the stages of 

life cycle of a corporate structure (Picture 1). On the stages of 

"birth" and "growth" most part of investments is the real, on the 

stage of "expansion" the real investments (capital and circulating 

capital) prevail as well; and only on the later stages of the life cycle 

("maturity") corporate structures can increase the share of financial 

investments. In order to avoid the period of "recession" and prolong 

the period of "maturity", it is necessary to diversify the activity of 

the corporation; that means to give up those directions of activity, 

which do not bring income, and to develop new directions of 

activity, which bring income. 

Besides the basic directions of production or financial 

activity many corporate structures (holdings, financial industrial 

groups, multinational corporations) buy publishing organizations, 

TV and radio companies, participate in show business as sponsors 

or direct shareholders, organize tour operators and so on. 

The business timely diversified allows to avoid the period 

of "recession" of a corporate structure. Instead the duty stage of the 

life cycle of a corporation starts 

 but not from the period of "birth", but from the period of 

"expansion". 

 

 

No 

dividends 

Stock 

dividends 

Cash and 

stock 

dividends 

Big cash 

dividends 

Decreasing 

dividends 

„Birth” 
„Growth” 

„Expansion” 
„Maturity” 

„Recession

” 

Production and sales volume 

Life cycle Period 

Picture 1 Character of stages of the life cycle of a corporation 

Note: Created by the author on the basis of [6, p. 120] 

 

There is a correlation between forms of investing and the 

size of a corporate structure. Investment activity of small and 

medium size structures is related to the real investments, when large 

corporations perform mostly financial investments. The general 

economic situation which determines the situation at investment 

market influences the correlation of the real and financial 

investments. When the economy is unstable, the inflation is high, 

permanent change of tax rates takes place the efficiency of the real 

investing is low and the investment risks are high. Financial 

investments especially short-term are more effective in such periods 

(on condition that the profitability of these investments exceeds 

inflation rates). 

Taking into account these terms of estimation of different 

forms of investing differentiate according to the separate stages of 

investment activity of a corporate structure. 

The experience of investment activity of the corporate 

systems in the second half 1990s shows that a branch orientation is 

the most difficult task of the investment strategy development. This 

decision requires the stage-by-stage approach to forecasting the 

investment activity together with the general strategy of economic 

development of a corporate structure. On the first stage the 

expediency of two basic strategic directions of investment activity 

is investigated: Branch concentration. Investment activity 

diversification. 

As a rule, the initial stages of activity of a corporate 

structure are related to its concentration on the industry which is 

most familiar to investors. 

The review of the western practice shows that many of the 

most successful investors attained the high level of welfare using 

the strategy of concentration that is staying within the diversified 

activity. Especially bright examples are provided by the production 

of separate types of technological products (computer technique, 

computer software and so on) or products that meet the needs of a 

larger circle of consumers. At the same time there is the biggest 

amount of bankruptcies among investors which use this strategy. It 

is determined by the fact that the concentration is connected with 

the higher level of investment risks, than can be afforded by most 

investors. 

The strategy of branch concentration (if chosen by an 

investor regardless the high level of risk) can be used only on the 

first three stages of the life cycle of a corporate structure, because 

under favourable circumstances it provides the highest rates of 
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production development of capital increase. On the next stages of 

the life cycle as the demand satisfaction in the products is reached 

the strategy of branch diversification of the investment activity is to 

be developed. 

On the second stage the expediency of different forms of 

branch diversification of the investment activity is investigated 

within the framework of a certain group of industries, for example, 

of agricultural industry, food industry, transport and so on. Such 

branch diversification allows an investor to use the accumulated 

experience in the field of marketing, production technologies and so 

on and to determine the efficiency of investment. In addition, the 

use of branch diversification even within these limits allows to 

substantially reduce the level of investment risks. 

The diversification of investment activity of a corporate 

structure within the certain group of industries is connected with 

forming the so-called "strategic areas of business". Such formation 

is carried out in the process of the development of the general 

strategy of economic development of a structure and is an 

independent economic segment, which carries out the activity in a 

number of contiguous industries, united by consumer demand, raw 

material or technology. The strategic area of business is responsible 

for the development of the list of competitive products, effective 

sale strategy, and also providing the investment strategy. 

At the same time, such strategy of investment activity has 

some drawbacks. The basic is the fact that contiguous industries 

have similar in time branch life cycle within their group. This 

increases investment risk, especially in traditional industries of 

economy. In addition, the products of such industries are effected 

by identical cycles, that increase investment risk in certain 

unfavourable periods. Therefore the use of the strategy of 

diversification of investment activity within the certain group of 

industries is effective only at the favourable prognosis at 

corresponding commodity markets. 

On the third stage the expediency of sharp forms of 

diversification of investment activity is investigated from the point 

of view of different, unconnected with each other groups of 

industries. The necessity of use of such strategy is determined by 

the fact that for many large and medium size companies which 

perform for a long period, the traditionally chosen industries 

(separate or within the certain groups) slow down the rates of 

perspective development, high yield from investments, and 

sometimes cause strategic vulnerability in competitive activity. The 

condition of such diversification of investment activity, as the 

analysis shows, is forming "the strategic economic centres". 

Conclusions. A strategic economic centre is an 

independent structural unit of CS, which includes a few strategic 

areas of business (the system of such strategic economic centres 

was first realized at the American firm "General electric", that 

allowed the company to considerably increase the efficiency of the 

investment and economic activity). A strategic economic centre 

fully develops the investment strategy which is an independent 

element of investment strategy of a corporation. Due to the choice 

of industries with the different stages of the life cycle and with the 

different fluctuations periods the level of investment risks 

substantially goes down. 

Diversification of the investment activity, carried out in 

the process of the second and third stages of the investment strategy 

development, is carried out considering the forecast estimations of 

development of separate industries (or groups of industries). 

Regional orientation of investment activity when 

developing the corresponding strategy of CS is determined by two 

basic factors: the size of corporate structure; performance period. 

Most of medium size firms and considerable part of small 

firms carry out the activity within the limits of the region of 

investors' residency. For such firms the opportunity of regional 

diversification of investment activity (especially real investments) is 

limited due to the insufficient volume of investment resources and 

substantial complication of the investment and economic activity 

management. The fundamental opportunity of regional 

diversification is possible only for financial investments, however 

their volume is small; that is why investment decisions can be made 

not within the developed strategy but when developing the 

investment portfolio (that is on the stage of investment activity 

tactical management). 

The second factor which determines the necessity of such 

development is the corporate systems performance period. On the 

first stages of its life cycle the economic and investment activity is 

concentrated, as a rule, within one region, and only with further 

development of CS there come a need in regional diversification of 

the investment activity. 

The basis of development of regional investment activity 

is the estimation of investment attractiveness of different regions. 

Due to stability of many regional development factors the results of 

estimation of investment attractiveness of regions usually is not 

subject to dramatic changes and can be used for development of 

investment strategy. 
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     Annotation. It is established that the main activities include: exercising control over the rational use of resources; reducing the cost of 

using and maintaining outdated equipment; increasing of production capacity; upgrading of equipment; improvement of production 

technology; production of unique products and improvement of their quality; diversification; automation of the production process by 

eliminating manual labor; reduction of pollutant emissions, search for new sources of raw materials; rational use of working capital and 

fixed assets. It is noted that marketing directions in the process of monitoring and adjusting the strategy, diagnostics and finding prospects 

for its further use include a set of actions concerning: exploring new markets for products; use of discount system for goods and services; 

application of modern pricing methods; product updates; production of new products according to existing orders; new methods of product 

promotion; improving customer service. The financial directions in the process of monitoring and adjusting the strategy, diagnostics and 

finding prospects for its further use are determined, they are aimed at providing the process of development and implementation of the IA 

strategy with sufficient financial resources, correlation of the planned effect with the achieved, estimation of the amount of expenses for 

carrying out research works, development technologies, their introduction into production, production of new products, its supply, search for 

consumers. The justified use of financial directions in the process of monitoring and adjusting the strategy, diagnostics and finding prospects 

for its further use allows to create some methods of protection from risks impact, to improve financial activity of the enterprise, to rise the 

effectiveness of IA organization, to increase sales volumes.. The factors of influence on the development of innovation strategy and the 

development of innovation activity of industrial enterprises are suggested. 

       KEYWORDS. STRATEGY, INNOVATION ACTIVITY, MONITORING, IMPLEMENTATION PROCESS, REGULATION, FACTORS OF 

INFLUENCE, DEVELOPMENT, FACTORS. 

 

       Formulation of the problem. Important role in the development 

of the IA strategy is played by motivational actions aimed at 

creating a friendly atmosphere in the team, using social programs, 

improving working conditions, increasing the interest of staff in the 

production of products with new properties, improving their well-

being and productivity, rational distribution of responsibilities, 

increasing qualifications, exchange of experience with innovative 

developed enterprises. 

       Results. Analytical actions include the subsystem of collection, 

processing and analysis of information, the subsystem of risk 

assessment, the subsystem of diagnostics. The use of these 

subsystems allows to receive timely information, respond to 

changes in the regulatory framework, determine the list of risks, 

predict the outcome of the strategy, adjust the process of strategy 

development. 

Regulatory actions should be considered as a set of measures for the 

legislative regulation of enterprise IA and they include: internal 

documents of the company, which are aimed at regulating the IA; 

regulations, state provisions that form innovation potential and on 

the basis of which business entities develop an IAstrategy; state IA 

development programs.  

Before deciding on the implementation of the IA strategy, a study of 

the resource base, the level of competition and the investment 

potential at the sixth stage is carried out. These studies are 

necessary to clarify the possibility of obtaining financial, 

innovative, social effects from the implementation of IEIS. 

Accordingly, obtaining the desired result is possible if there are 

sufficient resources available, risk assessment, forecasting the 

advantages and disadvantages of implementing the strategy, the 

ability to use the available potential. 

Implementation of the Industrial Enterprise Innovation System 

(IEIS) occurs when the expected benefits are significant, there are 

prospects for the use of innovative ideas and the outcome of using 

the chosen strategy will be higher than that of other strategies. At 

the seventh stage, the existing IA strategy is used and its 

compliance with the established criteria is established. It is also 

possible at this stage to adjust the strategy according to the 

variability of environmental factors and the needs of the enterprise. 

The process of developing an IA strategy must meet a number of 

criteria defined by the subjects of the strategy and include: a time 

parameter, that is, the use of the strategy is long-term, but the 

process of strategy development and implementation must have 

time limits; nature of risk - the need to reduce the impact of risk on 

strategy use; production of new products; investment character - the 

need to attract investment as a basis for implementing IA; long-term 

success, that is, the value of success from strategy implementation; 

the cost of strategy implementation; advantages and disadvantages 

of the chosen type of strategy, validity of the strategy choice; its 

social nature, i.e. improving the well-being of employees; degree of 

researches, frequency of use of innovations; the cost of the strategy 

chosen and the quality of information on strategy selection; 

readiness of the enterprise for the implementation of the strategy, 

availability of resources, technologies. 

          Monitoring the process of strategy implementation, that is, 

control over the implementation of each stage of the development of 

IEIS, adherence to the sequence of actions and determines the level 

of achievement of goals, effectiveness of the strategy. At this stage, 

there is an opportunity to minimize the risks that affect the 

implementation of the chosen strategy. Note that the effectiveness 

of the IEI strategy is being evaluated. Carrying out the evaluation of 

the strategy's effectiveness includes the following actions: 

alignment of the IA strategy with the overall strategy, i.e. defining 

the targets, objectives, goals; interaction of the IA strategy with the 

external environment; sufficiency of resource provision; 

completeness of the goals of the activity; assessment of the existing 

level of risk; analysis of the sequence of development and 

efficiency. 

       At the last stage, the results of the use of the IAE strategy 

determine the financial status of the enterprise, set changes in its 

development, compare the results of economic, innovation, 

investment, production activities before the implementation of the 

strategy and after its use, assesses the prospects for operation. On 

the basis of the analysis, a decision is made regarding the possibility 

of extending the term of the IA strategy at the enterprise. 

          The generated IA strategy must meet the following 

requirements: resource supply, acceptable level of risk; taking into 

account the effect of external factors; long-term nature; the 

consistency of the established goals and objectives; the time period 

for using the strategy; the sequence of actions. The development of 

an IAE strategy is a complex process, which is explained by the 

variability of the external and internal environmental factors, the 

complexity of predicting the results of the IA, the need to make 

adjustments to the strategy, since the development of industrial 

enterprises is also changing [1, p. 28-29; 2, p. 68-74]. Thus, the use 

of IA strategy in industrial enterprises will achieve the following 

results: production automation; introduction of technologies; 
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attraction of investments; conservation of resource potential; 

reduction of waste emissions; raising wages; coverage of new 

markets; production of new products; reducing the number of risks. 

Considering the improved IA strategy, it is necessary to analyze in 

more detail the factors influencing the process of its development 

and implementation. Exactly the factors of external and internal 

environment depends on the correct development of IA strategy and 

the ability to obtain the desired result and, as a result, the efficiency 

of the enterprise, the development of methods of protection against 

the effects of threats and risks [3, p. 74-75]. 

        In the writings of Semeniuk O.M. [4, p. 221-222] factors of 

influence on the development of enterprise IA are considered in 

detail. In particular, the following factors were analyzed: financing 

of innovative development; credit system of the country; security of 

investment resources; information support; organization of 

marketing work; productivity of staff; the level of competition; 

production process; the effectiveness of the motivational system; 

relations with partners; directions of activity of the enterprise. In 

our opinion, taking into account the above group of factors in the 

development of the strategy will contribute to the effective 

development of the enterprise, the introduction of innovations, the 

improvement of innovation activity. 

       Another author Chernobai L. [5, p. 32] examined the factors of 

influence on the renewal of the IA of industrial enterprises, among 

which identified: macroeconomic; microeconomic. The 

macroeconomic group includes the activities of regional and state 

authorities, the regulation of IA, the existence of effective 

legislative acts. Among the microeconomic factors were 

highlighted: low level of consumer awareness of innovative 

products, uncertain demand for new products, outdated and energy-

intensive equipment, high level of equipment wear and tear, 

reduction in the proportion of skilled workers. The factors analyzed 

influence the development of the IA and, accordingly, the process 

of strategy development, since without considering these factors the 

effectiveness of the IA strategy may be low. 

     Bezus A.M., Bezus P.I. [6, p. 63-67] in their study suggested the 

factors of influence on the implementation of the innovation 

strategy and identified the factor of external environment 

(economic, scientific, technical, state-legal, natural-resource, socio-

political) and internal environment (Fig. 1). The economic factors 

include the development of the state, inflationary processes, 

employment of the population, the fullness of the country's budget, 

investment development, and the reduction of skills of workers. The 

scientific and technical factors are: carrying out research works; 

innovative developments at the international level; conducting 

research at regional and national levels; financing of innovative 

development. State-legal factors included: tax burden and simplified 

taxation system; preferential lending; development of state 

innovation programs; regulatory and legal regulation 

 
Fig. 1. Factors influencing the development of enterprise innovation strategy 

Note: Created by the author on the basis of [6, p. 63-67] 
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Natural-resource factors are the geographical location of the 

enterprise, favorable climatic conditions, and the level of 

environmental safety in the region. Socio-political factors include: 

aggravation of conflicts in the country; instability of the political 

situation; the level of minimum wage of the population; consumer 

needs; productivity; attitude of staff to work. The main factors of 

the internal environment are: the task of the enterprise; the 

effectiveness of the overall strategy; the level of competitiveness; 

timing of tasks; covered markets; company image; availability of 

resources; information environment; security of technology; 

production process; the level of innovative development. Taking 

into account the analyzed group of factors will allow developing an 

effective innovation strategy, to skillfully use it in the activity of the 

enterprise, to avoid unforeseen threats in the implementation of the 

strategy, to bring the organization to a new level of development. 

        It should be noted that Zakharkin O.O. [7, p. 277-279] 

analyzed a group of factors influencing the debugging of IA, which 

included: endogenous; exogenous. Exogenous factors were 

understood as: ineffective regulation of innovation, lack of 

mechanism for protection of intellectual rights, incentives for the 

development of IA; instability of the political situation; low level of 

financial support from the state. The group of endogenous factors 

include: equipment wear; centralization of power, inefficient 

business organization, limited access to information; lack of 

incentives for IA; reduction of skilled workers. In order to 

neutralize the influence of the group of factors described above, it is 

necessary to develop measures to stimulate innovative development, 

update the technological base, and introduce into the production of 

innovations. 

       Verminska O.M. [8, p. 194] carried out a thorough analysis of 

the factors influencing the process of innovation implementation 

and IA development. The main factors of influence were: price, i.e. 

the opportunity to finance innovation, research, the amount of 

spending on IA; information - availability of information, 

qualification of staff; market - search for new markets for products, 

demand for goods, competition; the innovative downturn is the 

reduction in demand for products, the absence of the need to 

produce a new product. Note that the definition of the analyzed 

group of factors in the implementation of IA is appropriate, and 

should be taken into account when developing an IA strategy. 

      Tiutchenko Iu.Iu. [9, p. 122-124] proposed a group of factors 

influencing the development of IA and divided them into two 

groups: factors aimed at improving IA; factors that impede the 

development of IA. These groups of factors include technical, 

economic, organizational, managerial, legal, socio-psychological 

factors, but for each group the values of the selected factors will be 

different. Thus, the factors that contribute to IA will be 

characterized by: availability of reserves for financing innovation, 

sufficient competition, state support; preferential taxation system, 

effective legislation; creation of innovative programs, independence 

of enterprises, international cooperation; motivational activities, 

productivity, interest in technology development. The opposite is 

the case with the factors that impede IA: the ineffectiveness of the 

legislative framework; lack of proper working conditions; 

deterioration of the country's innovation potential, insufficient 

financial resources, lack of information; short-term nature of the 

activity, lack of relationships with partners, centralization of power. 

Note that the development of enterprise IA depends on the policy of 

the state, which will contribute to the development of an effective 

strategy of IA, improvement of innovative development, indicators 

of financial activity.  

       Krush N.P. [10, p. 63] adhered to a similar opinion and 

suggested factors of influence on the development of the innovative 

strategy of the enterprise, to which he referred (Fig. 2): demand for 

products (political, social, environmental, climate); state regulation 

(control of activity of enterprises, regulation of IA, legal basis); 

factors that depend on the functioning of the enterprise (production 

organization, financial support, technological). It should be noted 

that every enterprise has peculiarities of functioning for it, and 

when developing an IAE strategy it is necessary to take into account 

the factors of influence, which will allow improving the process of 

planning, regulation, control and adjustment of the strategy. 

 

 
Fig. 2. Factors influencing the development of innovation 

Note: Created by the author on the basis of [10, p. 63; 11, p. 84-86; 12, p. 49-50; 8, p. 194; 9, p. 122-124]. 

 

Conclusions. According to the results of the analysis, it can be 

noted that the set of analyzed factors should be taken into account in 

the development of improved IEIS, which is appropriate for the 

correct formation of stages of the strategy, justification of its 

feasibility, exploring the capabilities of the enterprise, reducing the 

number of risks for the implementation of innovation strategy, , 

diagnostics of prospects for its further use. 
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1. Introduction 

The modern economy is developing largely due to new 

materials. The emergence of synthetic materials in the chemical 

industry, the creation of new metallic alloys in the metallurgy opens 

up new opportunities in mechanical engineering. New design 

solutions for machines, mechanisms, devices rely heavily on new 

materials. The innovative nature of the industry's development of 

new materials structures, the production and use of metals and non-

metallic structural materials is a factor in training material science 

professionals. However, the preparation of Bachelors in Materials 

Science requires a strong material and technical base and highly 

qualified scientific and pedagogical staff of the University. These 

requirements influence the choice of entrant to study at the 

university. However, according to our research, there are other 

criteria for choosing a university. 

2. Proposed methodology of national and interstate 

comparative analysis of universities, where the 

bachelors of materials science are trained 

To compare universities by any criterion, it is necessary to 

deepen the typology of universities by branch, or by type of 

economic activity of future specialists. As for the criteria by which 

an applicant should choose a university for future study, they are 

well known. There are enough publications devoted to researching 

and determining the criteria for choosing a higher education 

institution. Among them there are the following [1-11]. As these 

publications are mostly aimed not at the academic community, but 

at the entrants, they are placed on the Internet. 

Researchers [1] have identified as the main criterion for 

choosing a university the criterion of “quality of higher education”. 

This was stated by 53% of respondents. The study [2] noted a fairly 

high level of entrants' confidence in information from the Internet. 

19% of the respondents testify to this. A small number of studies do 

not indicate the importance of the criteria, but simply give a list of 

sequential steps to make the choice of higher education [3; 6; 7]. At 

the same time, such steps are not only an orientation to the 

university itself [6], but also to the prospects of a particular 

specialty [7]. A number of researchers prefer not so much the 

criteria for choosing a university, but rather emphasize the benefits, 

salient indicators of education and research that are reflected in the 

rankings of certain universities. In particular, we can mention the 

Taras Shevchenko National University of Kyiv [5], the Kyiv 

National University of Culture and Arts [4], Kharkov Polytechnic 

University [10]. 

Some studies mention the selection criteria for foreign 

universities, in particular [8; 9]. 

Research on the sectoral profile of universities is quite 

interesting [11]. It outlines, somewhat broadly, a sectoral typology 

of universities. However, in so much detail as to reflect precisely 

the profile of material science, the author does not differentiate 

higher education institutions. 

3. Prerequisites and means for solving the problem 

An important aspect of the study is the deepening of the 

topology of the universities of Ukraine in the specialty 132 

"Material Science". Relying, to some extent, on determining the 

profile of universities [11], we have investigated the composition of 

the leading universities in Ukraine, which prepare bachelors in this 

specialty. The composition of such universities is shown in Table 1. 

Table 1: Ukrainian Higher Education Establishments that Provide 

Bachelor's Degree in Specialty 132 Materials Science in 2019 *. 

# University Name 

1 Donbass State Engineering Academy 

2 Donetsk National Technical University 

3 Zaporozhye Polytechnic 

4 Ivano-Frankivsk National University of Oil and Gas 

5 
National Technical University of Ukraine "Igor Sikorsky 

Kyiv Polytechnic Institute" 

6 National Metallurgical Academy of Ukraine 

7 National University of Transport 

8 Lviv Polytechnic National University 

9 National Technical University "Dniprovsk Polytechnic" 

10 Azov State Technical University 

11 
Pridneprovsk Academy of Civil Engineering and 

Architecture 

12 Sumy State University 

13 Kharkiv National Highway University 

14 Central Ukrainian National Technical University 

15 Cherkasy State Technological University 

* According to data from universities in August 2019. 

The above presented list of universities, which provide Bachelor 

degree in Materials Science, is not exhaustive. Instead, these 

universities are the leading technical majors in their respective 

regions. 

4. Solution of the examined problem 

Considering the uneven income, one of the main criteria for 

choosing a university by Ukrainian citizens should be considered 

the cost of education. This is despite the fact that 75% of 

respondents consider it possible to study on a fee-for-tuition basis 

[1]. Such consent is dictated by the small amount of tuition fees we 

see in Table 2. 
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Analysing the range of prices for the preparation of bachelors in 

the specialty 132 Material Science in Ukrainian universities, it 

should be noted the following. First, if you look at the national 

currency hryvnia prices, they are not too huge. According to the 

official data of the Ministry of Finance, the average salary in June 

2019 amounted to UAH 10,783.00 [13]. Secondly, if you compare 

the cost of educational services by region, you can note the highest 

price in the center of Ukraine: at the National Technical University 

of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute" - 18,800.00 

UAH. The second largest payment is in Cherkasy State 

Technological University - 16,200.00 UAH. The lowest price is 

6,950.00 UAH in Zaporizhia Polytechnic, which is difficult to 

explain. After all, industry in the south of Ukraine is functioning 

and specialists in materials science are indispensable for the whole 

complex of metallurgical enterprises. 

Table 2: Payment for first-year full-time tuition at Ukrainian higher 

education institutions in the specialty 132 Materials for Entrants 2019 *. 

Higher education institutions 
Tuition fees ** 

Hryvnia Euro 

Donbass State Engineering 

Academy 

13,200.00 476.01 

Donetsk National Technical 

University 

13,850.00 499.46 

Zaporozhye Polytechnic 6,950.00 250.63 

Ivano-Frankivsk National 

University of Oil and Gas 

12,600.00 454.38 

National Technical University of 

Ukraine "Igor Sikorsky Kyiv 

Polytechnic Institute" 

18,800.00 677.97 

National Metallurgical Academy of 

Ukraine 

9,200.00 331.77 

National University of Transport 9,300.00 335.38 

Lviv Polytechnic National 

University 

10,800.00 389.47 

National Technical University 

"Dniprovsk Polytechnic" 

11,600.00 418.32 

Azov State Technical University 13,600.00 490.44 

Pridneprovsk Academy of Civil 

Engineering and Architecture 

9,300.00 335.38 

Sumy State University 15,000.00 540.93 

Kharkiv National Highway 

University 

11,100.00 400.29 

Central Ukrainian National 

Technical University 

11,440.00 412.55 

Cherkasy State Technological 

University 

16,200.00 584.20 

* According to data from universities in August 2019. 

** According the exchange rate 27.73 UAH/EUR on 27.08.2019 

[12] 

If compared in European currency, it is certainly worth looking 

at the cost of training bachelors in the specialty studied at foreign 

universities. Let’s consider higher education institutions for 

comparison: in Austria (Vienna University of Natural Resources 

and Applied Natural Sciences), Bulgaria (Sofia Technical 

University, Varna Technical University), Germany (Dresden 

Technical University), Poland (Mining and Metallurgical Academy, 

St. Warsaw Polytechnic University), Russia (Russian Technological 

University). The data are shown in Table 3. 

As not all universities have prices quoted in euros, we have 

carried out corresponding transfers of Bulgarian levs, Russian 

rubles into euros according to the indicators of their national central 

banks. In particular, such data are: the Bulgarian Lev to Euro 

exchange rate in August is 0.5072 Euro per Lev [14]. The ruble to 

euro as of 08/28/2019 according to the Central Bank of Russia was 

72.83 rubles / euro [15]. 

It should also be noted that different sources indicate different 

prices for training. In particular, this concerns the price of tuition at 

Sofia University, which, according to the website of this university, 

we have received, is 1320.00 levs, which equals 669.50 euros. 

Instead, information from the National Technical University of 

Ukraine "Igor Sikorsky Kyiv Polytechnic Institute", which has 

relevant agreements on training specialists of different specialties, 

shows an approximate (apparently average cost of studying at 

Bulgarian universities) 1,500.00 Euro [16]. The very averaging of 

the data explains the significant difference with the data of the site 

of Sofia University. Although, in certain circumstances, given the 

first payment, the cost of living, meals, insurance, visa and 

transportation and other expenses of the student, this amount may 

well amount to approximate estimates of the cost of training and 

related costs. 

Table 3: Payment for full-time tuition at foreign higher education 

institutions in the specialty 132 Materials Science in 2019. 

Higher education institutions 
Tuition fees ** 

Hryvnia Euro 

Akademia Górniczo-Hutnicza im. 

Stanisława Staszica [17] 

55,460.00 2,000.00 

Dresden University of Technology 

(TUD) [18] 

14,752.36 532.00 

Lublin Polytechnic [19] 33,276.00 1,200.00 

Russian University of Technology 

[20] 

84,243.74 3,038.00 

Sofia Technical University [21] 18,565.24 669.50 

Varna Technical University [22] 4,571.00 164.84 

Vienna University of Natural 

Resources and Applied Natural 

Sciences [23] 

21,074.80 760.00 

Warsaw Polytechnic University 

[24] 

55,460.00 2,000.00 

* According to data from universities in August 2019. 

** According the exchange rate 27.73 UAH / EUR on 27.08.2019 

[12] 

There is also a certain assumption about the specialties at 

Bulgarian universities, where we take the specialty "Mechanical 

Engineering and Engineering" at Sofia University and the branch of 

"Engineering Sciences" at the University of Varna. This is due to 

the fact that the websites of these universities do not explicitly refer 

to the specialty “Materials Science”. 

At the Russian Technological University, the specialty is called 

"Materials Science and Materials Technology". 

Differences in the names of specialties or branches of science 

have national characteristics. Instead, the content and focus of the 

bachelors training remains the key. It is the content of the named 

specialties in different countries that have similarities, which 

determines the uniformity of filling their curricula, at least 

approximate uniformity of logistics, qualification of scientific and 

teaching staff. This allows you to compare the cost of their training, 

which should reflect the cost of training. 

For some simplification of perception by Ukrainian specialists, 

we have shown prices at European universities not only in Euros 

but also in UAH. 

5. Results and discussion 

A comparison of the prices of Ukrainian and European 

universities shows that at Austrian and Polish universities the prices 

for study in the field of "material science" are higher. Instead, at 

German and Bulgarian universities, prices are about the same as in 

Ukraine. Of course, a deeper study of the factors that determine the 

price of tuition at a higher education institution could reveal the 

motivations of university leaders who want to determine exactly the 

level of tuition fees. These may be market requirements (business 

needs, student solvency, features of the organization and equipment 

of the educational process, etc.). 

 

MACHINES. TECHNOLOGIES. MATERIALS. 2019

423



6. Conclusion 

Comparing national universities with each other, as well as with 

foreign universities, in terms of the cost of studying bachelors in the 

specialty 132 "Materials Science" shows a significant difference 

between the individual universities. The interpretation of this 

situation has several explanations and several consequences. 

As for the explanations for Ukrainian universities, some of them 

do have a much more expensive and more efficient material and 

technical base, which requires some more expensive operation and 

maintenance. Therefore, the cost of training is higher. If we talk 

about foreign universities, there is a higher cost not only of 

machinery and equipment, raw materials and materials, but also of 

teachers and support staff. However, in some foreign universities 

the cost of preparing a bachelor's degree in the subject is 

comparable to Ukrainian universities. 

When talking about the consequences, we should note the 

following. Firstly, there were opinions among Ukrainians. Some 

believe they are better educated where the payment is higher.  

Others do not regard the price factor as an indicator of the quality of 

education. As a result, the choice of university depends on the 

admission of the applicant ones parents to one of these two groups. 

Secondly, there is a view that foreign education is better 

because there is more modern equipment, advanced innovative 

technologies. Of course, the value indicator, if it is the chosen 

criterion for choosing a university to study, does not show it. 

Therefore, regarding foreign universities, the conclusion can be 

described in various sources [8; 9; 25; 26]. Their training programs 

and staff composition should be studied in greater detail. This is 

also true while choosing domestic universities. 
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Abstract: In this paper, we consider the theoretical foundations of the synthesis of ceramic materials from natural aluminosilicates with 

the addition of technogenic materials (lead and copper slag) using powder metallurgy methods. The characteristics of the feedstock, 

properties are presented, the geographical deposits of natural components are shown. The possibility of obtaining pelletized, granular, and 

block ceramic materials based on natural and technogenic sorbents of Kazakhstan is shown by powder metallurgy methods. 
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1. Premises and Means of Solving the Problem

Currently, high-quality ceramic materials for various purposes 

based on unconventional substandard and / or technogenic raw 

materials are produced in a limited assortment. The fundamental 

limitations of the widespread use of natural raw materials and 

industrial materials for the synthesis of various new materials are 

attributed by specialists to their heterogeneous chemical and phase 

composition, the presence of impurities (compounds of iron, 

manganese, chromium, titanium, gold, silver, etc.) and the absence 

of an economic processing strategy.  

Technogenic waste also has a complex composition, depending 

on the nature of the production process during which it is generated, 

and is mainly used in the construction or road industries as fillers in 

the form of dry mixes or as a binder and others [1,2]. Work on the 

secondary involvement of technogenic materials over the past 15 

years has been carried out worldwide. At present, in some CIS 

countries, the production of ceramic products from natural clays and 

metallurgical waste in the form of facing slabs is mainly [3]. The 

joint use of these types of raw materials for the production of 

ceramic products based on them is practically not studied. 

Kazakhstan has explored more than 100 different deposits of 

natural materials suitable for the synthesis of ceramic materials. The 

largest are presented in Figure 1. Their geographical location in the 

country is shown. These are 6 zeolite deposits - Taizuzgen, 

Chankanai, Sary-Ozek, Yuzhnoye, Daubabinskoye, Kyzyl-Adyr. 

Deposits of bentonite clays: Chardarya, Karagiye Depressions, 

Kushmurunskoe, Verkhne-Ubaganskoe, Andreevskoe, Taganskoe. 

Fig.1 Map of Kazakhstan's zeolite and bentonite deposits 

Many industrial industrial wastes (metallurgical slag) are close 

in their composition and properties to natural raw materials, so the 

use of industrial waste can cover up to 40% of the construction 

needs for raw materials. The use of industrial waste can reduce the 

cost of manufacturing building materials by 10-30% compared with 

their production from natural raw materials. 

Recently, the unique chemical properties of metallurgical slag 

[4] have attracted attention to the production of materials for use in

the environment for use as adsorbents, catalysts, or a source of

active substances in environmental engineering.

2. Solution to the Problem

The development of new ceramic materials is material-

intensive; therefore, the use of statistical programs for processing 

experimental data is an important tool for quality management. The 

use of software products allows us to reduce the number of practical 

experiments on the synthesis of ceramics and determine the optimal 

parameters for the synthesis of ceramics of their natural and 

technogenic raw materials to obtain materials with desired 

properties. 

In this work, natural aluminosilicates in the form of zeolites and 

bentonite, industrial materials of metallurgical enterprises of 

Kazakhstan (slag of lead and copper production) were used as 

objects of study. 

The involvement of natural and man-made raw materials should 

be preceded by studies of the composition of the material, structure 

and properties. A physical and chemical study made it possible to 

obtain information on the material filling of the samples, to trace the 

sequence of thermal degradations and to determine the composition 

of volatile components. It was established that the matrix of 

synthesized materials is formed from clay, and the aggregate from 

finely dispersed technogenic raw materials. Such a matrix structure 

has high strength. Based on the data of X-RAY phase and 

differential thermal analyzes, the stability regions of the studied 

samples during heat treatment are determined, which made it 

possible to synthesize materials with desired characteristics. 

The production of ceramic products from natural and man-made 

raw materials is possible subject to preliminary fine grinding [5]. 

Therefore, the synthesis of ceramic materials was performed on the 

basis of the classical methods of powder metallurgy, in which 

molding compounds were prepared from the starting substances in 

the form of powders, which were then extruded and / or pressed 

with thermal training at each stage. 

A technological scheme has been developed that reflects the 

logical sequence of work (Figure 2), starting with the preparation of 

the starting materials and ending with the receipt of new materials 

from natural and man-made materials.  
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Fig.2 The technological scheme of the synthesis of ceramic catalyst supports 

 

In the process of ceramic synthesis, to obtain products with 

desired properties, it is necessary to select the composition of the 

molding mixture. Such work involves the implementation of a large 

volume of experiments with obtaining a significant amount of 

experimental data requiring systematization. An important tool for 

managing the quality of synthesized new ceramic materials is the 

use of statistical programs for processing experimental data, for 

example, Statistica, Statgraphics, and others [6]. The use of 

software products allows us to reduce the number of practical 

experiments on the synthesis of ceramics and determine the optimal 

parameters for the synthesis of ceramics of their natural and 

technogenic raw materials to obtain materials with desired 

properties.  

Statistical programs evaluate simultaneously the impact of 

several factors on the final required function. In our case, the 

controlled factor was the value of the mechanical strength of the 

synthesized ceramic samples. Influencing factors are the 

composition of the mixture, the dispersion of the components of the 

mixture, humidity, calcination temperature, the magnitude of the 

load during pressing, the design of technological equipment and 

others. 

3. Results and discussion 

In ceramic technology, three methods of forming products are 

used: from plastic masses, semi-dry pressing, and slip casting. The 

method of mass preparation also depends on this: for plastic 

molding, plastic masses with a moisture content of 18-22% are 

prepared, for semi-dry pressing masses with a moisture content of 

6-9% are prepared, and for slip molding, with a humidity of 45-

55%. 

The masses are selected according to the mineralogical 

composition, setting the required ratio of clay, quartz, feldspars and 

other additives. Mass preparation is carried out more often by the 

weighted dosage of the components according to the approved 

recipe. It gives a more accurate ratio than volumetric.  

The synthesis and heat treatment conditions of the contacts were 

maintained the same; only the composition varied. The natural 

zeolites of the Chankanai (Ch), Sary-Ozek (C) and Taizhuzgen (T) 

deposits, as well as the bentonite of the Tagansky deposit, were 

selected as natural raw materials. Zeolites and bentonite clays have 

a similar chemical composition, are represented by aluminosilicates 

containing oxides of alkali and alkaline earth metals. Bentonite was 

used as a binder component. When varying the composition of the 

experimental batch of natural and technogenic raw materials, the 

following markings were used: when copper slag was added, the 

―Cu‖ index was assigned, for example, TCu, ChCu and SCu, and when 

the lead slag was added, the ―Pb‖ index (Table 1). 

Table 1: Marking of samples from natural and technogenic materials  

1 Taizhuzgen zeolite + bentonite + lead slag ТPb 

2 Taizhuzgen zeolite + bentonite + copper slag ТCu 

3 Sary Ozek zeolite + bentonite + lead slag СPb 

4 Sary Ozek zeolite + bentonite + copper slag СCu 

5 Chankanai zeolite + bentonite + lead slag ЧPb 

6 Chankanai zeolite + bentonite + copper slag ЧCu 

 

The manufacture of granular materials includes the stages of 

preparation of the initial mixture, its extrusion in the form of 

granules and sintering. A plastic mass suitable for this method must 

have certain structural and mechanical properties, due to which it 

becomes less viscous, acquires plasticity and can be forced through 

a matrix. Under the influence of mechanical stresses, the plastic 

strength decreases, and after the release and release of stress, its 

thixotropic recovery occurs. The mixture was prepared of various 

composition and wetin the range up to 20 mass. % (wet = 15 wt.%; 

17.5 wt.% and 20 wt.%). The prepared mass, satisfying the 

plasticity requirements, was pressed through the matrix with the 

formation of extrudates with a diameter of 2.5, 4, 6 mm, depending 

on the size of the matrix used. The obtained granules were dried and 

calcined in a muffle furnace at a temperature from room 

temperature to 500 °C, 750 °C and 1000 °C. 

Statistical processing of experimental data on the influence of 

the composition of the molding material on the mechanical strength 

of the synthesized ceramic was performed. The results of the study, 

obtained by varying the nature of the zeolite, humidity in the 

composition of the press mass and the calcination temperature of 

the finished samples, processed using the Statistica program, are 

graphically presented in Figures 3-5. 

 

Fig.3 The dependence of the mechanical strength of the catalyst carrier on 

the zeolite content and temperature treatment (Wet = 15 %) 

 

Fig.4 The dependence of the mechanical strength of the catalyst carrier on 

the zeolite content and temperature treatment (Wet = 17.5 %) 
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Fig.5 The dependence of the mechanical strength of the catalyst carrier on 

the zeolite content and temperature treatment (Wet = 20 %) 

 

According to the data obtained, the optimum moisture content 

of the press powders was determined. It was found that an increase 

in pressing pressure and annealing temperature lead to an increase 

in the value of mechanical strength. Wet, providing the necessary 

strength, should be within 17.5%. At low temperatures, shrinkage of 

poorly calcined particles occurs, due to which the strength 

properties deteriorate. An increase in the temperature treatment 

from 500 to 750 °C in the manufacture of a catalyst carrier 

contributes to an increase in its strength. 

Using the Statgraphics graphical editor (Figure 6), we studied 

the effect of pressing pressure on the mechanical strength of the 

samples.  

As can be seen in Figure 6, with a change in wet from 15% to 

17.5%, an increase in the mechanical strength index with an 

increase in temperature is observed for a composition containing 

60% zeolite. With a further increase wet up to 20% in samples 

containing 60 and 70% zeolite with an increase in sintering 

temperature, an increase in mechanical strength is observed. While 

at a zeolite content of about 50%, a decrease in strength occurs. 

Thus, ceramics containing 60% zeolite with the addition of 40% 

bentonite clay are recommended as the material for the catalyst 

carrier. The results are explained by the fact that zeolite particles, 

having a porous structure and surface, contacting each other in the 

bulk of the material form a rigid reinforcing structure, and 

bentonite, possessing astringent properties, increases the strength of 

the product. A change in this structure leads to a decrease in the 

strength of the material. 

It is impossible to assess the prospects for using natural 

aluminosilicates and metallurgical slags for the manufacture of gas 

purification catalyst carriers without a preliminary study of the 

structural and mechanical properties. Therefore, according to the 

results of experimental studies, the optimal charge compositions 

based on a zeolite-bentonite mixture with the addition of 

technogenic raw materials to obtain ceramic materials with a matrix 

structure (wt.%) With a ratio of components of 60:20:20, 

respectively, were determined.  

 

 

 

Fig.6 The effect of temperature treatment and wet on the mechanical 

strength of the catalyst carrier depending on the zeolite content:  

а – Zeolite:Bentonote = 50:50; б – Zeolite:Bentonote = 60 : 40;  
в – Zeolite:Bentonote = 70 : 30  

 

Figures 7-9 show the research data on the strength of ceramic 

catalyst carrier depending on the composition of the charge and the 

calcination temperature. To determine the mechanical strength, a 

batch of samples was prepared from zeolite: bentonite: slag mixture 

in a ratio of 60:20:20 (Z: B: S (Cu) and Z: B: S (Pb)). 

Among the series of samples with the addition of copper slag 

with various zeolites, the composition based on Taizuzgen zeolite 

has the highest strength. It should be noted that at a heating 

temperature of 500 °C the strength of the sample with the 

Taizhuzgen zeolite is the same with Sary-Ozek and Chankanai (15-

17 MPa). At an annealing temperature of 750 °C, the indicator for 

all three samples increased. An increase in temperature to 1,000 °C 

led to a twofold increase in the strength value for the sample with 

Taizuzgen zeolite (TCu) and amounted to 54 MPa, while for ChCu 

and SCu, the strengths were 25.4 and 28, respectively. The smallest 

strength after heat treatment was observed for a sample of the 

Chankanai deposit synthesized with zeolite. 

The introduction of a lead plant slag instead of a copper plant 

slag into the composition of the charge significantly affected the 

properties of the synthesized materials. In this case, the maximum 

value of mechanical strength at 1000 °C is also observed for 

samples based on the Sary-Ozek zeolite (SPb = 55.4 MPa), and for 

TPb and ChPb 32.4 and 49.7, respectively. 
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Fig.7 The dependence of the mechanical strength of the catalyst carrier on 
the composition and sintering temperature (composition of the Sary-Ozek 

Zeolite + Bentonite + Slag) 

 

 

Fig.8 The dependence of the mechanical strength of the catalyst carrier on 

the composition and sintering temperature (composition of the Chankanai 
Zeolite + Bentonite + Slag) 

 

 

Fig.9 The dependence of the mechanical strength of the catalyst carrier on 

the composition and sintering temperature (composition of the Taizhuzgen 
Zeolite + Bentonite + Slag) 

 

It is shown that the mechanical strength of the samples 

synthesized under the same conditions by varying the nature of the 

zeolite and slag is quite high. It should be noted that high-

temperature training of samples up to 1000 °C contributes to an 

increase in strength. According to the data obtained, it was 

determined that the optimum value of mechanical strength is 

observed for the sample obtained by mixing bentonite slag with the 

zeolite of the Taizhuzgen deposit and is more than 30 MPa, which 

corresponds to the requirements for catalyst supports. 

4. Conclusion 

The synthesis of ceramic materials was performed on the basis 

of the classical methods of powder metallurgy, in which molding 

compounds were prepared from the starting substances in the form 

of powders, which were then extruded and / or pressed with thermal 

training at each stage. Previously, the components of the mixture 

were subjected to fine grinding to a fraction of 0.01 mm to obtain a 

homogeneous mixture. The initial charge components — natural 

zeolite and bentonite - were mixed with technogenic products 

represented by slag or dust in proportions of 60:20:20, respectively. 

An important characteristic of the charge is the moisture 

capacity of the starting components and the resulting mixture. The 

moisture content was varied in the range of 15 ÷ 20% to ensure the 

required molding moisture and satisfactory ductility. After mixing, 

the prepared mixture was sent to molding by compression in the 

form of tablets or by extrusion in the form of granules. The 

resulting materials were kept in air, and then subjected to heat 

treatment in a muffle electric furnace in the temperature range 500–

1000 °C. 

The compositions and properties of the feedstock and ceramic 

materials synthesized based on them were studied. The results 

obtained are a prerequisite for creating a technology for the 

synthesis of new ceramic materials from a mixture of natural and 

technogenic raw materials.  

A batch of synthesized samples was tested in catalytic oxidation 

reactions of methane and / or carbon monoxide. It was found that all 

synthesized contacts provide catalytic activity in the reactions of 

oxidative catalysis of carbon-containing toxic components and can 

become basic models for which, by improving the preparation 

method, it is possible to develop a technology for the synthesis of 

ceramic materials for use in environmental catalysis. 
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