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AGRICULTURAL ROBOTS ON THE BASIS OF INDUSTRY 4.0
Eng. Marin Midilev1, Eng. Ivan Gramatikov2, M. Ec. Eng. Todorka Lepkova, Eng. Ivanka Martinova,
National Brannch Organization for Electric Mobility(EVIC), Branch Haskovo, Bulgaria1
Freelancer2
Inovationtech LtD, Haskovo, Bulgaria3,4
midilev@gmail.com
Abstract: Agricultural labor is physically demanding, tedious and often carried out in unfavorable conditions, making it suitable for
robotization. Due to climate change and the swift increase of the human populace on Earth, the hunger is becoming increasingly an issue
(currently, around 2 billion people suffer from malnourishment). With the aim of maximal efficiency of the production of plant food, an
accelerated introduction of robotics in the field of agriculture is required (Agriculture 4.0).
Keywords: INTEGRATED COMPLEXES, BIO PRODUCTION, HARVESTING, FRUITS, VEGETABLES DELIVERY,
TECHNOPARK AGROROBOTIKA,ROBOT, DRONE, AGRICULTURE, STRAWBERRY
1.

Introduction

According to latest global reports[1], it is time for the global
community to get prepared to meet the emerging challenges
connected to increase in demographics, limited natural resources,
climate changes which reduce the productivity in agriculture,
inefficiency of food waste, poverty and hunger. All these problems
are strongly connected with the agricultural field and the limitations
in food production using the traditional means of planting, weeding,
harvesting and delivery. Living in the era of high-tech and artificial
intelligence, it is a common responsibility to be used cross-industry
approach to tackle the demanding problems with fruits and
vegetables production.
The present article aims to explore the current state of
technological development in the agricultural sector and offer
relevant solutions for development of the sector in Bulgaria. For
the purpose there are estimated and compared the production
results of two approaches in agriculture- the conventional and a
technology aided.
2.

Figure 1 Robots used in the agriculture

Agriculture 4.0 is an element of Industry 4.0 and the leading
topic is the robotization of the production processes. Mobile robots
are also used as means of transport of equipment, heavy loads,
manpower and are capable to work under water, on water, on the
ground, underground and in air and sometimes as a combination of
some of the above conditions. They can be operated manually or be
left to operate autonomously with a given route. Drones, which are
aerial robots, are used around the globe and in Bulgaria for the
purpose of precision agriculture, mainly to optimize the production
of field crops. Electric autonomous tractors and combine harvesters
are also being developed and integrated[1]. Precision agriculture is
a concept based on observations and measurements (usually done
by satellite imaging and/or drones to asses crop health and parts of
the crop which need special treatment by robots) as well as
decisioning in the area of crop farming, which, overall, aims to
increase monetary gain while decreasing costs. This concept needs
to be applied to other areas of agricultural production as well.
Drones and ground robots are used in the logistics and delivery in
multiple countries around the world – e.g. for the delivery of pizza
in London, medicine in hard to reach areas in Germany, library
books for students in Sidney, Australia, etc. Drones are used in first
aid in Italy. Robots are also used in livestock management, with
focus on biofuel and natural fertilizer production, but also in the
process of rearing the animals themselves.
By means of soilless growing – hydroponics and specifically,
aeroponics, entire complexes are in operation for the production of
fruits and vegetables, which are designed to be grown vertically,
indoors, require 90% less water than usual farming [1] and
harvesting is done 365 (366) days, 24 hours, 7 days of the week. A
successful experiment is carried out in the German EDEN-ISS
greenhouse in Antarctica where fruits and vegetables are grown
without the need of sunlight or soil as a test run for harsh conditions
and with the aim that humanity can one day grow food on Mars and
on the Moon. Such a station can, of course, be adapted so as to
function in desert areas on Earth[2]. NASA are also growing food
on the International Space Station [12].
By the end of the 1990s’, agricultural robots are
experimentally developed for the harvest of fruits and vegetables
in open spaces. [1] By today, there are many such robots in Japan,
Australia, Israel, South Korea, the USA[12], France, Germany,
Spain and other countries. [8,9] The harvesting of strawberries is a
main goal of robotics due to its long harvesting period, e.g. in the
state of California, the harvesting period of strawberries can get up
to 210 days per year. Many other robot harvesters exist for other
plants, which have a much shorter harvesting period[12].

Solutions for the examined problem

In this section are described the trends in the development of the
farming sector which are mainly connected to the means of
technology which enables replacement of manual monotonous
unskilled labor, ensures quality management and guaranteed origin
of production, reduces dead times, eliminates resellers, reduces
delivery time to end customer and ensures costs optimization for
production and delivery per 1kkal fruit or vegetable.
With the rapid developments in the world of Industry 4.0, the
creation and usage of robots in agriculture[2,11] for almost the
entire lifecycle of production, harvesting and delivery to customers
(consumers), is also on the rise. Modern unmanned means of
transport allow for the delivery of fruits and vegetables over long
distances and for fresh consumption in accordance with the
Mediterranean diet – consumption no later than 72 hours after
harvesting from the plant[1].
A variety of agricultural robots[3,4] exist - for ploughing,
preparation of the soil for planting, environmentally friendly
fertilization, irrigation, pest control, weeding, harvesting and
delivery (by mobile ground and aerial robots – drones). Robots are
developed for specific types of fruits and vegetables and according
to their varieties or sorts[5]. The existing agricultural robots are
being rented, sold or augmenting human labour [6] on the lands,
where fruits and vegetables are grown. It is typical that with the
usage of robots in agriculture, the output of production increases
manifold, while the costs associated with the production decrease
also manifold.
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The way the time of a single manipulation cycle is calculated is
a sum of the following: time required to evaluate the ripeness of a
fruit, grasping the pedicel and cutting it, moving the fruit to the
place required for an additional quality check, performing an
additional quality check, placing the fruit in a proper container for
storage, moving the manipulator system towards the next fruit.
The yield i.e. fruits handled per hour: 6 kilograms by a single
manipulator robot arm (a combine – 48 kilograms); 24 hours of
harvesting per single Combine – 1152 kilograms; 3 day harvesting
period of a single Combine – 3465 kilograms; 24 day harvesting
by a single Combine – 27648 kilograms; Area of a 24 day
harvesting period or a single sort – 8.85 decares; Per 5 sorts giving
fruits from March till June (included) or a harvesting period of 120
days – yield would be 138240 kilograms. The area required for
such a produce would be 44.25 decares. With a second round of
fruit growth of 2 sorts or with an area of 17.7 decare, but with an
yield of up to 50% of the main yield, the overall output per year
increases by 27656.25 kilograms. Overall, the output per calendar
year would be 165896.25 kilograms of a single production
Combine.
For comparison: for the yield of 165896 kilograms of
strawberries by human labor: weight of a single fruit – 10 grams;
number of fruits per plant – 25, number of plants per decare –
8333; By using mulching film and with dripping irrigation,
possible production per decare – 2082 kilograms; Time required
per manipulation – 6 seconds; output of a single picker – about 600
fruits or about 6 kilograms; A single picker can pick about 36
kilograms of strawberries per 6 hour shift (usually, a picker can
pick from 26 to 52 kilograms) or otherwise put – 864 kilograms
per 24 hour period; Harvesting a decare requires 2.5 workers. To
pick 16589 kilograms of strawberries, one therefore needs 27649
man-hours, where the area required would amount to 66.4 decares;
For a single strawberry sort, 13.28 decares are needed and the
workers required would be 32; The power of a worker is estimated
at about 80W. For a 6-hour work day, a worker spends from 6000
to 8000kJ of energy. The energy required per 24 hours by a person
is 16000 kJ to 20000kJ. Additionally, along with the pickers, 8
workers are needed to take away the produce, which has just been
picked. These 8 workers can, at the same time, load and unload the
transport vehicles. Three workers would be required to drive the
transport vehicles, three people to perform quality checks on the
produce, about 4 workers to place labels on the packaging of the
produce. Overall, one would need about 50 workers to produce
165896 kilograms of strawberries. Otherwise put, a single
Production Combine would replace 50 workers needed to pick
strawberries for fresh consumption.
Comparative analysis by manual preparation of the areas
needed: Forming beds – 8 man-hours; laying the drip irrigation
system – 2 man-hours; Planting – 27 man-hours; Mulching – 5
man-hours. Overall – 42 man-hours per decare. To prepare 66.4
decares – 2789 man-hours are needed; Required number of plants
for the production area of 66.4 decares – 553125 plants. With an
average yield from a decare of land for the production of seedlings
– 40000, therefore for the production of seedlings, 13.83 decares of
land would be needed for both cases.
An important clarification would be that the Production
Combine (a mobile robot) consist of a single platform, by the
change of the modules by which the robot operates or manipulates,
the robot turns into a harvesting one, a tillage one, a planting one;
one which cares for the plant at the stage of vegetation, etc. The
second platform, also a mobile robot, serves to deliver empty
packaging and to take away the picked and packaged produce out
of the growing area to the third platform, to which the aggregation
module is attached, the management system and the temporary
storage areas for empty packaging and ready packaged
produce[10].
This technology is analogous with the assembly line with the
following changes – „a broken assembly line” [10] (lines i.e. beds,
on which the plants are situated, are immobile); the manipulators
are moved from the Production Combine by pacing – analogous to

Figure 2 Delivery drone

Figure 3 Contemporary technology used in farming production

Due to the climate conditions, the best tasting fruits and
vegetables are grown on the Balkan peninsular, in Bulgaria and
more specifically, on territory of the Thracian Plain. The fast and
timely transport by EVTOL drones could increase the area of
transport of fresh product to about 6000 kilometers, while at the
same time decrease the energy requirements for the transportation.
By now, the energy involved in the delivery of a certain quantity of
farming product outweighs by orders of magnitude the energy
required to produce and energy the consumer obtains by eating the
food when calculated in kkall (kilocalories).
Despite the high output, on their own, harvesting robots are not
efficient from the point of view of the entire process of growing,
harvesting and delivery. Optimal output can be achieved by
integrating robotics in each stage of the process or lifecycle of crop
production7. This can be made possible by the creation of
Integrated Complexes for eco-friendly growing in the open,
including harvesting and delivery of fruits and vegetables for fresh
consumption.

3.
4.
5.
6.

3. Results and discussion
As a basis, one can take a Small Integrated Production
Complex for strawberry production. Production capacity:
pessimistic projection of the capabilities of such a complex: Plants
per decare (1000 m2) – 12500; Weight of a single fruit – 10 grams;
Number of fruits per plant – 25; Harvesting period per strawberry
sort – 24 days; Number of harvests – 8, where for each harvest,
about 3 days are required; For the 3rd till the 6th harvest, 4
strawberries are picked per plant; The output of 1 decare – 3125
kilograms. The time required per manipulation of a single fruit by
a manipulator – 6 seconds / usual required time for the
manipulation of one single fruit is 3-5 seconds/ where the minimal
time of a manipulation of a fruit can also be shorter than 1 second.
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the double acting pneumatic cylinder or the principle of movement
of the caterpillar (bionics).
To put this Integrated Complex into practice, an International
Consortium (an association, joint-stock company) could be
founded, which would create a Technological Agricultural
Robotics and Natural Energy Resources Park.
The municipality of Dimitrovgrad has one of the richest soils
in the country and the Thracian Plains. The soils are mostly of the
“black earth” variety, with 416.6 km2 or 73.39% being agricultural
lands. The land resources given create favorable conditions for
growing plants and rearing animals. Water basins provide a
relatively good potential, as does the lack of activities that pose a
risk to the ecological balance and these are strategic resources to
the municipality. They are also a part of the natural capital and
provide a potential for development. Traditional plant farming has
significantly decreased and takes up about 10000 decares. The
reason for that is the lack of workforce, the tedious and
monotonous labor, lack of markets and etc.
The strategic placement of the municipality is:
- almost at the center of the Thracian Plains
- in the area of the Economic zone called Trakia
-crossing European transport corridors 9 and 10 (highway
Trakia and the road Rousse – Alexandropoulos),
-crossing the railway of the Sofia – Svilengrad with the railway
of Rousse – Podkova
-the existence of a former military airport (which is currently
unusable)
-the existence of an agricultural market, created by a European
project (it is currently not functioning)
-the existence of unusable municipality buildings
-project for the building of the Dunav- Aegean highway, going
through 2 municipalities and which is a part of the Aegean – Baltic
corridor (this project could be supplemented by an aerial highway
for cargo flights by EVTOL drones). By this aerial highway,
Scandinavian countries could enjoy fresh produce as well.

competitive potential of the European Union in the sector.
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4. Conclusion
On the basis of the facts presented so far, as well as the
Sustainable Development Goals (SDGs), agreed upon 3 months
before the Paris Agreement – Agenda 2030 of the General
Assembly of the UN as well as the accepted Strategy for the
Digitalization of Agriculture by the Council of Ministers of the
Republic of Bulgaria, the most suitable place in the Thracian Plains
for the creation of the Technological Park of Agricultural Robotics
and Natural Energy Resources, would be the territory of the
municipalities of Haskovo and Dimitrovgrad, due to their proper
natural capital.
This Technological Park is to be created by an international
group under the European Union, the Republic of Bulgaria, the
Municipality of Haskovo and Dimitrovgrad. A possible architecture
of the International Consortium should consist of the following:
-A FABLAB – a factory for the creation of prototypes.
-An enterprise for the creation of bio-degradable packaging
-An enterprise for the creation of bio-fertilizer and its
derivatives
-Special teaching facilities for the training of workers, which
create and use the robot Complexes,
- other units serving the common purpose.
The authors believe that by the abovementioned means, it will
be created a pilot project which will give ground for preparation of
the Bulgarian agricultural sector to set up according to the latest
market demands of Industry 4.0 era as well as to increase the

521

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 12/2019

DESIGN OF SOLAR PHOTOVOLTAIC FOR ELECTRIC
VEHICLES CHARGING UNIT
Hani A. AL-Rawashdeh
Department of Mechanical Engineering, Al-Hussein Bin Talal University, Maan P.O. Box 20, Jordan
hani_raw@yahoo.com
ABSTRACT
In this paper, we design and simulate a 20 kW solar on grid power charging unit for electric vehicles at Al-Hussein Bin Talal University
(AHU)/Maan-Jordan by using a Bluesol 3.0, Sketch Up 2018 software.
Two scenarios are considered; one where number of vehicles is five in the interval (8 am – 12 pm) & five vehicles in the interval (12 pm - 4
pm) and time of charge half of battery capacity four hours and the second scenarios where number of vehicles is eight in the interval (8 am 12 pm) & eight vehicles in the interval (12 pm - 4 pm) and time of charge half of battery capacity four hours. We conclude that the system is
efficient and very useful to the electric vehicles users in the university. In addition, the system is reducing the CO2 emissions annually from
generating power by 28.4 tons of CO2.
Keywords: Electric vehicles (EV), Photovoltaic cell (PV), Solar energy.
continuous reduction in the price of PV modules, rapid growth in
EV and concern over the effects of greenhouse gases [5].
An electric charging method for automobiles using photovoltaic
cells is a project that aims to design and implement a reliable
system to charge the vehicle using solar energy power sources [6].
This project based on charging electric cars from solar energy was
carried out at Al-Hussein Bin Talal University (AHU)/MaanJordan.
The integration of Photovoltaic cell (PV) with the electric vehicle
(EV) charging system has been on the rise due to several factors,
namely continuous reduction in the price of PV modules, rapid
growth in EV and concern over the effects of greenhouse gases [5].
The system is designed to charge the electric vehicle using
photovoltaic cells and as a parking for these vehicles. The system
lies in center of the university and serving the employers of the
university, it is very effective area in the university, too many cars
park in there and it is near to the source of power of a grid.

INTRODUCTION
Energy is a vital input in all sectors of any country's economy, until
late 1980s, energy has been generated largely by burning coal,
hydrocarbon oil and natural gas leading to huge carbon emissions
[1].
A solar PV source is one of the most interesting technologies
among the other renewable energy sources, Photovoltaic (PV)
panels, commonly called solar cells, are simply converters. When
exposed to light, solar cells are capable of producing electricity
without any harmful effect to the environment or device, meaning
power can be generated for many years while requiring minimal
maintenance and operational costs [2].
All-electric vehicles have no tailpipe emissions, which as a result
improves air quality and lowers health risks; electric vehicles also
help the nation reduce its reliance on foreign fossil fuels [3].
Electric vehicles are play an important role in reducing carbon
emissions and creating a clean environment free from pollution.
A photovoltaic system (PV) with photovoltaic solar panels to
charge your electric vehicle (EV) or pure electric vehicle (PEV)
will reduce the pollutions produced by fossil fuel and nuclear-made
electricity—common grid sources [4].
The integration of PV with the electric vehicle (EV) charging
system has been on the rise due to several factors, namely

IRRADIATION IN JORDAN
Jordan considered from the best countries in solar energy,
especially Maan city, because this city has the best irradiations in
its latitude, figure (1) shows the average annual global and direct
irradiation in kWh per square meter.

Figure (1): Average annual global horizontal (AAGHI, BLACK) and direct normal (AADNI, WHITE) irradiation in kWh/m² of the
EnerMENA stations. [7]
So we said that Maan city has the best irradiations as shown in figure (1) above, so figure (2) shows the solar GIS site study for Jordan and
the annual irradiation in different areas of the countries. For years of 1999-2015.
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Figure (2): The direct normal irradiation from the solar GIS web. [8]
SYSTEM DESCRIPTION
The project data are reported below and relate to the customer, the installation site, the data on the electricity supply and the presence or
absence of objects shading.
Table (1): The installation site data of the project
Installation site
Location
Address
Latitude

AHU-Maan
30.2666141,35.680545
30.27º

Longitude
Altitude
Maximum temperature

35.68º
1100 m
45.00 ºC

Minimum temperature

-5.00 ºC

Global irradiation on a
horizontal plane

6.03 kWh/m²

Irradiance data
Albedo

Royal Scientific Society (RSS)
20%

Figure (3): Location and temperature selection [9]
The characteristics of the system is summarize below, in particular in Figure (4) shows the electrical diagram single-wire of system.
The photovoltaic generator consists of (66 PV Modules) as shown in figure (4):
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Two strings of 17 modules connected in series.

Two strings of 16 modules connected in series.
The group of conversion formed by one inverter Three-phase.

Figure (4): Electrical diagram single-wire of a system.
The photovoltaic system of nominal power 21.78 kW will be
located at Al-Hussein Bin Talal University/ Maan and will be
connected to the electrical distribution grid in Low voltage Threephase alternating current a 400V the responsibility of the grid
operator. The nominal power of a photovoltaic system is intended
as the sum of the nominal power of each module measured at
standard test conditions (STC).
Table (2): Electrical characteristics of the photovoltaic
generator
Electrical characteristics of the photovoltaic generator
Nominal power
21.78 kWp
Number of PV modules

66

Intercepting surface
Number of strings
Maximum voltage @STC (Voc)

128.04 m²
4
797.3 V

Voltage at maximum power @STC (Vmp)

642.6 V

Short circuit current @STC (Isc)
Current at maximum power @STC (Imp)

36.56 A
34.96 A

The photovoltaic system will be connect to a user system served by
an electrical supply having the following characteristics:
Table (3): Electricity supply
Electricity supply
Grid operator
EDCO
Nominal voltage
400 V
Available power
20.00 Kw
The project data are reported below and relate to the customer, the
installation site, the data on the electricity supply and the presence
or absence of objects shading.
In the case of the plant in question, the photovoltaic generator
presents a single exposure (tilt angle, and azimuth angle equal for
all PV modules), namely

Azimuth : - 21° as shown in figure (4).

Tilt: 10° as shown in figure (5).

Figure (5): Azimuth and tilt angles
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Figure (6): Azimuth angle. [10]

Figure (7): Tilt angle (sketch-up).
The photovoltaic generator of the nominal power of 21.78 kW uses the series-parallel configuration and will be divide into four strings of
modules connected in series. The following lists the compositions of the strings of the system.
Table (4): String one.
Electrical characteristics of the string one
Number of PV modules in series
16
Manufacturer
Jinko Solar Co., Ltd.
Model
JKM 330W
Nominal power

5.28 kW

Open circuit voltage (Voc)

750.4 V

Short circuit current (Isc)
Current at maximum power (Imp)

9.14 A
8.74 A
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Figure (8): Strings of 16 modules connected in series. (Leap Frog).
Table (5): String two
Electrical characteristics of the strings two
Number of PV modules in series
17
Manufacturer
Jinko Solar Co., Ltd.
Model
JKM 330W
Nominal power
5.61 kW
Open circuit voltage (Voc)
797.3 V
Short circuit current (Isc)
9.14 A
Current at maximum power (Imp)

8.74 A

Figure (9): Strings of 17 modules connected in series (Leap Frog)
Table (6): Construction data of the modulus.
Construction data of the modules
Manufacturer
Model
Tecnology

Jinko Solar Co., Ltd.
JKM 330W
Si-Poly

Nominal power

330.00 W

Tollerance

3.00%

Open Circuit Voltage (Voc)

46.90 V

Voltage at Maximum Power (Vmp)
Short Circuit Current (Isc)
Current at Maximum Power (Imp)

37.80 V
9.14 A
8.74 A

Area

1.94 m²

Efficiency

17%

SYSTEM DESIGN PROCEDURE:
1. We calculate the AC system capacity by dividing the average monthly consumption over the number (180 solar hour/month),
which came from the average peak sun hours in Maan multiply by 30 days.
In our case, we assume the AC capacity is 20 KW depending on the available area.
2. We calculate the DC system capacity with oversize (DC over AC) by 10% factor of safety:
DC capacity = AC capacity * 1.1 = 20 * 1.1 = 22 KWp
Approximate number of panels = DC capacity / Power of the panel = 22000w/330w = 66
3. Sizing the strings of the inverter by using ABB String Sizing Tool [10]:
Depending on parameters such as

Maximum and minimum temperature

Location

PV model

Number of panels

Invertor model

Mounting method selection.
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Figure (10): System design
PRELIMINARY CALCULATIONS
Considering the monthly average daily irradiation and the number of days, which make up the twelve months of the year, you can determine
the value of the annual global irradiation on a horizontal surface for the location of Maan. This value is equal to [6.03 kWh/m²], table (8)

Figure (11): Monthly average irradiance on horizontal plane
Table (8): Irradiations in Maan city (2011-2015)
Diffuse
Direct
Global
Month
daily
daily
daily
[kWh/m²]
[kWh/m²]
[kWh/m²]
January
1.16
2.47
3.63
February
1.39
3.29
4.68
March
1.63
3.93
5.56
April

2.15

5.07

7.22

May

2.24

5.58

7.82

June

1.66

6.84

8.50

July

1.39

6.94

8.33

August

1.35

6.30

7.65

September

1.42

5.05

6.47

October

1.39

3.76

5.15

November

1.24

2.68

3.92

December

1.01

2.48

3.49

Yearly

1.50

4.53

6.03
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The procedure for the calculation of the energy produced by the system takes into account the nominal power (21.78 kW), the tilt angle is
(10°) and the azimuth angle is (- 21°) of the PV generator, the losses on the PV generator (resistive losses, losses due to difference in
temperature of the modules, for reflection and for mismatching between strings), the efficiency of the inverter as well as the coefficient
reflectance of the ground in front of the modules (20%).
Therefore, the energy produced by the system on an annual basis (Ep) is calculated as follows:
Where:




Pnom = Nominal power of system: 21.78 kW
Irr = Annual irradiation on the surface of the modules: 2309.00 kWh/m²
Losses = Power losses: 12.36 %

The power losses are due to various factors. The table below lists these loss factors and their values assumed by the procedure for the
calculation of system producibility.
Table (9): Losses of the system
Losses
Temperature losses
3.00 %
Mismatching losses
2.00 %
Resistive losses
4.00 %
Losses for DC/AC conversion
2.00 %
Other losses
2.00 %
Shading losses
0.00 %
Total losses
12.36 %
The figure below shows the trend of monthly production of energy expected during the year.

Figure (12): The monthly production of expected during the year. (Bluesol 3.0)
If we compare the total generation monthly with the total consumption of the cars. However four hours intervals (8AM-12PM and 12PM4PM) to charge a car of Nissan leaf 2014/2015 half of the battery capacity.
The battery capacity of this model of cars is 24 kWh, but the actual is 20 kWh to charge it fully. So the half of battery capacity is 10 kWh.
We considered 22 days of a month is the actual system consumption according to the official time of the university.
Hence …
50% * 20 kWh = 10 kWh
10 kWh * 22 days = 1100 kWh
1100 KWh is the consumption in interval of 4 hours, and 2200 kWh is the total consumption in the both intervals.
RESULTS:
1. First scenario:
Number of cars: 5 cars in the interval (8AM-12PM) & 5 cars in the interval (12PM-4PM)
Type of car: Nissan Leaf 2014/2015
Time to charge half of battery capacity: 4 Hours
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Table (10): Total generation and total consumption of the first scenario
Months

Total Generation
(KWh)

8AM-12PM

12PM-4PM

Total Consumption
(kWh)

Difference

1

2485

1100

1100

2200

285

2
3
4
5

2792
3507
4231
4598

1100
1100
1100
1100

1100
1100
1100
1100

2200
2200
2200
2200

592
1307
2031
2398

6
7
8
9

4761
4851
4581
3902

1100
1100
1100
1100

1100
1100
1100
1100

2200
2200
2200
2200

2561
2651
2381
1702

10
11
12

3357
2568
2438

1100
1100
1100

1100
1100
1100

2200
2200
2200

1157
368
238
17671

Figure (13): Total generation and total consumption of the first scenario
2. Second scenario:
Number of cars: 8 cars in the interval (8AM-12PM) & 8 cars in the interval (12PM-4PM)
Type of car: Nissan Leaf 2014/2015
Time to charge half of battery capacity: 4 Hours
Table (11): Total generation and total consumption of the second scenario
Months

Total Generation
(KWh)

8AM-12PM

12PM-4PM

1
2
3
4
5
6
7
8
9
10
11
12

2485
2792
3507
4231
4598
4761
4851
4581
3902
3357
2568
2438

1760
1760
1760
1760
1760
1760
1760
1760
1760
1760
1760
1760

1760
1760
1760
1760
1760
1760
1760
1760
1760
1760
1760
1760
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Total Consumption
(KWh)
3520
3520
3520
3520
3520
3520
3520
3520
3520
3520
3520
3520

Difference
-1035
-728
-13
711
1078
1241
1331
1061
382
-163
-952
-1082
1831
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Figure (14): Total generation and total consumption of the second scenario
The amount of CO2 avoided.
CO2 factor indicates the amount of CO2 emitted annually per kWh, resulting from generation of energy sources in the country and measured
in (Kg CO2 /KWh), and it is equal to 0.643[11].
To calculate the value of reduction in CO2 emissions we need to know the power of the system annually (44071 kWh).
Hence …
Reduction in CO2 (Kg CO2) = power of the system annually * CO2 factor.
= 44071 * 0.643
= 28337.65 Kg CO2
= 28.4 tons of CO2
Economic Analysis:
In economic analysis, the currency in all the economic calculation is in JOD. The system financing considerations for 25 years. The
economic analysis are mentioned in table (12)
Table (12): Total cost of the project
Item

Type

Manufacturer

Country
of Origin

Description

Warranty

Quantity

Price
JOD

66

5227

1

PV Panels

China

330w

10 Years
Warranty
25 Years
Performance
Warranty

2

Inverter

Italy

TRIO 20 TLOUTD-S2F

5 Years
Warranty

1

2500

3

MCB

France

40A

1 Years
Warranty

2

50

4

RCCB

France

400A,
300mA

1

25

5

Cables
DC

Spain

1X4mm

2 Years
Warranty

96

40

33

115

1 Years
Warranty

6

Cables
AC

Turkey

5X16 mm

2 Years
Warranty

7

Earthen
cable

Turkey

1X4 mm
Cu Rod

2 Years
Warranty

10

2.5

8

Earthen
kit

-

-

2 Years
Warranty

1

30

9

Steel
Structure

Jordan

Galvanized
Steel

5 Years
Warranty

Complete
Set

3049

-
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10
11
12
13

Jordan

Steel
Charging
Panel

5 years
Warranty

12

300

-

Jordan

-

-

30

600

-

Jordan

-

-

3

60

-

Jordan

-

-

3

700

Charging
Points
Cable
Tray
Trans
Man
power

The total cost of the project is about 12698 Jordan Dinner (JOD) = 17884.51 $.
Develop Infrastructure for Electric Vehicles. Sustainability, 2014,
6, pp. 7358-7387.

CONCLUSION
The following is noted in solar on grid power charging unit for
electric vehicles at Al-Hussein Bin Talal University (AHU)/MaanJordan in terms of environmental and economic analysis:

It is clear that Maan is the best choice for the
implementation of the solar power (the value of the
annual global irradiation on a horizontal surface for the
location of Maan. This value is equal to [6.03 kWh/m²]

The system is reducing the CO2 emissions annually from
generating power by 28.4 tons of CO2

[4] Sergio V, V., Carolina S, B., and Demetrio L, S., Feasibility of
Recharging Electric Vehicles with Photovoltaic Solar Panels.
Energy Science and Technology, 2013, 8(10), pp. 24-30.
[5] Abdul Rauf B, Zainal S, Mohd J, Kong Y., A Comprehensive
Overview of Electric Vehicle Charging using Renewable Energy.
International Journal of Power Electronics and Drive System, 2016;
7(1), pp. 114-123.
[6] Latha M, Stafford M, Apoorva K, S., Pooja S, K., Prafulla P, S.,
Sharvani B C., Electric Vehicle Charging Method for Automobiles
Using Photovoltaic Cells. International Journal of Engineering and
Innovative Technology, 2014; 3(11), pp. 128-132.
[7]
http://elib.dlr.de/98977/1/SolarPACES15_enerMENAposter_final.
pdf
[8] https://solargis.com/maps-and-gis-data/download/jordan
[9] http://tools.solmetric.com/Tools/roofazimuthtool
[10] http://stringtool.power-one.com
[11]
https://ecometrica.com/assets/Electricity-specific-emissionfactors-for-grid-electricity.pdf

REFERENCES
[1] Hani A. AL-Rawashdeh, Ahmad O. Hasan, Riad A., Ahmad.
Evaluation the Wind Turbines Farm in the Town of Tafila / Jordan.
International Journal of Development Research, 2018, 6(2), pp.
23218-23224.
[2] Abdul Rauf B, Zainal S., Photovoltaic (PV) Charging of
Electric Vehicle (EV). Electrical Engineering Research Colloquium
for Electronics, Power, Instrumentation & Control and
Communication (EERC-2013), pp. 102-103.
[3] Jessica R, Gary B, Wendy G, Chad J, Larry E., Business
Models for Solar Powered Charging Stations to

531

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 12/2019
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COUPLED WITH A REACTION WHEEL BASED ON THE GENETIC
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Abstract: In this paper, it was proposed the experimental identification of the mathematical model of the DC motor, coupled
with a reaction wheel. It was proposed to approximate the experimental curve with the mathematical model of order 2 inertia,
identified by Genetic Algorithm. To estimate the mathematical model of the control object it was proposed to use the Genetic
Algorithm method, the results obtained were compared with the Strejc methods and the results obtained using the Process Model s
module from System Identification Toolbox from MATLAB.

KEYWORDS: MODEL, EXPERIMENTAL IDENTIFICATION, GENETIC ALGORITHM, DC MOTOR.
Knowing the mathematical model of the industrial process
requires the use of identification procedures. The identification of
the industrial processes represents the estimation of the parameters
and the structure of the mathematical model, ensuring the best
coincidence of the output signal from the model with the process
[6]. In the process of introducing the same input signal, where the
physical process is considered as an entity, seen as a black box
with unknown internal structure.
Experimental identification involves the acquisition of
experimental data in real time. Thus the experimental variation of
the DC speeds at the reference speed of 8500 rpm is shown in
figure 1.

1. Introduction
Industrial processes can be classified into information and
technological processes. The operations are carried out at the
technological installations and involve mass and energy transfer.
The underlying technological process is the development of electric
cars, which represent actuators, most often operate on the basis of
electromagnetic forces.[1-4]
Depending on the type of electric current that starts the
engines, they can be classified into: DC motors and AC motors.
DC motors are the most commonly used motors as actuators in
control systems because of their linear characteristics and relatively
simple speed control methods [5].
The mathematical model of the industrial process description
in automation is necessary to solve the problem of regulation.

Fig.1. The experimental variation of the DC speeds at the reference speed of 8500 rpm
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2. Results and discussions
To estimate the mathematical model of the control object it
was proposed to use the module Process Models from System
Identification Toolbox from MATLAB.
It was proposed to approximate the control object with
three types of the mathematical models: model of object with
first order inertia (1) and (4); model of object with second order
inertia (2); model of object with third order inertia (3)[7-8].

Where (4) is the approximate model of object with first
order inertia using Strejc method.
The comparison of the results is shown in figure 2, where 1
– curve is experimental curve, 2 - curve is transient process
obtained for (1) identified model, 3 - curve is transient process
obtained for (2) identified model, 4 - curve is transient process
obtained for (3) identified model and 5 - curve is transient
process obtained for (4) identified model.
The obtained results do not have a good approximation
accuracy, and this is shown in figure 2.

Fig.2. Transient processes:
1 – the experimental curve; 2, 3, 4 and 5 – curves, the transient processes of models,
respectively (1), (2), (3) and (4).

Also, under a stochastic function there would be a mutation
of each offspring. This would take the form of the inversion of
one or more binary digits (bits) at random positions on the
chromosome string. Since crossover is related to mating and thus
to test chromosomes, a high probability of crossover will
encourage the constant climb of the hills to the optimal set of
parameter values[10-12]. On the other hand, a high mutation rate
will lead to more searching of the less promising parts of the data
space. This can be used to optimize problems where a number of
sub-optimal performance peaks can be avoided [13].
In this case, the chromosomes will be considered as the
parameters k, T1 and T2 of the model of the object of inertia of the
second order

For this reason, has been selected a new method of
identifying the mathematical model through successive iterations.
A genetic algorithm simulates the evolution of the model to
produce "offspring" (the next iteration value), that is, the next
level of setting parameters, with the desired characteristics.
Process configuration parameters, for example speeds,
pressures, etc. for each series of tests, they are encoded in series
of binary digits, called chromosomes. A randomly generated set
of distinct chromosomes forms an initial population. These
chromosomes are produced to determine the product
characteristics that are used to calculate the total capacity of the
product (which is desirable) that results from the chromosome
parameter settings [3].
Because the pairing of the chromosomes to produce
offspring is more likely among the parents with a higher strength
than the parents with a lower decrease, the average number of
successive generations will increase, and the optimal set of bit
patterns (or schematics) will be found for the chromosome, from
which gives the optimal parameter settings[9]. Changes as
patterns evolve are caused by the two main genetic operators,
crossover and mutation. In the crossover, a random point is taken
on the chromosome line, at which the sections are changed after
the point.

After 213 iterations we obtain the following values for
parameters k, T1 and T2:
k = 1,01517
T1= 3.9323
T2= 0.3895.
The following model of object with second order inertia is
obtained:
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relatively good approximation of the model that has the absolute
error of 1.55%.
The transient process of the model obtained by using the
genetic algorithm is represented in figure 3. So, we observe a

Fig.3. Transient process of the approximate model using the genetic algorithm

6. Mitsuo G, Runwei C, Genetic Algorithms And
Engineering Design, John Wiley & Sons, 1997.
7. Oppenheim, A., Cayot, L. Effects of small sample
sizes on the symmetry and reability of dendrograms. In:
Janson, J.- Cayot L., ed
A mathematical theory of
communication. New York: VCH Publishers, 1999, pp. 29-47.
8. Fiodorov I., Izvoreanu B., Cojuhari I., Synthesis of
Robust PID Controller by the Maximum Stability Degree
Criterion, CSCS, 2015, 57-64.
9. Beasley, D., Bull, D. R. and Martin, R. R., An
overview of genetic algorithms: Part 1, fundamentals, Univ.
Comput. 1993, 15, pp 58–69.
10. Blickle, T. And Thiele, L., A mathematical analysis of
tournament selection, Proc. 6th Int. Conf. on Genetic
Algorithms, 1995, pp. 9–16.
11. Pettey, C. C., Leuze, M. R. And Grefenstette, J. J., A
parallel genetic algorithm, Proc. 2nd Int. Conf. on Genetic
Algorithms, 1987, pp. 155–161.
12. Shin, S., Yoon, H., Jang, J. Big stars have weather too
[online]. 2011, 10, pp. 178-182. [Accessed: 08.08.2019].
Available: https://doi.org/10.1016/j.catcom.2008.08.027
13. Spectral Database for Organic Compounds, SDBS.
[online].
[Accessed:
08.08.2019].
Available:
http://sdbs.db.aist.go.jp/sdbs/cgi-bin/cre_index.cgi.

Conclusions:
1. In the analyzed case, the process had only 3 controllable
factors. It is accepted that processes with a greater number of
controllable factors would involve a larger series and therefore a
larger number of iterations.
2. Regarding the efficiency of the genetic algorithm
method, the experimental identification technique reached an
optimum of 1.55%, compared to the other methods which have
an absolute error of more than 10%.
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Abstract: Interoperability for newly adopted countries in the EU is key to trains safety. Calculating the braking force used by the Leaflet
544-1 of the UIC Leaflet [1] brake elements is important for safety when running trains in the braking mode.
The researching of the facts shows that Regulation 58 [2] is harmonized with the contents of UIC Leaflet 544-1[1] and EU Regulation
No 1302/2014 [3]. The test is to be used for the interoperability of the technical infrastructure in connection with Commission Regulation
(EU) No 1299/2014 of 18 November 2014 [4] on technical specifications for interoperability with respect to the infrastructure subsystem of
the railway system in the Union concerned.
When designing the rail lines used braking calculation, made by easy way remain based on the friction of the pads on the wheel surface,
but it is not related to the examples in the UIC Leaflet 544-1 [1].
Keywords: Interoperability, Regulation No. №1302/2014, Railway track, rail system in the European Union

So far, the theoretical side of the problem is presented under
idealized environments or standard conditions. For example,
longitudinal slope in design, road condition within technical
tolerances, vehicle operating condition, etc. In practice, a vehicle,
train or autonomous vehicle can run in: poor condition of the
vehicle as a result of insufficient braking force, altered friction
coefficient, poor rail condition, poor environmental conditions, etc.
For this purpose, the parameters of the railway are also investigated
[7, 8]:
- hazardous sections of the railway network in accordance with
the regulations,
- the condition of the railway as a result of not performing ongoing maintenance but with parameters within the permissible
maximum permitted speed, and
- repairs delayed or not carried out with a reduction of the
maximum permitted speed in the section.

1.Introduction
Interoperability [3, 4] for newcomer‘s countries to the EU is
crucial for train safety. The calculation of the braking force and the
effectiveness of the braking action are important for the safety of
train running when decelerating and braking. In areas where the use
of braking force is required for a long time, the wheels and brakes
are warmed up and the risk of fire is created. After these dangerous
sections, detectors shall be installed to measure the temperature of
the bearing boxes and brakes. If the temperature is higher than
acceptable, the train is waiting for normalization at the nearest
station.
The factor study shows that Regulation 58 [2] is in line with the
requirements of UIC Leaflet 544-1 [1] and EC Regulation No
1302/2014 [3]. They comply with the requirements for the
interoperability of technical infrastructure in connection with
Commission Regulation (EU) No 1299/2014 [4] of 18 November
2014 on technical specifications for interoperability with respect to
the rolling stock and infrastructure subsystems in all countries of the
European Union [4].

2.1. Current condition for determining the braking force
Currently, the design and construction of railway lines [8] is
taught the determination of braking force by analogy with the
determination of tractive power. The base is a railway wheel that is
pressed by a one-sided pad Fig. 1

When teaching the design of railway lines, the calculation of the
braking force is made in a clear and easy to apply way based on the
friction of the pads on the wheels, but it does not correspond to the
ones set out in UIC Leaflet 544-1 [1] and European standards [5]
and [6] on the method of calculating the braking force of different
wagons, trains, separate autonomous vehicles and trains.

П

Mc
B1

2. Preconditions and ways of solving the problem

D

The dimensioning of the railway line is the maximum
longitudinal slope on which a train towed by one locomotive is
moving at a constant estimated speed of the locomotive and hauling
wagons of estimated weight [7]. This is the definition of railway
line for the design elements of subsystems: infrastructure and
rolling stock. The article raises the question of what happens when a
train descends on a descent along or near this boundary slope.
Obviously the train will need [1]:
- move in braking mode or partial braking,
- comply with the maximum speed limit in the section and
- observe the maximum stopping speed of an obstacle.

B

Kφ
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p

K
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K
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K
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Fig.1 Occurrence of mechanical brake force [7, 8]

The calculation of the braking force for each particular wagon is
determined according to the methodology set out in the UIC Leaflet
[1]. This is done on the basis of a specific wagon, type of braking
system, principle lever system for distributing the force for all axles
Fig. 2.
Водач ...... mm

a

According to the UIC Leaflet [1] for determining brake
performance, it is determined by the brake mass or by the
deceleration of the train being delayed or stopped. The train's
braking mass can be converted to a brake percentage of a separate
vehicle or train. The train's braking effort is applied to: train
stopping - service or emergency, reducing the speed to maintain a
certain maximum speed in the section and stopping the train for a
long stay at the station.

c
700
b

Водач ...... mm
Брой зъби Z1 =......
Брой зъби Z2 =......

A2

d

y

x

Fig. 2 Schematic diagram for the calculation of mechanical braking
force for a two-axle wagon with a load of 20 t per axle with full / empty
mechanical switch [1]
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The determination of the braking force as required by the UIC is
applied in our railways. A major part of this is the determination of
the brake mass [9, 10]. It is determined before the train goes into
service and is a basic technical characteristic of the wagon braking
system, individual vehicles, train crews and trains. The brake mass
determines the effectiveness of the action of the braking force and
serves to determine the braking distance or the permissible
operating speed. Its value corresponds to the braking mode assigned
to each wagon. According to Ordinance 58 [2, 9], the braking
distances correspond to the pre-signaled braking distances and for
standard railway lines are 1500, 1200, 1000 and 700 m. The
stopping distance shall not be allowed to exceed the pre-signaling
stopping distance for a given burnout.

2.2 Possible causes and solutions
The reasons for the condition of the hazardous sections of the
railway network are: the different construction time and the
normative documents in force at that time, the condition of the
rolling stock and the use of traction in different historical periods.
Of course, the timely implementation of the repair activities, the
necessary reconstructions, and now the need for the interoperability
of the railway system with the EU railway network are also
important.

Fig. 3 Variant solutions that eliminate hazardous sections [11]

Improving operational performance or operation of the track
with the big dangerous slopes. A checkpoint is being built after the
dangerous section. Check point Fig. 4, which measures the
temperature of the bearing box, wheel and pad.

The hazardous sections of the railway network are inspected
for: element length, element slope and combination of adjacent
elements. The length of the hazardous elements is related to the
warning braking distances discussed above. The slope of the
elements for longitudinal descents under Regulation 58 is greater
than 15 ‰ [2]. They must be specially marked. When the slope of
the railway between the warning and the entrance traffic lights is
downwards to a station with a slope of 14 ‰ and above, the traffic
manager on duty agrees to receive the train only if there is a free
acceptance track, the route is prepared for him and the maneuver is
terminated [2].

Fig. 4. Schematic diagram of the universal control point “check point”
and a counter axle [12]

In Bulgaria universal checkpoint checkpoints are used Fig. 5.
They measure the temperature of the axle, the wheel and the pad,
the axle load, the location of the load on the axles, the gauge, the
check for the dug-in bandages Fig. 6, etc.

According to Regulation (EU) N1302 / 2014 [3], in calculating
the thermal load capacity, the maximum slope of the line, the length
and the service speed for which the braking system is designed in
relation to the heat load capacity shall be determined by calculating
at state of "maximum brake load". The service brake is used to
maintain a constant train speed. The standard slope case is to
maintain a speed of 80 km/h on a steep slope with a constant slope
of 21 ‰ within 46 km [1]. According to Regulation 58 [2],
"continuous downstream" is a section of railway with a longitudinal
slope exceeding 14 ‰ descent of a length equal to or greater than
the pre-signaled brake distance.
Regulation 58 [2] defines the "Big Down" signboard, which is a
square, diagonally divided, with the left lower half black and the
right white with inclination figures (Annex No 48) [2]. It is placed
at the beginning of long descents greater than 15 ‰.

Fig.5 Operating checkpoint near to Zimnitsa

3. Solution the investigated problem
There are two solutions to the dangerous sections of a train
when the train is running.
Removal of hazardous sections. The section of a new route is
reconstructed or a tunnel is made. The dangerous slope no longer
exists. Example of operational program decisions in the SofiaPlovdiv section Fig. 3 large tunnels and bridges are designed and
constructed, maximum slopes are reduced and interoperability with
EU railways is ensured. The downside is the price, which is
hundreds of millions of BGN.

Fig.6 Detector for entrenched wheels [12]
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4. Commission Regulation (EU) No 1299/2014 of 18 November
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Union
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http://data.europa.eu/eli/reg/2014/1299/oj
5. DIN EN 14531-1:2005: Railway applications - Methods for
calculation of stopping distances, slowing distances and
immobilization braking - Part 1: General algorithms, May 2005,
6. DIN EN 14531-6:2009: Railway applications - Methods for
calculation of stopping and slowing distances and immobilization
braking - Part 6: Step by step calculations for train set or single
vehicles
7. Nikolov V., Todorov S., Roads and Railways, textbook,
UACEG, ISBN 978-954-12-0205-0, 2011 г., 471 стр.
8. Dencheva Z., K. Kutzarova-Dimitrova, Railway engineering,
textbook for University of architecture, civil engineering and
geodesy, ISBN978-954-724-116-9, 2018, p. 139
9. Kutzarova K., Researching of the factors determinant safety
movement of the train in braking regime – impact of braking force
on the superstructure of the railway with regard to the
interoperability and the experience of the railway section Gorna
Oriahovitsa, 4-th international scientific conference – winter session
Industry 4.0 11-14.12.2019 Borovets, ISSN 2535-0153 (Print),
ISSN 2535-0161 (Online)
10. Todorov S., К. Kutzarova, Determination of braking force
and assessment of dangerous sections of the railway network of the
Republic of Bulgaria, XXIV international science conference
„Transport 2019―, VTU „T. Kableshkov―, Magazine „Mechanics,
Transport, Communication‖, ISSN 1312-3823 (print), ISSN 23676620 (online), бр. 3, 2019, стр. VIII-19- VIII-24
11. Citizens want revision of Sofia Plovdiv railway line,
Граждани искат преразглеждане на жп линията София
Пловдив, https://obshtestven.wordpress.com/2019/02/13/grajdaniiskat-prerazglejdane-jp-linia-sofia-plovdiv/
12. Schöbel A., Wayside train observation at Austrian federal
railways, International science practice conference УАСГ2009, 29–
31 October 2009, Annual of UACG, volume ХI, Transportation
engineering

4. Results and discussion
The results of the project are not yet final because it is still in
the process of exploration and implementation. In addition to the
factors mentioned above, solutions in the subsystem of railway
rolling stock and operation of the railway line may also be sought in
the subsystem of railway infrastructure. For example, measurement
of the temperature of blocks, wheels and bearing boxes in nearby
stations, control of the specified elements for the presence of cracks
in Fig. 7, including internal prophylactic measurements with
ultrasonic flaw detectors, etc.

Fig. 7 Measurement with an ultrasonic flaw detector
5. Conclusion
The study [10] and the analysis of the hazardous sections of the
NRIC network lead to the conclusion that at least 25 sites of the
network should be placed so on, checkpoints for checks and brakes.
The criteria for the selection of hazardous sections in Bulgaria were
compared in accordance with Ordinance 58 and in the EU.
6. Literature.
1. UIC Leaflet 544-1: Brakes - breaking performance
2. Ordinance 58 of 2.08.2006 on the rules for the technical
operation, movement of trains and signaling in railway transport,
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5.09.2006, amended, issue 88 from 2007, as amended. and suppl.,
issue 43 of 2009, issue 68 of 2014, and issue 97 of 23.11.2018,
effective from 24.02.2019.
3. Commission Regulation (EU) N1302/2014 COMMISSION
REGULATION (EU) No 1302/2014 of 18 November 2014
concerning a technical specification for interoperability relating to
the ‗rolling stock — locomotives and passenger rolling stock‘
subsystem of the rail system in the European Union, Official
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INCREASING OF THE OPPORTUNITIES FOR A CLASS OF MACHINE TOOLS
WITH DIGITAL PROGRAM CONTROL
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Abstract: In this paper the basic requirements for the modern machine tools with digital program control are formulated. The main
directions of modernization of a class of machine tools are shown. The practical applications of the modernized machines are presented with
the machining of parts with complex geometric shapes in different mechanical operations. The research held as well as the results obtained
can be used in the practical study of machine tools with digital program control.
KEYWORDS: MACHINE TOOLS, MODERNIZATION, DRIVE SYSTEMS
increasing the capabilities of existing machine tools are presented.
Modernization of one class of machine tools with digital program
control is presented and discussed. The practical applications of the
modernized machines in different machine operations of parts with
complex geometric shapes are shown.

1. Introduction
Globally, mechanical engineering sector is extremely important
to the economies of all leading countries. The process of globalization and integration of countries in the international business community enforces high demands on the sector for competitiveness and
technological development. The stable positions in the global marketplace require high productivity, consumer-oriented solutions,
new business models and quality of human capital. Significant costs
for the production and repair of machine tools are invested each
year. This demands the modernization of existing machines through
searching for new solutions, methods and algorithms for control,
adding new devices and others [1].
Machine tools constitute about 70% of the total operating manufacturing machines in industry. They are designed to achieve the
maximum possible productivity and to maintain the prescribed accuracy and the degree of surface finish over their entire service life [2].
Machine tools with digital program control are used for machining of parts with various complex geometric shapes. There are different configuration of machines and ways of processing. Machining
operations are among the most flexible and accurate manufacturing
processes in terms of its capability to produce diverse and complex
geometric features [3, 4, 5].
Mechanical operations are characterized by a great variety and
the specific requirements that are attached to them. For this reason,
specialized machines are usually used for each of the mechanical
operations. This leads to: the cost of the workpieces becoming more
expensive; the inability to achieve the set accuracy; reducing speed;
productivity and more [3, 5].
There are two main principle of all machining process. The first
principle is to provide suitable relative motions between the cutting
tool and the workpiece to produce the characteristic geometry. The
second one is to impart the shape of the cutting tool to the workpiece in order to create part geometry [6, 7, 8, 9].
With increasing demands for better machining accuracy and
higher productivity, methods and algorithms are constantly sought
to improve the performance of machine tools [3].
The trend in the future is to increase the accuracy of machining.
This in turn leads to increased requirements for the machine tools
and the components that make them [10, 11].
The modernization and the development of machine tools with
digital program control are processes of continuous innovation and
advancement of existing technologies, machining processes and
systems. A general trend as regards the growth of production in this
technological developed world is more and more based on modernization and application of new machining systems and technologies,
flexible automatization, computer-integrated production, what is the
main aim to achieve a higher-quality, cheaper and faster production.
Modern concept of the machine tools design are characterized by
development: machine tool modules, intelligent and integrated manufacturing systems, reconfigurable machines and systems, parallel
kinematic mechanism of machine tools and high speed machines
[12].
In this paper the basic requirements for the modern machine
tools with digital program control are formulated and the ways for

2. Basic requirements
Basic requirements for modern machine tools with digital
program control are related to [2, 3]:
- improving their working accuracy;
- high processing speed;
- providing heavier cutting modes;
- increasing of available power;
- high precision positioning;
- versatility;
- increasing the level of automation for the machine tool
operative units and their switching elements;
- possibility for machining of parts with different geometric
shapes and hardness of the material;
- increasing the traverse speed of the operative units during the
non machining parts of the production time;
- adopting modern control techniques such as NC and CNC;
- reliability;
- productvity;
- reduction of energy consumers;
- easy maintenance;
- long service life;
- acceptable level of vibration;
- adequate damping capacity;
- low rates of wear in the sliding parts;
- low thermal distortion of the different machine tool elements;
- economy;
- low design, development, maintenance, repair, and
manufacturing cost;
- maintainability.
Increasing the capabilities of the existing machine tools are
achieved by:
- modernization of electric drive systems;
- the appropiate choice of CNC systems;
- developing a reliable ladder diagrams;
- adding new devices and systems;
- development of a control panel for these machines.
The electric drive systems for machine tools include feed, spindle and auxiliary drives. The feed drives are used for positioning of
the tool and the workpiece at the desired locations and they participate in the machining process [13, 14, 15]. The spindle drives are
involved in the machining process, greatly affecting the quality of
the parts and the productivity of the entire machine [3, 16, 17]. The
auxiliary drives are used for the additional systems and mechanisms
that serve and support the proper operation of the machine tools. In
some cases, the introduction of auxiliary drives significantly performance improvement of the machine, the accuracy, economy,
cost, and can provide mechanical machining of parts with significantly more complex geometric shape and higher requirements [18].
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speed and torque in machining; reversible speed and torque control;
compensation of the disturbances in materials with different hardness; easy maintenance; dual-zone speed regulation for spindle
drives; oriented braking with high accuracy; solid angular positioning of the workpiece with high precision of additional introduced
device; a subsystem providing choice of the desired tools; dosing
lubrication of the machine coordinate axes; cooling subsystem with
option for automatic and manual braking and starting from the control panel.
The calculations were performed under the heaviest cutting regimes. The methodologies for selection of the feed and spindle
drives in different mechanical operations are presented in [14, 16,
18, 21, 22, 23].
In table 1 are shown some results from the choice of feeds and
spindle drives in machining of unalloyed steel [24, 25, 26, 27].

3. Modernization of a class of machine tools
The modernization is one of the ways operating parameters of
existing machine tools to be approximated to those of the modern
models [3].
In the modernization of a class of machine tools with digital
program control are introduced: two additional controlled axes,
namely a table rotation as axis c and rotary table tilting as axis a and
devices for solid angular positioning of the workpieces in 30̊ and for
machining of spline channels.
These machines allow the following mechanical operation:
milling, drilling, boring, reaming, processing of spline channels. The
introduced devices and systems have achieved the flexibility of
machining parts with significantly more complex geometric shapes
and machining requirements for various mechanical operations.
Milling is metal cutting performed with a rotating, multi- edge
cutting tool. Each of the cutting edges remove a certain amount of
metal with a limited in-cut engagement, making chip formation [19].
Drilling process covers the metods of making cylindrical holes
in a workpiecewith metal cutting tools [19].
Boring operations involving rotating tools are applied to
machine holes that have been made through methods such as premachining, casting forging, extrusion, flame-cutting, etc. Typically,
boring operations are performed in machining centeres and vertical
boring machines [19].
Reaming is the finishing of an existing hole. This method
involves small working allowances to achieve high surface finish
and close tolerance [19].
One machine from the studied class of machine tools is shown
in fig.1. The basic notations are as follows: 1- body of the machine;
2- control panel; 3 - motor for coordinate axis x; 4 - device for solid
angular positioning of the workpiece in 30̊ ; 5 - rotary table, performing angular movement along a coordinate axis c and tilting
along a coordinate axis; 6- instruments; 7- spindle motor; 8- motor
for axis z; 9 - a metal box for the CNC system and parts of the electrical drives of the respective coordinate axes and spindle; 10 guides on the z axis; 11 - spindle gearbox; 12 - processing tool; 13 horizontal mass, performing movements along x and y coordinate
axes.
The instruments are eight pieces and some of them are situated
in: I1 – for spline channels; I3, I5- for milling operation; I7- for
drilling operation; I8 – for boring operation.

Table 1. Some results from the choice of feeds and spindle drives.
Linear feed drives with parameters:
- a ball screw with nominal diameter 0.04 m with step 0.02 m;
- DC motors with nominal parameters: M fnom  5.4 Nm ,
 fnom  209.34 rad/s ;

- power converter SA-12;
S - encoder – model 7L with 2500 imp./ rev.
Rotary feed drives with parameters:
- worm gear with coefficients: g a  3 /rev and g c  2 /rev ;
-

DC

motors

with

nominal

parameters:

nom  314 rad/s for axis a and for axis c:

M nom  2 Nm ,

Mnom  1.6 Nm ,

nom  314 rad/s ;
- power converter - model SA -8;
- encoder – model 7L.
Spindle drive with parameters:
- mechanical gear with ratio 1.3 =1.5;
- DC motor with parameters: P  7.5 kW ;   230.3 rad/s
- power converter - model SA.

The digital control system is widely used for control of the
drives in machine tools, as well as for implementing the various
modes of operation. The control of the auxiliary drives and the activation of the desired modes are done with the help of the ladder
diagrams, which are introduced into the programmable logic controller of the machine. Designing and developing of ladder diagrams
is essential for reliability, productivity, and technology [29, 30].
The auxiliary drives for the studied class machine include: instruments subsystem; dosing lubrication; the device for solid angular
positioning of the workpiece in 30̊ ; hydraulic subsystem; cooling
subsystem.
For control of the additional introduced device for solid angular
positioning of the workpiece in 30̊ is used similar ladder diagram
presented in [29]. The ladder diagram make improvements to: increase its operational life; ensure more secure and solid positioning
of the selected position; protect the motor from overload.
The hydraulic subsystem is related to the subsystem for choosing instruments. The development ladder diagram is presented in
[30]. As a characteristic feature, it can be noted that the hydraulic
subsystem works only while selecting an instrument. This leads to a
significant reduction in energy consumption, an increase in the service life and the reliability of the entire machine.
The dosing lubrication subsystem provides oil lubrication to the
guides along which the coordinate axes move [31]. This subsystem
is very important for increasing the service life of the feed drives
and hence the entire machine. This system is implemented by
switching on a three-phase induction motor that drives a hydraulic
pump to provide a circular lubrication. Decoded timers in the ladder
diagram provide automatic lubrication of the guides for a period of
20 minutes.
The cooling subsystem in machine tools is particularly important as it affects the quality of the workpiece and the energy consumption of the entire machine. In machining, it is almost always
necessary to use cooling. By inserting additional buttons on the

Fig. 1. One machine from the studied class.

The feed drives for the modernized machine can be linear and
rotary. The linear feed drives are the axes x, y, z and the rotary feed
drives include axes a and c.
In the drive system of studied class machines are researched the
different mechanical operations. On this basis are selected the motors, power converters, mechanical gears and sensors.
A block diagram of the drive system is shown in [14, 16].The
main requirements of the drive systems of the modernized machine
tools can be formulated as follows [14, 16, 20]: smooth speed regulation in a wide range; good dynamics; high position accuracy; formation of the necessary position cycles; providing the required
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control panel, as well as decoded commands in the ladder diagram,
it is possible to start and stop the operation of the cooling system as
needed.

a)

Fig. 2. Control panel for the modernized machine.

b)

Fig. 5. The drilling processes in different workpieces.

Fig. 2 presents the development control panel for the modernized machine from fig.1.

Fig. 6a, fig.6b, and fig.6c present the processes of reaming, boring and machining of spline channels respectively.

4. Practical applications
To meet the high requirements placed on the workpieces and to
achieve higher machine speeds and performance, the need for
precise coordination of the movements of the coordinate axes,
spindle and auxiliary drives is applied. This is accomplished by
using CAD/ CAM systems based on geometric part models [32, 33].
In the next figures are presented the practical applications of the
modernized machines in the machining of parts with complex
geometric shapes.
In fig. 3 is shown the subsystem of the instruments with the next
mechanical operation: drilling, milling, boring and machining of
spline channels.

a)

b)

c)

Fig. 6. Different mechanical operations.

Fig. 7 shows some the processed workpieces after machining.

Fig. 7. The processed workpieces.

The modernized machine achieves high requirements for accuracy, speed, productivity and reduces the cost of the workpieces in
machining processes.

Fig. 3. The subsystem of instruments.

In fig. 4a and fig. 4b are presented the processes in rough and
fine milling respectively.

5. Conclusion
In this paper the basic requirements for the machine tools are
formulated and this basis modernization of one class machine is
made with purpose to increase the capabilities.The different
mechanical operations enable to be achieved the accuracy, speed,
technical and economic parameters of the workpieces.
The practical applications of the modernized machines are
shown with the machining of parts with complex geometric shapes.
The research as well as the results obtained can be used in the
development of such machine tools with digital program control.
This work is supported by the Technical University of Sofia,
Bulgaria under Research Project No. 191PR0002-08/2019.
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b)
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Abstract: The strategic initiative Industry 4.0 implies integration of Cyber-Physical Production Systems (CPPS), Internet of Things (IoT) and
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collected. Second is the requirement for a fast, platformindependent, scalable and secure communication layer that can be
integrated horizontally and vertically. These requirements are fully
met by IEC-62541 Standard (OPC UA) [612], which defines a
common infrastructure model for information exchange between
components (sensors, mechanisms, control systems) and systems
(MES, ERP) in the industry. OPC UA supports the creation of the
following specifications:
 An information model for representing structure, behavior,
and semantics.
 Message modelling for interactions between applications.
 Communication model for data transfer between endpoints.

1. Introduction
The backbone of Forth Industrial revolution are the CyberPhysical Production Systems (CPPS), which are considered to be
new types of systems that expand the capabilities of physical world
through computing, communications and control, and upgrade the
electronic automation. The fundamental requirements for
introducing CPS in industry are specified by [1] as follows:
 Adaptable to heterogeneous environments: integration with
cutting-edge information systems, smart-devices and the existing
environment (from old PLCs to smart object embedded in
computing power).
 Capable of working in distributed networks: they should
gather, transfer and store in a reliable manner all the information
provided by smart sensors and actuators through the use of the
Internet of Things (IoT).
 Based on a modular open architecture: the interoperability has
to be ensured across different platforms provided by several
vendors along the value chain.
 Incorporate human interfaces (HW & SW based): integration
of user-friendly and reliable service to make decision makers aware
about the real time situation of the factory.
 Fault tolerant: given by the encapsulation of models to
activate prediction control loop and correctness of automation
systems.

The main aim of the paper is to provide an analysis of the standards
used in the field of cyber-physical systems. The main focus of the
analysis is on the IEC-62541 standard, which is referred to as the
only recommended for implementation communications standard
foreseen in the RAMI reference architecture of Industry 4.0. There
are two aspects that are the focus of attention: information modeling
and security issues that have been addressed in the standard. Of
importance in the development of methodologies for building of
cyber-physical production systems is the achievement of
interoperability between OPC UA and standards that support the
CPPS architecture.
The paper is presented in three parts. After the Introduction, the
second part of the paper presents the 5C architecture of the CPPS
and analyzes the existing standards, broken down by layers of
architecture. The third part of the report is devoted to the OPC UA
standard, consistently analyzing the structure and content of the
standard, information modeling based on the OPC UA meta model
and the possibility of creating standardized information models of
other organizations, such as ISA-95 and PLCopen. Special attention
is paid to the security model of the OPC UA and its characteristics.
Finally, some conclusions representing the analysis results are
made.

Standardization plays an important role in fulfilling the above
mentioned requirements. The development and adoption of
standards reduces the risk to enterprises and encourages the
adoption of new technologies, products and production methods.
Standards
for
CPPS
include
reference
architecture,
communications, common services and functional models,
semantics, security and safety standards, and standard interfaces for
system-to-system interactions [2]. A survey on the “Prospects for
Industry 4.0” [3] confirms the importance of standardization for
adoption of Industry 4.0 and CPPS. The major advantage of using
standards is that they reflect the state of the art of research and
technology development and promote mutual understanding and
consensus among partners. The main shortcomings in
standardization are related to the existence of too many standards
and the lack of interoperability between them internationally, with
the main reasons for this being the different culture, language and
areas of use. Overcoming these shortcomings requires cooperation
and coordination, the so-called harmonization process. It can
implement this by using the 5C architecture of the CSPP [4] and
analyzing the standards that support the different layers of
architecture [5].

2. CPPS and standardization processes
2.1. 5C architecture of CPPS
An important step in accelerating the deployment of cyberphysical systems in the industry is to define their reference
architecture and methodology for their development. Lee et al. [4]
offer the so-called 5C architecture for building a CPS, which
consists of 5 levels: connection, conversion, cyber, cognition and
configuration. The architecture is presented in Fig.1 and is a
practical guide to deployment of cyber-physical systems in the
industry. At the first level “connection”, the necessary information
is collected from various sources (machines, programs) using
appropriate sensors and special procedures, with subsequent transfer

The fusion of automation and information technology requires
two key elements. First is the requirement for an intelligent MES
system able to make rule-based decisions and store the data
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of the various data received to a central server using different
appropriate protocols. At the “conversion” level, all data is
transformed into information using appropriate algorithms,
procedures and methodologies that form the self-awareness of
machines (the physical part) and through which their state can be
predicted. The “cyber” level plays the role of a central hub and
serves to retrieve new information for the purpose of comparisons,
evaluations and similarities with past events and situations in order
to predict the behavior of machines, apparatus and equipment. At
the "cognition" level, knowledge is generated that the user needs to
use when deciding on maintenance optimization. At the
"configuration" level, the feedback of cyber space to the physical
space is realized in order to achieve self-configuring and selfadaptive machines and equipment. So-called resilience control
systems are being put in place to implement corrective and
preventative decisions taken at the “cognition” level.

Fig.2: Basic standards in the domain of CPPS [5]

3. Short analysis of IEC-62541 standard
3.1. Overview of OPC UA
The IEC-62541 Standard or OPC-UA (Open Platform
Communication – Unified Architecture) [612] is a new generation
of OPC that replaces DCOM communication specific TCP/IP
protocols enabling OPC in any operation system and can be
implemented in all languages. OPC UA offers a fully networked,
object-oriented concept for the namespace, including metadata for
object description. The OPC UA specification defines a serviceoriented architecture (SOA) with a set of services described in Part
4 of the standard [10]. The information models in OPC UA form a
layered structure, shown in the Fig.3, where the lowest level is the
base Information Model. Above the base model the service-specific
information model extensions for Data Access, Alarms &
Conditions, Programs, Historical Access and Aggregates are
located. Above the composition of general information models, the
companion specifications are defined. The next layer are companion
specifications which are domain-specific information models On
the uppermost level of the OPC UA structure, highly specified
information models are defined by different companies or vendors
for use in their specific products. The composition of information
models can be extended.

Fig.1: 5C architecture of CPPS [4]
2.2.

Basic standards in the domain of CPPS

The distribution of standards concerning CPPS on the different
layers of 5C architecture is suggested by [5] and is shown in fig.2
The standards for the first layer of the 5C architecture relate, in
particular, to data acquisition techniques for physical objects and
systems. Among the most applied standards are those concerning
Automatic Identification and Data Capture (AIDP), such as
ISO/IEC-19762 and ISO/IEC-15459, and standards regarding the
use of intelligent sensors (IEC-21451). This group also includes
standards related to control systems, such as IEC-61131 for
programmable logic controllers and IEC-61499 relating to
distributed control systems. The second layer of architecture is
supported by standards that provide different languages and
environments for describing the characteristics of different physical
devices and systems, such as: IEC-61804, IEC-61360, and IEC62714 (AML), which provides a unified format for data exchange.
Data security standards (ISO-27000) and management systems
(IEC-62443) also play an important role in this group. The
standards providing the third layer are the most numerous and affect
primarily communications including local area networks (ISO/IEC8802), wired communications (IEC-61158 and IEC-61784),
wireless communication networks (IEC-62591, IEC-62601), sensor
networks (ISO/IEC-29182, ISO/IEC-30101) etc. This group also
includes the IEC-61541 standard considered in the paper. The
standards at the cognition layer are oriented to condition monitoring
and diagnostics of machines (ISO-13374), data processing and
interface specification (IEC-62453). The configuration layer
includes a group of standards for overall control of CPS, such as the
IEC-61512 standard for batch control, IEC-62264 for enterprise control system integration, IEC-61508 standard for functional
safety.

Fig.3: Layered structure of information models in OPC UA [10]
3.2. Information modeling in OPC-UA
With the OPC UA, the OPC Foundation makes the transition
from object-oriented COM / DCOM technology to service-oriented
architecture by integrating the previous specifications into a single
address space, represented by a model to define complex
information in the form of objects consisting of nodes related to
references. Different classes of nodes convey different semantics.
For example, the variable node represents a value that can be read
or written, having an associated Data Type that can define the
current value. The method node represents a function that can be
called to execute. Each node is characterized by attributes,
including a unique identifier. The main notations used are presented
in Fig.4.

OPC UA has been cited as the only recommended standard for
implementation at the "communication" layer, according the RAMI
Reference architecture.
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have access to the information, the term "integrity" refers to the
preservation of accuracy and integrity of information, and the term
"availability" to the ability of authorized persons to access
information in a timely manner, and maintaining information
resources in a state where they can be used without issue. Security
is achieved through preventative methods used to protect
information from theft, compromise or attack. This requires
understanding of potential information threats such as viruses and
other malicious code. Security risk is a product of three elements:
threat, vulnerability and impact. Risk refers to the possibility of loss
or damage when a threat takes advantage of a captured
vulnerability. Risk may include financial loss as a result of business
interruption, loss of privacy, damage to reputation, legal
consequences and even loss of life. Vulnerability refers to some
asset (resource) weakness that allows an attack to be successful.
OPC UA can be used in a variety of operational environments.

Fig.4: The OPC UA Information model notations [9]
There is increasing interest in creating standardized information
models based on OPC UA, such as the ANSI / ISA S95 information
models (IEC-62264) and the PLCopen initiative in modeling motion
control systems. The approach for generation of OPC UA model
from an existing ISA-95 model includes the following steps:
 Mapping all ISA-95 properties to OPC UA Variables and
OPC UA VariableTypes and creating new OPC UA VariableTypes
or subtype of a VariableType if needed.
 Mapping all ISA-95 classes and ISA-95 Objects to OPC UA
ObjectTypes and creating new OPC UA ObjectTypes if needed (for
Objects with multiple instances).
 Creation of all types as a part of hierarchical set of types in
order to facilitate the implementation and maintenance.
 Converting all IDs of relationships between the elements of
ISA-95 model to OPC UA References using the existing
References, if possible.
 Reusing existing OPC UA concepts wherever possible. Do
not duplicate them.
 Comparing the resulting model to the B2MML model in order
to verify it.

In some cases, it can be an attractive target for industrial
espionage or sabotage, and can also be exposed to threats through
unobtrusive malware, such as worms circulating on public
networks. with different assumptions about threats and accessibility,
as well as different security policies and enforcement regimes. The
standard therefore provides a flexible set of security mechanisms.
The Client-server communication can be implemented in two
ways - through and without a session. The session is organized in
the application layer and, in addition to the routine work of client
and server applications, it is tasked with managing the security,
authentication, and authorization goals of the user. The session
communicates via a secure channel in the communication layer,
which is organized in a very flexible way and needs to be activated.
The communication layer provides security mechanisms to achieve
privacy, integrity, and authentication of the application using the
secure channel, which provides encryption to maintain
confidentiality, signature of integrity maintenance messages, and
certificates for providing authentication of the application. The
security mechanisms provided by Secure Channel services are
implemented by a protocol stack that is selected for the
implementation. Where OPC UA (UACP) protocols are used, then
security features are specified in the manner of SSL/TLS.

According [13] is given an example with the ISA-95 Equipment
Model. It is an abstract model that describes classes of logical
equipment. Fig.5 shows the Equipment Information model in terms
of the OPC UA Information Model. It consists of “Equipment
Types” and “EquipmentClassTypes”. The model includes the
definition of subtypes of “EquipmentClassType”, an instance of
“Equipment”, and a subtype of “EquipmentType”. Any subtype of
“EquipmentType” includes additional restrictions on Instance of the
subtype such as the instance can never remove an associated
“EquipmentClassType”.

Fig.6: OPC-UA security architecture for client – server [7]
Communication between applications is based on messaging,
the parameters of which are defined in Part 4 of the standard and
their format specified by DataEncoding and TransportProtocol. A
stack is a collection of software libraries that implement one or
more stack profiles. The interface between the application and the
stack hides the details of the implementation of the stack, depending
entirely on the development platform used. Each OPC UA
StackProfile is a separate application protocol. Even when
SecurityMode = None is selected, i.e. no security is supported, the
SecureChannel layer is present, maintaining a logical channel with a
unique identifier.

Fig.5: ISA-95 equipment information model [13]
3.3. Analysis of security model of OPC-UA
The three requirements for security are to preserve the
confidentiality, integrity and availability of information assets.
“Confidentiality” ensures that users without access rights do not
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closely with organizations and companies such as PLCopen,
BACnet, FDI, ISA95 to improve interoperability and semantic
extension. With respect to cyber-physical systems, achieving
interoperability of OPC UA with the standards from the other layers
of 5C architecture is of paramount importance.
Acknowledgment: The research was conducted within the
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Communication Technologies for a Digital Single Market in
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Fig.7: OPC-UA security architecture for client – server [11]

4. CONCLUSIONS
The success of the vision for Industry 4.0 requires considerable
effort to achieve wide-ranging standardization and consistent
digitalization, as well as successfully meeting the following
requirements, defined in [14]:
 Independence of the communication technology from
manufacturer, sector, operating system, programming language
 Scalability for integrated networking including the smallest
sensors, embedded devices and PLC controllers, PCs,
smartphones, mainframes and cloud applications. Horizontal
and vertical communication across all layers.
 Safe transfer and authentication at user and application level.
 Service-orientated architecture (SOA), transport via established
standards such as TCP/IP for exchanging live and historic data,
commands and events (event/callback).
 Mapping of information content with any degree of complexity
for modeling of virtual objects to represent the actual products
and their production steps.
 Unplanned, ad hoc communication for plug-and-produce
function with description of the access data and the offered
function (services) for self-organized (also autonomous)
participation in “smart” networked orchestration/combination of
components.
 Integration into engineering and semantic extension.
 Verifiability of conformity with the defined standard.
From the analysis presented in the article, it is clear that all of the
above requirements can be achieved through the widespread
implementation and development of the various aspects of the OPC
UA standard, as OPC UA runs on all operating systems and can be
implemented in all languages. OPC UA is scalable because it is
used in embedded field devices as well as in MES and ERP
systems, even reaches projects in the Amazon and Azure Cloud.
OPC UA uses certificates, authentication of the application, signed
and encrypted transfer, and audit functionality available in the
stack. OPC UA is independent of the transport method and the
stacks guarantee consistent transport. OPC Foundation works
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Abstract: Based on the electron-beam technology we suggest the method that increases accuracy and extends the ranges of optoelectronic
device measurement, and also increases the probability of their trouble-free operation under conditions of external thermal and mechanical
actions. The method is based on the developed experimentally-statistical models to determine the complex influence of parameters of the
electron beam on the physical-mechanical properties and optical characteristics in the surface layers of optical elements. at At the stage of
device manufacturing this method allows forming a database of the superior physical and mechanical properties and the optical
characteristics in the surface layers of optical elements depending on the electron beam parameters, by choosing the optimal regimes of their
electron-beam processing, that allow maximizing the metrological characteristics of the devices.
Keywords: OPTOELECTRONIC DEVICES, ELECTRON-BEAM TECHNOLOGY, OPTICAL CERAMICS, OPTICAL GLASS.
characteristics and reliability of devices in their functioning with the
help of electron-beam technology. The method relies on the
developed experimental and statistical models for determining
complex influence of the parameters of electronic beam on the
physical-mechanical properties and optical characteristics of optical
element surface layers (relative Error 5... 7 % [1, 6 - 8]:

1. Introduction
Modern optoelectronic devices with optical elements (laser
rangefinders of sighting systems with optical windows of
transmitting and receiving channels, laser medical devices with
cylindrical fiberoptic lightboards, IR-devices with semispherical
fairings made of optical materials for homing and surveillance,
etc.) when exploited are subjected to intensive external thermal and
mechanical influences (increased heating temperatures and external
pressures, thermal shock under conditions of shot and flight, etc.)
[1 – 4]. Under these conditions, various negative defects are formed
on the surface and in the surface layers of optical elements (cracks,
hump, hollows, inflows, etc.), the further development of which
leads to the destruction of elements (there appear detachments,
chips, wavelike surfaces, etc.). It results into the deterioration of
their basic quality parameters (the coefficient of IR radiation
transmission reduces from the objects observed as well as the
surface microhardness, at the same time resistance to external
thermal and mechanical pressures also reduces, etc.). This leads to
a significant deterioration in the technical and operational
characteristics (reduction of accuracy, reduction of measurement
ranges, etc.) and the reliability of devices in their operation, taking
into account the impact of these influences [5 – 12].
The existing methods of improving technical and operational
characteristics of optoelectronic devices do not always provide
their normative values, especially under extreme exploitation
conditions.
New opportunities for improvement of technical and
performance characteristics of the devices open due to the
purposeful change of physical and mechanical properties of their
surface layers by their modification. One of the effective methods
of optical material surface treatment is the movable electron beam,
which allows to modify surface layers of optical elements by
changing their performance characteristics affecting accuracy,
measurement ranges and reliability of devices [5 – 11].
Nowadays the study of the influence of the previous finishing
electron-beam processing of the optoelectronic elements on the
technical and performance characteristics of optoelectronic devices
are quite restricted and unsystematized. That is why the aim of this
work is to prevent negative impacts of external thermal and
mechanical influences on the technical-operating characteristics of
devices by means of finishing electron-beam processing of their
optical elements.

,

(1)
,

(2)

,

(3)

,
(for optimal values

,

),

(4)
(5)

where Fn is thermal influence density of electronic beam, W/m2; V
is travel speed of the beam along the treated surface of optical
element, m/s; Аl, Bl, Cl (
) and Di, Ei (
), Kj (
) and Di,
Ei (
), Kj (
) are empirical constants, μm; h – the magnitude
of surface microroughness, μm; hm - thickness of the melted layer,
μm; Hv – surface microhardness, Pa; Нкр is a critical height of steel
ball drop on the surface of the element at which it is destroyed; k  is
spectral coefficient of IR radiation.
In the process of device manufacturing this method allows,
operatively via dialogue and in the real time mode, to form a
database on modern PCS. This database comprises improved
physical and mechanical properties and the optical characteristics of
surface layers of optical elements depending on the parameters of
electronic beam, choosing the optimum modes of their electronbeam processing, which allow to maximize the metrological
characteristics of the devices and improve their reliability during
operation.
In practice, the specified method was used to improve the
metrological characteristics and to improve the reliability of the
following optoelectronic devices.
Increasing the accuracy of range measurement by pulse laser
rangefinders.The device of sighting complex with the working
wavelength of laser radiation of  = 1,06 microns was used for
experimental researches. Transmitting and receiving channels of
pulse laser rangefinder are equipped with input and output
windows, made of optical glass К8 and BК10 with diameter d1, d2 =
3∙10-2…5∙10-2 m and H2 = 4∙10-3…6∙10-3 m thick respectively [2, 3].
Fig. 1a presents general view of the sighting complex device (a)
and pulsed laser rangefinder, which consists of optical head with
laser rangefinder (1); optical-mechanical unit (2); lense of the
device (3); control panel of thermal-conversional camera of the
spotter (4).
Simplified schemas of transmission (Fig. 1b) and receiving

2. Results and discussion
Based on the conducted technical-operational research made by
authors [5 – 11] they developed the following enhancement method
of physical and mechanical properties of the elements, metrological
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channels (Fig. 1c) schematically show: IR radiation flow directed to
the object (6); input optical window of rangefinder receiving
channel (7); an output optical window of a rangefinder channel (5);
IR radiation flow that is dispersed by the object and falls into the
input window (8); photo receiving device (FRD); signal formation
unit (SFU).
While conducting researches on distance measurement to
moving and still objects (targets) by pulse laser radiation
(wavelength  = 1,06 μm, the operating frequency of generated
pulses  = 2∙107 Hz) it has been established, that by finishing
electron-beam processing on the surfaces of optical windows of
transmitting and receiving channels in pulse laser rangefinder as a
result of increase of IR-radiation transmission coefficient by 4... 6%
(for optical glass К8 and BК10) [1, 9, 10], the accuracy of its
measurement, at the optimum values of the beam parameters Fn =
8∙108 W/m2 та V = 5∙10-3 m/s, can be increased by 10... 15% (Fig.
;

2, where

,

increasing IR radiation transmission coefficient k by 4... 5%,
magnitude L increases by 7... 10%.
Increase of the reliability of laser medical devices at their
functioning. Laser Medical devices during operation are subjected
to external thermal actions under the conditions of external thermal
influences or using the powerful lasers (heat density more than
107… 108 W/m2). This leads to the formation on the end surfaces of
lightguides, through which the radiation is inserted from the
external laser source of energy of the above mentioned negative
defects (cracks, chips, etc.), which lead to a sharp decrease (more
than by 3... 4 times) of the IR radiation transmission coefficient, as
well as the destruction of the light-emitting diodes, that, ultimately,
reduces the reliability of medical devices under their operation in
the conditions of intensive external thermal influences.
L

is the value of the distance

0,9

1
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Fig.1 - General view of the sighting complex device (a) and
simplified circuits of transmission (b) and reception (c) pulse laser
rangefinder channels.
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Fig.3 - Dependence of the relative range of pulsed laser
rangefinder from relative IR radiation transmission coefficient by
optical windows of optical glass (1) and К8 (2).

Extending the scope of range measurement by pulse laser
rangefinders. To determine the effect of the k, the maximum range
was used by the following transcendental equation [3]
,
(6)
where

1

8

Від
from
обobject
’єкта

Н2

3

7
d2

ФПП

k, %

4

Fig.2 - Dependence of the relative error of distance measurement
from relative IR-radiation transmission coefficient by optical
windows from optical glass К8 (1) and BК10 (2).

For experimental research laser therapeutic device was used
(Fig. 4a), which consists of control unit of laser therapeutic device
(1); remote laser emitter (2).
Fig. 4b presents the input scheme of laser radiation in the
lightguide, and Fig. 4c presents the scheme of the finishing thermal
processing of the lightguide end surfaces by electronic beam. The
diameter of the end surface of the emitter is D = 7∙10-4…10-3 m,
thermal action density of the beam Fn = 5∙106…7∙107 W/m2, its
thickness is 2b = 5∙10-4…8∙10-4 m.
The tests on heating the end surfaces of lightguides of laser
therapeutic devices on specialized equipment, that models the
internal heating of the optical element surfaces to which the devices
are subjected during their operation, showed that in the case of the
end surfaces processed by an electronic beam as a result of their
resistance increase to the external thermal actions, we observe by a
1,4... 2 times less destruction than for the raw end surfaces of
lightguides (table. 1).
Reliability factor as the criterion of performance of laser
medical devices at different velocities of external heating is
determined by the following formula [12]:

(L0 – initial range; Lобр– range value after electron-

beam processing оптof optical glasses (an increase of k));
(k0, kобр is the value of IR radiation transmission coefficient before
and after electron-beam processing of windows, respectively).; a is attenuation coefficient of laser radiation in the atmosphere, м-1.
Calculations of impulse laser rangefinder of sighting complex,
which is equipped with output and input windows of optical glass
К8 and BК10, with diameter d = 3 ∙ 3∙10-2 m and thickness of n =
4∙10-3 m according to the equation (6) were conducted for optical
windows processed and unprocessed by electronic beam (heat
density of a heat beam Fn = 2,5∙107 W/m2 and the speed of its
movement V = 5∙10-2 m/s). Thus, for the meteorological visibility
distance Sм> 10∙L0 (the air haze on the object is absent and both the
object and its details are clearly perceived (L0 = 103 m, Sм = 2∙104
m, a = 0,082)) [2, 3] The results of the calculations are presented
in Fig. 3. The data analysis presented in Fig. 3, shows that with the

,
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where W (V1) - is the likelihood of maintaining the serviceability of
medical devices under conditions of external thermoactions; N (V 1)
- is the number of devices that failed at specified heating rates
(destruction of end surfaces of lightguides of medical devices were
taken for failure of devices as a whole); N0 - is the total number of
lightgiides that are subjected to testing.
The results of the studies allowed to establish, that the heating
speed increase on the end surfaces of lightguides of medical devices
(from 100 K/s to 400 K/s) leads in the case of finish electron-beam
processing of these surfaces (under the beam parameters Fn =
3∙108 W/m2 та V = 8∙10-3 m/s, which ensure the quartz treatment
of the surface of optical elements on the maximum depth (up to
100... 150 nm), that increases their resistance to external thermal
loads) to the reliability increase of the specified devices by
10…15% (Fig. 5).

Conducted tests of the semi-spherical fairings in the IR devices
on a specialized installation that simulates the supersonic airflow of
fairings with the velocity of V2 to 2∙103 m/s and their axialsymmetric rotation with angular velocity  to 4∙103rad/s [1], which
IR-devices are exposed to during their operation under shot and
flight conditions, showed that in the case of the fairings processed
by the electron-beam in the areas of the maximum external
thermoactions (the most dangerous areas on their surfaces, where
fairings are subjected to destructions, as a result of the resistance
improvement to external thermal and mechanical actions [1], by
1.7... 2.3 times less destruction is observed than for the raw fairings
(table. 2).
The reliability coefficient as the criterion of the IR-device
efficiency at supersonic flow is determined by the formula similar
to (7).
The results of the studies allowed to determine that the increase
of the airflow velocity in the fairings (from 7∙102 m/s to 2∙103 m/s)
in the case of finishing electron beam processing of their surfaces
leads (at optimal values of beam parameters Fn = 5∙108 W/m2 and V
= 5∙10-3 m/s, which provide maximal increase of surface
microhardness in optical elements (up to до 5…6 GPа) and the
formation of strengthened layers of maximum thickness (up to
200... 250 microns) that significantly increases the resistance of
optical elements to external thermoshock influences and
mechanical-loads) [15] to the increase of the probability in their
non-failure performance by 15... 20 % (Fig. 7).

1

2
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Лазерне джерело
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випромінювання
sourse
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0,6

0,4

D

b)

0,2

c)
Fig.4 - General view of the laser therapeutic device (a), the
introduction scheme of laser radiation in the lightguide (b) and the
scheme of the finishing thermal processing of lightguide end
surfaces by electronic beam (c): 1 – control Unit of laser
therapeutic device; 2 – remote laser emitter; 3 – end surface of
fiber optic lightguide.
Table 1
Results of influence of electron-beam processing on end surfaces of
laser light therapeutic medical devices on the number of their
destruction *) (%) depending on external heating speed V1 (K/s)
Lightguide
end
surface
V1, К/s
100…200
200…300
300…400
*)

0

100
0
200
300
V1, К/с
Fig.5 - Probability dependence in the nonfailure operation of
laser medical devices from the speed of the external heating in the
end surfaces of lighguides from the optical glass К8: end surfaces
not processed by an electronic beam (–––––);end surfaces
processed by electronic beam (– – – ).

1

2

Area of руйнування
destruction
Області

3
(qw)max

Rw

,%
Before electronbeam processing
40…50
50…60
60…70

Note. Rangefinder from optical glass К8;

After electron
beam
processing
20…30
30…45
45…50

V2

max
 O



4
a)

, where k0, k is the

general number of the tested light guides and the number of light
guides which was damaged.
Increased reliability of IR devices for homing and observation
under shot and flight conditions. Scheme of a typical IR device of
homing and observation with optical fairing, which is subjected to
destruction under conditions of shot and flight (central corner of the
fairing, where its destruction occurs
(
);
radius of the external surface of fairing Rw = 2∙10-2 m; the thickness
of the flat layer of a semispherical fairing Н = 4 10 -3 m; maximum
density of external thermal influence (qw)max = 3∙105…2,5∙106
W/m2) [1, 4, 5] presented in Fig. 6.

b)

Fig.6 - Scheme of the typical IR devices for homing and
observation (a) with optical fairing (b): 1 – input IR radiation from
the observed object; 2 – fairing from optical ceramics; 3 –
functional scheme of the IR device; 4 – general view of the product.
*)

Note. The fairing from optical ceramics КО2;

, where n0, n is

the general number of the tested fairings and, respectively, the
number which was subjected to destruction; the angular velocity of
the ax-symmetrical rotation of the fairings in the observed change
rate (to 4∙103 rad/s) does not significantly depend on the number of
their destructions.
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Table 2
Influence results of electron beam treatment of the semispherical
fairings in IR devices for homing and observation to the number of
*)
(%) depending on the airflow velocity V2
their destructions
(m/s).
,%
Fairing
Before electronAfter electronbeam treatment
beam treatment
V2 , м/с
5∙102…103
30…40
15…25
103…1,5∙103
40…60
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60…80

35…40
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0
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Fig.7 - Dependence of the reliability of nonfailure performance in
IR devices under the conditions of shot and flight from supersonic
air flow velocity of their semi-spherical fairings: fairings that are
not processed by electronic beam (–––––), fairings processed by
electronic beam (– – –).

Thus, the finishing electronic-beam processing of working
surfaces of the optical windows of laser rangefinders, end surfaces
of lighguides of laser therapeutic devices, as well as areas on the
optical fairing surfaces of IR devices for homing and observation,
where they are subjected to maximum external thermal actions, by
increasing the IR radiation transmission coefficient, increasing the
resistance of their surface layers to external thermal and mechanical
actions will lead to the improvement of technical and operating
characteristics of devices and the increase in the probability of their
non-failure performance under the conditions of intensive external
thermal and mechanical actions.

3. Conclusions
The new method of improvement of technical-operating
characteristics in optoelectronic devices was worked out based on
the electron-beam processing. This method allows:
– to increase accuracy and extend the range of distance
measurements by pulse laser farings of sighting systems by 7...
15%;
– to increase the probability of nonfailure performance of the
optical fairings in the IR devices for homing and observation and
for the fiber optical light guides in medical devices at their
operation by 10... 20%.
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INVESTIGATION OF THE DESIGN OF PLANT SEDIMENT MICROBIAL FUEL
CELL ON THE ELECTRICAL PARAMETERS AND THE WATER TREATMENT
EFFECT FROM PETROLEUM PRODUCTS
Ivanov R. PhD., Nikolova K. PhD., Genova P. PhD.
Faculty of Geology and Exploration – University of Mining and Geology, Bulgaria
rosen_iv@abv.bg
Abstract: Most applications of constructed wetlands (CW) have been designed to treat municipal or domestic wastewater but at present,
constructed wetlands are successfully applied to many types of wastewater. The criteria for CW design and operation include site selection,
plant selection, substrate selection, wastewater type, plant material selection, hydraulic loading rate, hydraulic retention time, water depth,
operation mode and maintenance procedures. Integration of plant sediment microbial fuel cells (PSMFC) into them allows water treatment
and parallel energy production. The purpose of this study is to investigate the influence of design of PSMFCs and various operation modes
on electrical parameters and water treatment effect from petroleum products. The best results were achieved with downstream water flow,
substrate - mixture of sediment and peat in a ratio of 3:1, use of stainless steel electrodes and the absence of a separator between aerobic
and anaerobic areas. With this design and operating mode was achieved maximum power density of 10,40 mW/m 2 and water purification of
petroleum products of over 99% in CW with integrated PSMFC
Keywords: PLANT SEDIMENT MICROBIAL FUEL CELLS, OIL DEGRADATION, CONSTRUCTED WETLANDS

community may be established in CWs and have adequate contact
time to remove contaminants at a longer HRT.[8]

1. Introduction
Most applications of constructed wetlands (CW) have been
designed to treat municipal or domestic wastewater but at present,
CW are successfully applied to many types of wastewater. The
criteria for CW design and operation include site selection, plant
selection, substrate selection, wastewater type, plant material
selection, hydraulic loading rate (HLR), hydraulic retention time
(HRT), water depth, operation mood and maintenance procedures.
[7] Particularly, the factors such as plant selection, substrate
selection, water depth, HLR, HRT, and feeding mood may be
crucial to establish a viable CW system and achieve the sustainable
treatment performance. Wetland plants which have several
properties related to the treatment process could play a strategic role
in CWs, and are considered to be the essential component of the
design of CW treatments. For the selection of plants, tolerance of
waterlogged-anoxic and hyper-eutrophic conditions and capacity of
pollutant absorption are recommended besides adaption to extreme
climates. [5] The substrate is the critical design parameter in CWs
in particular, because it can provide a suitable growing medium for
plant and also allow successful movement of wastewater.
Moreover, substrate sorption may play the most important role in
absorbing various pollutants such as phosphorus. Selection of
suitable substrates to use in CWs for industrial wastewater
treatment is an important issue. The selection of substrates is
determined in terms of the hydraulic permeability and the capacity
of absorbing pollutants. Poor hydraulic conductivity would result in
clogging of systems, severely decreasing the effectiveness of the
system, and low adsorption by substrates could also affect the longterm removal performance of CWs. Substrates can remove
pollutants from wastewater by exchange, adsorption, precipitation
and complexation. The adsorption capacities of substrates vary each
other and their capacity of sorption may depend primarily on the
contents of the substrate, moreover, it could be influenced by the
hydraulic and pollutant loading. [3]

The feeding mode of influent has been shown to be another
important design parameter. The difference of feeding mode (such
as continuous, batch and intermittent) may influence the oxidation–
reduction conditions and oxygen transfer and diffusion in wetland
systems and, hence, modify the treatment efficiency. Various
studies were conducted to evaluate the effect of influent feeding
modes on the removal efficiency of CW treatments. In general,
batch feeding mode can obtain the better performance than
continuous operation by promoting more oxidized conditions. [6]
Plant Sediment Microbial Fuel Cells (PSMFCs) are a particular
type of Microbial Fuel Cells that utilizes organic materials.
PSMFCs are capable of converting a wide range of organic
materials in aquatic ecosystems, like CWs, to electricity. The fuel
cell consists of anode and cathode electrodes, which can be
produced from conductive materials such as graphite, carbon paper,
carbon felt, carbon fabric, and carbon brush. [4] The anode is placed
in an anaerobic part and buried under sediments while the cathode
is placed in the aerobic part (the upper section of the sediment)
floating in the catholyte liquid. [2] However, recent researches on
PSMFCs have demonstrated that they can generate only a small
amount of energy continuously at mW level. Researchers have
focused on creating bigger electrodes, improving electrode
materials and adding different fuels to sediments to increase the
energy supplied. [8] The purpose of this study is to investigate the
influence of the design of the PSMFC integrated in CW on the
electrical parameters and the water treatment effect from petroleum
products.

2. Materials and Methods
In order to determine the effect of the substrate on the efficiency
of plant sediment microbial cells (PSMFC), three variants of
sediment microbial fuel cells (SMFC) with different sediment to
peat ratio (3: 1, 1: 1 and 1: 3) in the substrate were constructed. The
sediment microbial fuel cell consists of a 1000 cm3 plastic
container. They are filled with a substrate of 800 cm3 volume. After
insertion of the substrate, the cells were filled with water. AISI 304
stainless steel electrodes with a surface area of 40cm2 were placed
at the bottom of the cell and the surface in the water layer.

Water depth is a crucial factor in determining which plant types
will become established, and it also influences the biochemical
reactions responsible for removing contaminants by affecting the
redox status and dissolved oxygen level in CWs. [1]
Hydrology is one of the primary factors in controlling wetland
functions, and flow rate should also be regulated to achieve a
satisfactory treatment performance. The optimal design of hydraulic
loading rate and hydraulic retention time plays an important role in
the removal efficiency of CWs. Greater HLR promotes quicker
passage of wastewater through the media, thus reducing the
optimum contact time. On the contrary, an appropriate microbial

The same sediment microbial fuel cells were used to determine
the effect of the separator type on efficiency. A layer of bentonite 1
cm thick was placed in the first cell between the anode and cathode
zones. A layer of 1 cm thick perlite was placed in the second cell
and no separator was placed in the third cell.
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In order to determine the influence of the electrode material on
the energy generated, two of the sediment microbial fuel cells were
used. The first uses stainless steel electrodes and the second uses
graphite electrodes. The surface area of the electrodes is 40cm2.

height of 440 mm. At the base of the tube was placed an electrode
of stainless steel formed as a spiral whose surface is 400 cm2 and
was covered with a 7 cm layer of gravel. The top the tube was filled
with a mixture of sediment and peat in a ratio of 3:1. The PSMFC
was planted with Spartina. The device was filled with water and in
the surface layer of water was placed a second electrode - the
cathode. The cathode was also a spiral and had a surface of 400
cm2. By peristaltic pump, a solution with an crude oil content of 100
mg/l (total oil content 14 mg/l, COD 4690 mg/l) and inoculated
with highly active oil-degrading bacteria (Pseudomonas veronii,
Azoarcus communis, Pseudomonas chlororaphis, Pseudomonas
putida, Pseudomonas libanensis) was delivered to the cells with
hydraulic retention time of 14 days.

After determining the influence of the substrate, the type of
separator and the electrode material, two plant sediment microbial
fuel cells were constructed in which experiments were carried out to
determine the influence of the design and the course of the water
flow on the degree of purification of water contaminated with
petroleum products and the energy generation.
PSMFC 1 (Figure 1) have a volume of 30 dm3 and are planted
with Spartina. The cells were filled with 20 dm3 mixture of
sediment and peat in a ratio 3:1. Stainless steel electrodes with an
area of 400 cm2 are placed on the bottom and in the surface layer.
The cells are designed to provide a different flow of water in the
installation under different operating modes. Before starting of the
experiment was made screening of highly active oil-degrading
strains of the laboratory collection, suitable for inoculum in the
PSMFC anoxic and aerobic zone. By peristaltic pump, a solution
with an crude oil content of 100 mg/l (total oil content 14 mg/l,
COD 4690 mg/l) and inoculated with highly active oil-degrading
bacteria (Pseudomonas veronii, Azoarcus communis, Pseudomonas
chlororaphis, Pseudomonas putida, Pseudomonas libanensis) was
delivered to the cells with hydraulic retention time of 14 days.

The electrical parameters of PSMFC was measured using
portable digital multimeter UNI-T UT33C. A precise potentiometer
with maximum value of 13,5 kΩ used for measuring of external
resistance.

3. Results and Discussion
After stabilization of the electrochemical parameters, the
electrical parameters of the three SMFCs with different sediment to
peat ratio in the substrate were measured and compared. The data
from the made polarization curves are presented in Figure 3. From
the graphs it can be seen that with the best electrical parameters are
characterized SMFC with a sediment peat ratio of 3:1. It achieves a
maximum power density of 2,07 mW/m2. The lowest power density
was found in SMFC with a sediment peat ratio of 1:3. This result is
due to the fact that as the amount of peat in the substrate increases,
the concentration of biogenic elements in the water increases. This
leads to an increase in the ionic strength of the solution and to a
higher electrical conductivity between the cathode and anode area.

Fig. 1 Design of Plant sediment microbial fuel cell 1
1 – Incoming solution, 2 – Peristaltic pump, 3 – Digital multimeter, 4 –
Plant sediment microbial fuel cell, 5 – Outgoing solution, A – Anode C –
Cathode

On Figure 2 is shown a scheme of the laboratory model of the
PSMFC 2.

Fig. 3 Polarization curves of SMFC-s with different ratio of sediment and
peat in substrate

The data from the measured electrical parameters at different
separators between the anode and cathode area in the SMFCs are
presented in Figure 4.

Fig. 2 Design of Plant sediment microbial fuel cell 2
1 – Incoming solution, 2 – Peristaltic pump, 3 – Plant sediment microbial
fuel cell, 4 – Digital multimeter, 6 – Outgoing solution, A – Anode C –
Cathode

PSMFC 2 consisted of a cylindrical base with a volume of 3650
cm3.The bottom of the vessel was covered with a layer of gravel
with a thickness of 7 cm (≈ 3 kg). The particle fraction was in the
range 10-20 mm. In the center of the container was placed a
perforated in the base PVC tube with a diameter of 110 mm and a

Fig. 4 Polarization curves of SMFC-s with different substrate

The graphs show that the best electrical parameters are achieved
using bentonite as a separator. In this variant, a maximum power
density of 3,12 mW/m2 is reached. The lower power density is
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characterized SMFC without separator – 1,75 mW/m2. The lowest
electrical parameters were measured using a perlite separator.

Table 1: Chemical parameters of the outgoing waters of the PSMFC-s
in downstream flow mode
Total oil
COD, mg/l
content, mg/l
PSMFC 1
0,075
183
PSMFC 2
0,095
204

Figure 5 shows the polarization curves measured during the
experiment with different electrode material.

Figure 7 presents the data from the polarization curves of the
PSMFC in upstream flow mode.

Fig. 5 Polarization curves of PSMFC-s with different electrode materials

From the presented data it can be seen that higher values of
electrical parameters are achieved when using stainless steel
electrodes. The measured power density in this variant is 2,64
mW/m2. Using graphite electrodes, a power density of 1,96 mW/m2
was measured.

Fig. 7 Polarization curves of PSMFC-s in upstream flow mode

The graphs again show better electrical parameters in PSMFC
1. The power density achieved is 9,52 mW/m2, while in PSMFC 2 it
is 7,22 mW/m2. The graphs also show that in upstream flow mode,
lower energy is generated in both cells.

Following the experiments carried out and analysis of the
results, two plant sediment microbial fuel cells were constructed to
conduct experiments related to determining the influence of the
design and the course of the water flow on the degree of purification
of water polluted with petroleum products and energy generation.
PSMFCs are constructed with a substrate containing sediment and
peat in a 3: 1 ratio. Despite the best results achieved with the use of
bentonite as a separator in SMGC, no separator was installed in the
PSMFCs. Studies have shown that the use of bentonite significantly
impedes the penetration of water into the anode area, which would
disrupt the normal operation of the PSMFC and effectivennes of
water treatment from petroleum products. Stainless steel electrodes
are placed in the PSMFC.

Table 2 presents data for the total oil content and COD in
effluent fromPSMFC in upstream flow mode..
Table 2: Chemical parameters of the outgoing waters of the PSMFC-s in
upstream flow mode
Total oil
COD, mg/l
content, mg/l
PSMFC 1
0,088
195
PSMFC 2
0,104
213

The data again show a higher degree of water purification from
petroleum products in PSMFC 1. From the data, it is found that in
upstream flow mode, a lower degree of water purification from
petroleum products is observed in both RSMGCs compared to a
downstream flow mode.

14 days after the start of the downstream flow experiment, the
electrical parameters in the PSMFCs, the total oil content and the
COD of the effluent were measured. Figure 6 shows the graphs of
the polarization curves of the two PSMFCs.

4. Conclusion
From the performed studies and the results obtained, it can be
concluded that the design of the PSMFCs and the water flow
through the cell have a significant impact on both the purification
capacity and the energy generation. The highest electrical
parameters was measured at a sediment:peat ratio of 3:1. Placing a
bentonite separator between the anode and cathode area
significantly increases the energy generation due to an increase in
the redox gradient between the two zones. On the other hand, the
use of a separator has proven to be inappropriate for the upstream
and downstream water flow in the PSMFC because of the difficulty
of passing water through the cell and reducing the efficiency of the
treatment process. The use of a separator in PSMFC is appropriate
for substrate or surface flow of purified water in which it does not
pass between the aerobic and anaerobic area of the cell. The
material from which the electrodes are made also affects the energy
generation. When using stainless steel electrodes, higher electrical
parameters were measured in both PCMGCs. Also, during
prolonged work on graphite electrodes, passivation of mobilized
biomass and metabolic products was observed. In this way, the
active contact surface of the electrodes is significantly reduced.
With the downstream water flow through the PSMFCs, higher
efficiency of water purification from petroleum products is found.
In both tested runs, lower concentrations of petroleum products in
outgoing water were measured in PSMFC 1.

Fig. 6 Polarization curves of PSMFC-s in downstream flow mode

The graphs show that better electrical parameters are measured
in PSMFC 1, where the power density reaches 10,40 mW/m2. A
power density of 8,78 mW/m2 was measured in PSMFC 2.
Table 1 presents data of the total oil content and COD in the
outgoing water cells. The data show a higher degree of purification
of the oil products in PSMFC 1. The same applies to COD. The
total oil content measured at the outlgoing waters of the cell was
0,075 mg/l with a COD of 185 m /l.
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PREPARATION OF NANO-LAMINATED STRUCTURES IN TITANIUM ALLOY
WITH BLENDED ELEMENTAL POWDER METALLURGY METHOD
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Abstract: Titanium Ti-6-4 alloy coated with Ni-base material was obtained via Blended Elemental Powder Metallurgy approach by sintering
a mixture of laminated powders. Microstructure and phase composition of obtained laminated material were studied, and formation of Ti2Ni
phase and multicomponent phase (Ti, Ni, Al, V, C) with E9 3 crystal cell of space group 227: Fd-3m was established. The intermetallic melt
deeply permeated into the Ti-6-4 material at sintering temperature (1250°C) higher than Ti2Ni melting point (942°C), and a dense gradient
structure formed. The microstructure, phase composition and properties of obtained gradient material are discussed in detail.
Keywords: TITANIUM AND TITANIUM ALLOYS, BLENDED ELEMENTAL POWDER METALLURGY, SINTERING, SURFACE
COATING, TI2NI INTERMETALLIC, CRYSTAL CELL, PROPERTIES.

1. Introduction
Titanium alloys are one of the most spread in industry structural
material employed in aerospace, automotive, chemical,
shipbuilding, and others branches for parts and structures working
under different, often very complicated service conditions [1, 2].
This is due to the unique combinations of physical and mechanical
properties, namely high specific strength, fatigue strength, crack
propagation resistance, corrosion resistance, non-magnetic, etc. At
the same time, the disadvantages of titanium alloys include their
low wear resistance, high tendency to stick, a large coefficient of
friction paired with most materials, which limits their use in the
parts operating in friction pairs. [3]. To eliminate these drawbacks
of titanium alloys, various types of coatings leading to structuralphase transformations in the surface layers are widely used.
Recently, the methods for forming hierarchical layered structures
that consist of nanoscale surface states on ultrathin subsurface
layers have been developed. Such a modification of the surface
layers of titanium alloys can be done using thermomechanical
processing [4–6], ion implantation [7, 8], as well as alloying the
surface with natural nano-laminates from layered triple carbides and
nitrides with d- and p-elements (for example, MAX-phases based
on the Ti-Al-C system) [9-11].

а
b
Fig. 1. Crystal structure of unit Е93 cell of Ti2Ni intermetallic
compound with space group Fd3m [15] (a) and schematic
presentation of its 1/8 structural part with elements of tetrahedral
and octahedral subcells consisting of Ti and Ni atoms, respectively
(b).

2. Materials and Experimental Procedure
Ti-6(wt.%)Al-4V alloy (“working horse” of titanium industry)
was taken as basic material. Bulk specimens were prepared by
blended elemental powder metallurgy (BEPM) approach using
mixture of powders of titanium hydride of a fraction of -100 μm
(hydrogen concentration corresponded to the single-phase TiH2
state) and complex master alloy 60Al-40V with a fraction of -63 μm
[17]. Nano-laminated layer on top sides of specimens was obtained
by adding onto Ti-6-4 alloy mixture of PRN powder (composition:
63.6 (wt.%) Ni - 25 Cr - 2.5 B - 2.7 Si - 5 Fe - 1.2 C) of a -100 μm
fraction produced by “POLEMA” JSC. The latter material was
chosen for coating because in previous studies it showed high
tribological characteristics. All powders mixtures were blended in a
drum mixer of “drunk barrel” type for 8 hours. The mixture for Ti6-4 alloy was poured into a steel pressing die, then the PRN powder
was added to the surface, and the powder layer-by-layer mixture
was compacted by bilateral compression with a pressure of
640 MPa. The sintering was performed in 5×10-3 Pa vacuum at
1250 °С for 4h. The heating rate up to sintering temperature was
10°С/min. After the sintering the specimens were cooled down with
furnace. Final specimens were 9 mm in diameter and 9 mm in
height. Two types of sections were prepared from the specimens: (i)
perpendicular to the material surface for studying its gradient
structure; (ii) parallel to the surface for studying the structure and
characteristics of individual layers (both the coating itself, the main
Ti-6-4 alloy, and the transition zone between them).

The long-period crystalline phases possess a natural layered
structure. The atoms in these phases are densely packed and are
characterized by significantly strong bonds in the boundaries of
each layer, and the distance between the nearby atomic layers is 2-4
times greater than between atoms in a layer, with a bond weaker
than inside the layers. Within one cell the lattice becomes curved
that does not allow the planes and directions of the closest packing
to be selected, which, in turn, inhibits the movement of dislocations.
The lamination within the lattice unit cells leads to a pronounced
nano-laminated grain structure [10,12]. Ti2Ni intermetallic
compound belongs to this kind of layered materials (its unit cell
consists of 96 atoms) which gives this material special physical and
mechanical properties [13-15] (Fig. 1).
Ti2Ni intermetallic solidifies at approximately 942°С within a
thin concentration range with forming Е93 unit cell having body
centered cubic lattice of Fd-3m space group [15, 16]. This material
is characterized by a unique set of high physical and mechanical
properties, namely wear resistance, damping properties, ability to
dissipate the applied energy, etc. The goal of the present work was
to investigate the possibility to obtain such a nano-laminated
structure in Ti-6(wt.)%Al-4%V (hereafter Ti-6-4) alloy employing
Blended Elemental Powder Metallurgy [17] with additional alloying
of the surface layer by commercial Ni-based powder, and to
evaluate the properties of this layered composite.

Microstructure of specimens was studied using optical
(Olympus XL70) and scanning electron (TESCAN VEGA3)
microscopy. Chemical composition of program material on different
levels were studied using EDX (XFlash 610M detector, Bruker).
The XRD analysis was carried out on a diffractometer “Ultima IV”
(Rigaku, Japan) using monochromatic CuKα radiation with step
0.02° along the 2θ and exposure 2s/step. Using the “θ-2θ” X-ray
diffraction patterns, the phase composition of each layer of the
bilayer samples was determined by means of diffractometer
software (RIR, Rietveld, etc.). Vickers micro-hardness of different
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layers and structural constituents was measured using Wolpert
Wilson Instruments 452 SVD device at loads 5-30 kgf.

phase does not comply with the Hume-Roseri rule, which
determines the possibility of the formation of a solid solution if the
radii of participating elements differ by less than 15%. The
difference in atomic radii of Ti (1.47 Å) and Ni (1.24 Å) is ~17%,
but nevertheless, the Ti2Ni compound formed.

Fracture toughness of the coating was estimated by Vickers
indentation crack method [18]. A Vickers pyramidal indenter was
used, and fracture toughness was calculated by formula

𝐾𝐼𝑐 ≈

1
0,16 𝐻𝑉 𝑎2

𝑐
𝑎

Elemental lattice of Ti2Ni has 96 atoms (Fig.1а), wherein Ni
atoms form regular tetrahedrons, while Ti atoms form regular
octahedrons (Fig.1b). In different cross sections Е9 3 cell of Ti2Ni,
Ti and Ni atoms have different numbers of nearest neighbors. Each
Ni atom always has 5 Ti atoms and 9 Ti atoms as neighbors. At the
same time, Ti atoms in the E93 cell have 2 Ni atoms and 10 Ti
atoms as neighbors in one case, in the second position they have 4
Ni atoms and 8 Ti atoms, and in the third position they are
surrounded by 6 Ni atoms and 6 Ti atoms. The average distance
between Ti atoms is equal to 2.57 Å, between the Ni atoms
~ 2.87 Å, and between Ti and Ni atoms ~ 2.6 Å. Basing on the radii
of the atoms, according to the Vegard rule [20], the distance,
between Ti atoms should be 2.94 Å, between Ni atoms ~ 2.48 Å and
between Ti and Ni atoms ~ 2.71 Å. The discrepancy between the
experimental values of the interatomic distances between Ti and Ni
atoms in the Ti2Ni intermetallic compound and those calculated
from atomic radii, that satisfy predominantly a metal bond,
indicates that the covalent component of the bond between them has
a tendency to increase.

3
−
2

where a is the half diagonal of indentation (m), HV is the
microhardness of the material (GPa), and c is the length of the
radial crack (m). Despite this method has significant drawbacks (see
[19]), it allows to estimate fracture toughness (or rather “indentation
fracture resistance”) of brittle materials and thin coatings.

3. Results and Discussion
Phase composition
Two-layered (gradient) specimens consisting of Ti-6-4 with Nibased coating were obtained after sintering. The results of phase
analysis of the material by XRD analysis (Fig. 2) are given in Table
1. The main part of the layered specimens was Ti-6-4 alloy
consisting of α-Ti (93-95 vol.%) and β-Ti (7-5 vol.%). The major
phase (about 85 vol.%) in the coating layer was Ti2Ni with fcc
lattice parameter ~ 11.396 Å. In addition, a multicomponent phase
(Ti, Ni, Al, C) was also found in the coating, which also had an fcc
lattice with a parameter ~ 11.393 Å (that is close to Ti2Ni) and
volume fraction of about 9-10 vol.%. The remaining insignificant
part of the coating (~5 wt.%) was represented by carbide and
silicide phases.

Due to the above-mentioned features of the crystal structure,
substitution and interstitial atoms can appear in the lattice of the
Ti2Ni intermetallic compound. The radius of the octahedral voids in
the Ti octahedron is 0.41 of its radius, i.e. ~ 0.6 Å, and the radius of
tetrahedral voids in the Ni tetrahedron is 0.22 of atomic radius, i.e.
~ 0.31 Å. Thus, the void sizes are comparable with the radii of H, C,
O, N, B atoms (0.53 Å, 0.77 Å, 0.60 Å, 0.92 Å, 0.98 Å,
respectively) which, in conjunction with metals’ atoms, usually
decrease because they form covalent bonds and interstitial
solutions. Moreover, the atomic sizes of the alloying elements of the
PNL powder (Cr  1.30 Å, Fe 1.26 Å, Si  1.32 Å) differ from the
size of Ni atoms by ~4-6%, and the size of the Al atoms 1.43 Å
differ from the size of Ti atoms by ~ 3%, what allows them to form
substitutional solid solutions according to the Hume-Rothery rule
[21].

During sintering, the formation of a liquid phase occurred in the
surface layer at the boundary between the TiH2-V-Al powders’
mixture and the PNR powder particles, which was a consequence of
the eutectic reaction in the Ti-Ni system at 942°C [16].

As a result, the liquid Ti-Ni phase, as well as other alloying
elements of the PRN powder, penetrate deep into the mixture of
powders of the matrix Ti-6-4 alloy. Further heating to 1250°C and
4h exposure led to completing of Ti-6-4 alloy formation in the
whole volume and almost complete dissolution of the PRN powder
due to interaction with basic material. The formation of the Ti2Ni
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Fig. 2. “ϴ-2ϴ" XRD patterns of basic Ti-6-4 material (1) and alloyed surfaces (2) of sintered specimen.
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Table 1. Phase and structural characteristics of a two-layer material Ti-6-4 alloy with PRN coating.
Characteristic of the phase
Compositions and parameters of the phases
Layer of
composition
material/
Phase
Space group
ICDD card
Content, a, Å b, Å
c, Å α,
β,

characteristics
number
vol.%
deg
deg.
deg.
alpha -Ti
194 : P63/mmc 01-089-5009 95(3)
2.953 2.953 4.694 90.00 90.00 120.00
VT6
229 : Im-3m
01-089-4913 5 (0.7)
beta-Ti,
3.234 3.234 3.234 90.00 90.00 90.00
227 : Fd3m,choice-2
227 : FdTi, Ni, Al, C
3m,choice-2
Surface of
Fe
229 : Im-3m
alloy or coating
167 : RNi3 C
3c,hexagonal
Cr3 Si
223 : Pm-3n
Unknown
-

11.39 11.39 11.39
90.00 90.00 90.00
6
11.39 11.39 11.39
03-065-0433 9.8(11)
90.00 90.00 90.00
3
3
3
9008538
1.10(12) 2.949 2.949 2.949 90.00 90.00 90.00
12.92
01-072-1467 3.8(8)
4.557 4.557
90.00 90.00 120.00
4
03-065-3302 0.3(3)
4.502 4.502 4.502 90.00 90.00 90.00
2.03(2) -

Ti2Ni

01-072-2618 85(5)
6

V, Å3
35.5
33.8

1479

6

1479
25.7
232.5
91.3
-

Fig. 3. Microstructure of layered material: а) basic Тi-6-4
alloy, b) transition zone, c) coating (surface layer). SEM: (a) SE;
(b, c) BSE.

Microstructure
Typical gradient microstructures of sintered Ti-6-4 material
containing coating with PNL powder are shown in Fig. 3.
Conventionally, 3 different zones can be distinguished: i) the main
volume of Ti-6-4 basic alloy (Fig. 3а), transition zone between
basic alloy and surface layer (Fig. 3b), and surface layer (coating,
Fig. 3c). The chemical compositions of the main microstructural
elements were determined in each zone, and the results are
indicated by numbers 1-7 in Table 2. The main part of the material
represents typical for BEPM technology Ti-6-4 alloy characterized
by typical lamellar α+β microstructure (Fig. 3a). Thin light
interlayers indicated by 1 and having composition presented in
Table 2, line 1, correspond to the β-phase, while darker lamellas
indicated by 2 (line 2 in Table 2) are the α-phase.

The next, transition layer between the basic Ti-6-4 alloy and
surface coating is shown in Fig. 3b; the regions indicated by 3
belong to the β-phase with chemical composition presented in Table
2, line 3. This β-phase contains a significant amount of additional
alloying elements (Ni, Cr, Fe, Si) which diffused into the base metal
from the PNL powder. The next 4 region in the same zone
represents α-phase containing relatively small amount of additional
alloying elements from the PRN powder, and this reduced (as
compared to the β-phase) amount can be explained by lower
solubility of these elements in α-phase. The microstructure (Fig. 3c)
and composition of the surface layer have a substantially different
character: light regions (indicated by 5) were characterized by
composition rather close to Ti2Ni intermetallic (line 5 in Table 2).
Darker zones indicated by 6 contain almost all the elements that are
found in the base alloy Ti-6-4 and the PRN powder (line 6 in Table
2). The last third phase in this zone indicated by 7 and having
needle form contains mainly titanium (line 7 in Table 2), and,
apparently, represents a highly alloyed α"-martensite.
Table 2. Local chemical composition of different locations
shown in Fig. 3.
№
Ti
Al
V
Ni
Cr
Fe
Si

Transition
zone

1
2
3
4

80.4
92.2
78.9
91.2

5.7
6.9
5.6
7.2

4.8
0.3
3.4
0.1

5.8
0.2
6.8
0.6

1.9
0.4
2.9
0.8

1.4
0
1.8
0

0
0
0.6
0.1

Coating
(surface
layer)

5
6
7

62
79
82.7

2.1
5.1
1.7

3.2
2.1

29.3
5.9
7.6

1.4
2.8
2.6

2.3
1.6
1.3

2.2
1.9
1.8

Ti-6-4
a

b

Microhardness tests were performed in all zones of studied
multilayered material under varying loads from 50 to 300 N.
Increase in load led to appearance of cracks, depending on the
ductility of layers and different phase components (Fig. 4). The
average values of microhardness were obtained: 290 HV for basic
Ti-6-4 alloy; 415 HV for the transition zone, and about 620 HV for
the coating.

c
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a
b
Fig. 4. Typical examples of microstructure of areas in which
microhardness was measured to determine K1c. (a) transition zone,
(b) coating with cracks initiated by indentation. SEM.
Using the approach mentioned above, it was determined that the
value of crack resistance (K1c) of the surface layer equaled to 9.5
kgf·mm3/2 at loads below 300 N. At loads above 300 N critical
cracks were formed and propagated (Fig. 4b). As seen from Fig. 4b,
the cracks appeared and propagated both from the vertices of the
indentation site and from its sides. It can be assumed that the
propagation of cracks from the sides of the indentation site is
associated with tensile stresses in this region, which arise in the
multiphase zone of the material.

4. Conclusions
1.It is shown that Blended Elemental Powder Metallurgy
approach based on using titanium hydride allows to obtain well
integrated multi-layered material combining Ti-6-4 basic alloy with
nano-laminated coating which comprises mainly Ti2Ni intermetallic
compound and some amount of complex (Ni-Cr-B-Si-Fe-C) phase.
XRD study allowed to estimate features of these phases and to
conclude that covalency plays an essential role in the interatomic
bonds.
2. The multilayered material is characterized by a gradient
change of hardness through the layers: the upper layer (coating) had
a hardness over 620 HV that almost double higher than the hardness
of basic alloy. The coating had rather high resistance to cracking
(K1c was estimated by indentation method), that allows to make an
assumption about sufficient practical prospects for such a multilayer
material.
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PHASE TRANSITION OF FIRST ORDER AND CONTAT HEAT TRANSFER IN
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Abstract: Based on the finite element method, the Stefan-Schwartz problem in micron size is solved in the estimation of contact heat
exchange in the foundry. The dimensions of the contact spots are minimal, but using a good computing network it has proved possible to
consider contact heat transfer processes. A temperature field in the area of complex geometry of the contact surface was obtained. A casting
/ mold temperature jump with perfect contact was also obtained.
Keywords: STEFAN-SCHWARTZ TASK, CONTACT HEAT EXCHENGE, SMOOTHNESS OF THE SURFACE

1. Introduction
The boundary condition at the working surface of the casting
mold is:
,

(1)

where C, M are the coefficients of thermal conductivity of the cast
material and that of the mold; TC, TM are the non-stationary
temperature of the 3D cast/mold system; c|m is the coefficient of
contact heat exchange; TC – TM is the temperature difference on
both sides of the ideal contact surface. On Figure 1 is geometry of
the our 3D system cast/mold:

Fig. 2 Idea for contact surface between cast and mold

The numerical experiments for the Stefan-Schwartz problem are
presented on a fragment of the 3D system considered to be a cast
mold. The overall dimensions of the system 8x8x18 in m. The
dimensions of a finite element is microns.
A continuation of Figure 2 is Figure 3 where are shows the
dimensions for demonstrating the numerical results by temperature
field of the finite elements at the contact surface (see Figure 2):

Fig. 1 Geometrical idea for modeling: C are finite elements of the cast; M
are finite elements of the mold.

Figure 2 illustrates the intricate contact surface between the cast and
the mold:
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Information:

Fig. 3 Finite elements at contact surface between cast and mold (see Fig. 2).

The figure 4 shows the numbers of each point of the every finite
elements in contact:

Fig. 6 Temperatures of the each point of the every finite elements – the most
important basic information. The notation T =? are the temperatures
obtained for the corresponding curves (see Figure 5).

The last figure 7 shows the temperature field in the area of the
contact surface:

Fig. 4 The numbers of the each point of the every finite elements.

The purpose of this work is to represent the temperature field at
a complex contact surface [1, 2, 3] and theory [4, 5] and [6, 7].

2. Numerical results of the Stefan-Schwartz

problem in contact heat exchange
A temperature field is represented by two temperature curves in
each finite element on the figure 5:

Fig. 7 Numerical results of the Stefan-Schwartz problem in contact heat
exchange.

These results demonstrate the ability, through various
identification assessments or from technological experiments, to
determine the thermal resistance in the real case.

3. Contact Resistance in Real Case
The actual contact surfaces have a specific roughness reported
in the smoothness class. Real contact is made in contact spots
whose total area is up to several percent of the actual geometric
area. In the process of casting, the contact surface of the mold is
changed and if these changes are not known, it is operated
intuitively.

Fig. 5 The numbers of the each point of the every finite elements.

The development of machine casting methods based on [1, 2, 3]
has created an important casting branch in mechanical engineering
[4] and pressure metallurgy [5]. The problem of the evaluation of
contact heat exchange is always present. The experimental and
theoretical evaluations performed [6, 7] provided a good

The temperature field indicates the temperature gradient; and
the temperature jump at any point of contact.
The follow figure 6 present the calculated temperatures at each
point of the demonstrated system the most important basic
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opportunity to analyze real casting processes by creating a
theoretical one.
The numerical results obtained allow us to investigate the
complex thermal resistance in the contact spots. One micron on the
side of one finite element makes it possible to do numerical studies
even for 3D printer technology. Using databases and numerical
experiments and advanced experimental techniques, we can work
for contact heat exchange between different materials.

4. Conclusions
Results for the study of heat exchange in contact spots are
presented. The minimum size of each finite element is a micron,
which is the lower limit of the macro scale.
These results can be applied to modern technologies.
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PROTECTION OF TITANIUM AGAINST HYDROGEN EMBRITTLEMENT
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Abstract: The protective coatings of Al2O3 and AlN on iodide titanium in initial state and after annealing in a hydrogen atmosphere were
investigated by scanning electron microscopy. It was found that the coatings protect titanium from the interaction with hydrogen at a
pressure of 0.6 MPa up to 650 °C. It was shown that at 700 °C and pressure 0.6 MPa cracking of the protective coatings occurred, and the
process of active absorption of hydrogen started.
KEYWORDS: IODIDE TITANIUM, COATING, OXIDE, NITRIDE, EMBRITTLEMENT, SORPTION, HYDROGEN CAPACITY.
Thin films of aluminum oxide are widely used as protective
barrier layers to reduce the permeability of hydrogen due to their
excellent properties, especially in terms of chemical, thermal,
abrasion and corrosion resistance. According to the results of
studies carried out in [8], it was found that the hydrogen
permeability through the Al2O3 film with a thickness of ~ 500 nm
under hydrogen pressure within 2-50 kPa and at 1200-1450° C was
two orders of magnitude lower than that for uncoated metals
(vanadium, niobium, molybdenum, and uranium).
In [9,10] it was concluded that Al2O3 film is a good barrier
against hydrogen penetration into metal, especially during operation
under low pressures. It was shown that, regardless of the method of
application of film, the coating thickness above ~ 40 µm did not
further affect the permeability of hydrogen and the protective
properties of Al2O3 film.
However, in [11] it was determined that the protective film
prevented the penetration of hydrogen into titanium when the
holding time of the Al2O3 / Ti system in a hydrogen atmosphere did
not exceed 3 hours at 400°C and a pressure of 0.2 MPa, and after 4
hours there was a sharp increase in the amount of hydrogen
absorbed. This was explained by the fact that the coefficients of
thermal expansion of metals and the coating are very different. This
leads to the development of high thermal stresses in the coating,
which results to the formation of defects and cracks, as well at to
delamination, and consequently to a decrease in the resistance to
hydrogen penetration.
Thus, we consider it appropriate to establish the protective
characteristics of coatings Al2O3 and AlN on iodide titanium under
more severe operating conditions (hydrogen pressure of 0.6 MPa
and temperature above 600°C).

1. Introduction
The nature of the hydrogen embrittlement of metals is
determined by the content of hydrogen, the interaction of metals
and alloys with hydrogen, the state of hydrogen in the metal, the
magnitude of applied stresses (external or internal), and the scheme
of the stressed state. Hydrogen can affect the initiation and
propagation of cracks, or both these stages of fracture. This variety
of factors leads to the absence of a single mechanism of hydrogen
embrittlement of metals, and even for the same material the existing
mechanism of hydrogen embrittlement can alter with the change of
the above factors [1].
According to the authors of [2,3], the degradation of the
physical and mechanical properties of metals in the presence of
hydrogen is a complex process. In their analysis of hydrogen
embrittlement, they propose to distinguish between primary and
secondary factors. The primary factors include hydrogen sources,
the processes of transporting hydrogen atoms from the source to the
surface of material, their adsorption, absorption and diffusion into
the bulk of metal, where they then contribute to the formation of
hydrides, decohesion, interaction of hydrogen atoms with
dislocations. The secondary factors include various impurities,
surface hydrides and oxide films, the magnitude of stress [4].
In [5] the feasibility of separating the direct and indirect
effects of hydrogen with respect to titanium and its alloys was
substantiated. The direct effect of hydrogen is manifested in its
direct effect on the mechanisms of initiation and propagation of
cracks, and the indirect effect is related to the structural changes
caused by hydrogen (change in the type of structure, size and
morphology of the phases). In the cases where titanium or its alloys
are in the atmosphere of hydrogen-containing gases during
operation or manufacture of semi-finished products, certain
measures should be taken to prevent the penetration of hydrogen
into the bulk material. In this case, possible ways of combating
hydrogen embrittlement may be: (i) protective coatings; (ii) alloying
with aim to reduce the rate of interaction of the metal with the
hydrogen-containing atmosphere and to increase the maximum
acceptable concentrations of hydrogen; (iii) regular vacuum
annealing of the products.
Protective coatings are widely used in industry, and their use
gives great economic effect. The methods of their application are
very diverse: electrolytic deposition of metals and alloys, vacuum
evaporation with subsequent condensation on the cathode substrate,
gas transport method, ion implantation, chemical-thermal treatment,
etc. The compositions of protective coatings are also very diverse:
oxides, borides, nitrides, carbides, silicides [6,7].

2. Materials and methods
The samples were fabricated from iodide titanium (99.95%)
which was melted in a laboratory electric arc furnace with a nonconsumable tungsten electrode in a cooled copper crucible by a sixfold melting in a purified argon atmosphere. After melting the
samples were annealed in a vacuum of 1.310-2 Pa at 1100 °C for
15 h, then they were ground to obtain a cubic shape with an edge
size of 10 mm.
The protective coatings were applied in a hybrid helicon-arc
ion-plasma reactor using an aluminum cathode at the arc current Id
= 40 A, the reaction time 10 minutes, and the gas pressure (oxygen
or nitrogen) in the reactor 2.7 Pa. The coatings were applied in
several stages, to protect all sides of the cubic samples.
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0,620

Metallographic examinations were performed with a scanning
electron microscope VEGA3 TESСAN equipped with EDX
detector XFlash610M (Bruker).
The interaction of the metal with hydrogen was studied by the
Sieverts method at IVGM-2M unit [12] at room temperature and
upon heating at a rate of 0.125°C/s and isothermal holding at T =
700 °C and absolute pressure  0.6 MPa. The amount of hydrogen
absorbed was calculated from the change in pressure in a closed
volume, and was determined by weighing samples on VLR 20
scales with an accuracy of 1.510-5 g.
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After plasma sputtering the Al2O3 and AlN films comprised
of ~ 40% Al, ~ 58% O, ~ 1.5% Ti and ~ 52% Al ~ 12% O, ~ 35%
N, 1.4% Ti, respectively (Fig. 1).
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Fig. 2. Change of hydrogen pressure in a closed volume during
hydrogenation of the samples: 1 – initial (iodide titanium);
2 – with Al2O3 surface film; 3 – with AlN surface film.
Metallic materials absorb hydrogen only in atomic state
which forms in its own (hydrogen) environment starting from 1700
°C. On the metal surface hydrogen dissociates at lower
temperatures. The temperature at which hydrogen dissociation
begins is determined by the catalytic capacity of the surface, which
can be estimated by the duration of incubation period at isothermal
holding in hydrogen or by the onset of active absorption of
hydrogen upon heating. In our case, the catalytic ability of the
surface was evaluated by the temperature of onset of active
absorption of hydrogen during heating (Fig. 3), from which it
follows that the highest catalytic ability is inherent to the surface of
initial (uncoated) sample. Plasma sputtering led to a decrease in the
catalytic capacity, the value of which depended on the chemical
composition of coating. The values of reduction of the surface
catalytic ability can be arranged as follows: Ti (iodide) → Ti,
(Al2O3) → Ti, (AlN).

a
b
Fig. 1. Surface layer after plasma sputtering of Al2O3 (a) and AlN
(b) on titanium.
The temperature and pressure conditions of the hydrogenation
processes were chosen to be much more severe than the conditions
under which titanium and its alloys are usually operated. The
temperature of isothermal holding (450 °C) exceeds the temperature
of the beginning of active hydrogenation of the material unprotected
by coating.
The hydrogenation of the uncoated sample (iodide titanium)
was carried out only to a concentration of 1.7 wt.%. (~ 45 at.%),
which at the hydrogenation temperature of 450 ± 10 °C
corresponded to the formation of β-phase, and at room temperature
αs +  state, where αs is saturated solid solution in α-Tі, and titanium dihydride with HCC lattice. The limitation of
hydrogenation to a given concentration which was achieved
approximately in 3.5 h. (Fig. 2) ensured the integrity of the sample.
For the coated samples the temperature of 450 °C was
insufficient to provoke the initiation of the hydrogenation process.
Therefore, the heating was continued, and hydrogen absorption was
registered at 700 °C. The temperatures of the onset of active
absorption of hydrogen by an uncoated sample and the samples with
the applied protective coatings are shown in Fig. 3.
The analysis of the influence of coatings on the processes of
hydrogen absorption by bulk material should be considered from
two positions: the hydrogen permeability of surface film and the
catalytic influence of the surface on the processes of hydrogen
dissociation.

Fig. 3. Temperatures of the beginning of active absorption of
hydrogen by samples: 1 – initial state (uncoated iodide titanium);
2 – coated by Al2O3; 3 – coated by AlN.
Hydrogen permeability is characterized by the degree of
damage of protective layer in the process of active hydrogenation,
and the amount of hydrogen absorbed (Fig. 4). Based on the values
of CH, the degree of permeability of surface can be arranged by
analogy with a decrease in catalytic capacity of the samples.
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4. Conclusions
1. Plasma sputtering of Al2O3 and AlN leads to a decrease in both
the permeability of surface and its catalytic ability, the value of
which depends on the chemical composition of the protective
coating. The values of permeability and catalytic capacity reduce in
the following range: Ti (uncoated iodide titanium) → Ti, (Al2O3) →
Ti, (AlN).
2. When covered by Al2O3 or AlN coating deposited by plasma
spraying, titanium is able to withstand aggressive hydrogen media
at 700°C and pressure of 0.6 MPa.
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Analysis of the structures of surfaces of the samples after
exposure at 700° C for 2 hours in an aggressive hydrogen medium
indicates that they absorbed significant amount if hydrogen.
However, under such conditions it was not possible to avoid the
damage of protective films, and for the Al2O3 coating it was much
more significant than for AlN (Figs. 5a, b), which is also
determined by the amount of hydrogen absorbed.
The structures of bulk material after hydrogenation (Figs. 5c,
d) confirm that hydride forms in titanium in the process of hydrogen
absorption. Hydride precipitates in the form of plates oriented along
certain crystallographic directions within grains or along grain
boundaries. The nature of hydride precipitation depends on the
initial state of surface, the grain size, and the content of hydrogen.
With increasing hydrogen content, the volume of compact
precipitates along grain boundaries is increasing.

a

b

c
d
Fig. 5. Surface and volume structure of samples coated with Al2O3
(a,c) and AlN (b,d) after hydrogenation.
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Abstract: This report examines the characteristics of powerful supercapacitors, which are used in electric vehicles to perform their driving
dynamics, as well as to power starter motors of powerful internal combustion engines in large trucks, military vehicles and more. Main
requirement for supercapacitors is tobe able to deliver a large amount of electricity for about ten seconds, and for very powerful motors
(over 100 kW) – for up to 15 seconds. Various technological methods have been reported for supercapacitorsproduction, including the
onedeveloped by the current authors, which is based on a ceramic dielectric with a high relative dielectric constant.
Keywords: SUPERCAPACITOR, CERAMIC DIELECTRIC, RELATIVE DIELECTRIC CONSTANT, CAPACITY, POWER, ELECTRIC
VEHICLE

1. Introduction
Supercapacitors and rechargeable batteries are the two
most important elements of electric vehicles (EVs) in regard
totheir start of motion. On one hand, the rechargeable battery is
responsible forthe distance an EV cantravel with a single charge.
This distance currentlyvaries between 350 km and 1000 km. The
supercapacitor, on the other hand, provides the necessary
dynamics for the EV to accelerate fast when (1) starting from a
stop and when (2) sharply raising the speed of a moving car. In
both cases, the electric motor draws much more current than the
rated one, which can only be provided by the supercapacitor for a
few seconds, up to a maximum of 15 seconds. After performing
any of these two functions, the supercapacitor is automatically
recharged up to the nominal battery charge by means of
monitoring electronic systems. The parameters of powerful
supercapacitors vary in a wide range depending on the
requirements of the EVs manufacturers 1-6].
Supercapacitors for EVs with small to medium power
(30 to 80 kW) have capacities ranging from 25 to 70-80 F,
respectively. For more powerful EVs (above 80 kW) capacities
reach 150-200F. Different car brands use different work voltages;
48V, 96V and 120V are most commonly used. Also relevant are
specific parameters such as: specific power [W/kg], specific
energy [Wh/kg], energy density [Wh/m3], and equivalent series
resistance [mW][5].
It is well-known that in order to achieve high
capacitance, the capacitor plates (the two electrodes) must have a
large surface area while the dielectric layer has to be very thin
and with a maximum relative dielectric constant.
So far, several basic ways (technologies) for making
supercapacitors have been developed. In one of them, the two
electrodes are made of porous carbon, between them is the
dielectric material, which has a thickness in the order of
nanometers, and the two spaces between it and the electrodes are
filled with electrolyte. The latter also determines the existence of
a positive and negative conclusions, which has to be respected. In
a second way, carbon nanotubes with diameters comparable to
the diameters of atoms are used instead of porous carbon i.e.
graphene technologies are applied. A “G-King” graphene battery
was also created in China. There are reports that supercapacitors
based on conducting polymers have been made as well as a 3D
printed battery at an Australian university [1-4].
The work voltages of the supercapacitors made via the
above-mentioned technologies vary from 2,5 to 2,7 V. To obtain
higher voltages, in the order of one hundred volts, it is necessary
to connect about 40 single supercapacitors in series, which
increases the equivalent series resistance (ESR) significantly.
There are reports informing that supercapacitors using
electrolyte are not sufficiently reliable. Cases of electrolyte

“degradation” and significant loss of capacity have been reported after
prolonged operation [4].
At IMSET a team of specialists applies different methods for obtaining
dielectric materials with high relative dielectric constant and
thicknesses in the order of nanometers. Good results have been
achieved while synthesizing ceramic lead-free phases (based on
BaTiO3, BaSnO3, and Bi12TiO20) by applying mechano-chemical
synthesis, sol-gel method, high-temperature solid-phase synthesis and
the method of the super-cooled melt. Emphasis is put on lowtemperature synthesis methods (sol-gel method) [2, 3].
The resulting solid dielectric material is subjected to highfrequency magnetron sputtering (Fig. 1), which yields layers with
thicknesses in the order of nanometers. To measure and prove the
breakdown voltage of the layers, the latter are deposited on electrically
conductive tapes with mirror surfaces. A large number of
measurements are performed on layers with thicknesses of 40, 50, 100,
200, 500, 800, 1000, 1140 nm that are to be used for the production of
powerful supercapacitors with a voltage of 96 V.
The main reasons were as follows: If thin layers in the range
of 50-100 nm are selected, the breakdown voltages obtained are 0.4;
0.6; 0.8V, thus a large number of capacitors will be required to build a
supercapacitor. The ESR (equivalent series resistance) parameter
becomes unacceptable, so the choice is to have larger thicknesses. The
second consideration is that when measuring thicknesses above 300400 nm, the thickness of the layer is almost 100% the same for the
whole surface and the breakdown voltage is also the same for each
point. The third consideration with this technology is that the thicker
layer is mechanically more stable, "more solid", provides higher
breakdown voltage (in the order of 20 V), thereby achieving a
minimum number of single capacitors (4-5) connected in series. The
use of slightly thicker layers of dielectric material results in reduced
capacity, but this is easily offset by the addition of a not very large
number of parallel building blocks [6-10].
Laying of the layers in production conditions is carried out
on aluminum foil with a thickness of about 0.03 mm, so that the
thickness of the resulting single capacitor will be determined by the
"conductive plates" (the two electrodes) and the connecting contact
terminals, which will have the necessary cross-section for conducting
the high discharge current of the powerful supercapacitor. The number
of charge-discharge cycles of ceramic supercapacitors can be expected
to be much higher than that of all other technologies.
With this technology, the resulting supercapacitor is not
polarized. It lacks electrolyte compounds, which is a plus in terms of
versatility in use. The "ceramic" design gives rigidity of the
supercapacitor, which is not threatened by mechanical shocks. The
temperature range of operation is very wide: from –20°C to +60°C.
With these qualities, this type of powerful supercapacitor can find
application in harsh environments. These are all cases of powering
starter motors of powerful internal combustion engines of heavy duty
vehicles in the army. Taken into account are very low and very high
temperatures as well as the presence of various types of shocks.
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Qgroup= Cgroupx U=0,021348.96=2,04947 А.sec.
The Q of the entire supercapacitor will be: Qgroup.xnumber of groups
= 2,04947x 1524,73 = 3124,88 A.sec
This charge can provide a current of 312,478 A for 10 seconds and at a
voltage of 96V to develop a power of 30kW.The number of single
capacitors from 1m² in the supercapacitor will be:
1524,73 × 4,3636 = 6653.31 pieces
The surface area of each of the two electrodes of the supercapacitor
will be:S = 6653.31 m².

3. Conclusion:
An analysis of the status, role and benefits of a ceramic
supercapacitor has been made. Quantitative characteristics for a
medium power EV ceramic supercapacitor have been presented.
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2. Experimental procedures
An example calculation of a supercapacitor for an
electric car with a power of 30 kW and a voltage of 96 V can be
summarized as follows:
Initial data:
Thickness
of
the
dielectric
layer
of
barium
titanate/bariumstanate: d = 1140 nm, relative dielectric constant
ɛr= 12 000, electrical constant ɛ0= 8.85x10-12F/m.
Operating voltage for this layer: Ulayer = 22 V.
It is convenient to first find the capacity of a capacitor with an
area
S = 1 m² as a building block and then the capacity of the entire
supercapacitor
and
the
area
of
its
electrodes.
С= ɛrɛо(S/d)=12000.8,85.10-12(1/1140.10-9)=0,09315789 F
The stored amount of electricity for this capacitor for 1m² at a
voltage Ulayer = 22 V will be:
Q=C.U=0,09315789.22 = 2,04947A.sec. = 2,04947C
If the operating voltage is 96 V, then 4.3636 single capacitors
connected in series will be necessary, i.e. 96/22 = 4.3636. The
capacity of this already building group will be:

[7.] Швейцарска фирма Innolith, Internet, 18.04.2019г.
[8] Facti.bg, 19.03. 2018г.
[9.] Vesti.bg, 15.05. 2019г.
[10.] Capital.bg 21.08.2016г.

Cgroup = 0.0931578 / 4.3636 = 0.021348F.
After energy calculations, the supercapacitor, which in a matter
of seconds could supply at least 30kW of power at a voltage of U
= 96V, must have a capacity of at least 32.55F. The number of
building groups to build 32.55F will be 32.55 / 0.021348 =
1524.73 pcs.
The amount of electricity stored in one group will be:
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Summary: Bulgaria has a variety of deposits (mainly in northeastern Bulgaria) of sedimentary rocks (marls) suitable for the
development of compounding formulations and technology for the production of stone products. On the basis of some of these sedimentary
rocks (marls), experimental technologies for innovative formulations with modifiers for usable petrurgical materials are developed and
tested. The first prototypes of ballistic protection products are obtained, with physic-mechanical properties better than those when only
natural sedimentary rock is used, and lighter and cheaper than in the case of corundum and silicon carbide.
The properties of these materials allow for certain alternative applications such as the ballistic protection of ground-based mobile
and stationary objects. They also make possible the production of quality articles with protective properties against high-speed kinetic
effects, but at significantly lower cost than when traditional materials are used.
KEYWORDS: PETRURGICAL MATERIAL, PROTECTION, HIGH-SPEED KINETIC EFFECTS, CORUNDUM, SILICON CARBIDE,
SEDIMENTARY ROCKS.
constraints, the physical properties of the front and the back support
material, and the overall ballistic performance of the armour
system.

1. Introduction
Advanced ceramics for ballistic protection
Two types of hard ceramics are used: monolithic and
composite or two-element B4C-TiB2 ceramics, marl-corundum.
Monolithic ceramics include: oxides (mainly Al2O3), nonoxide ceramics (silicon carbide, boron carbide, silicon nitride,
aluminum nitride, titanium diboride). The basic properties of
ceramics for ballistic protection are described in [1-3].
Oxide ceramics, in particular the corundum one, possess
physical properties that make them suitable for ballistic protection.
Corundum ceramic is cheaper than other ballistic ceramics and can
be produced by different methods. Despite its high density (3.95g /
cm3), it is suitable for ballistic protection.
In general, non-oxide ceramics have high physicmechanical properties and relatively low density (except TiB2). This
makes them more cost-effective than corundum ceramic, but they
are produced by hot pressing, which is expensive and not
sufficiently productive. Nevertheless, hot pressing guarantees high
mechanical properties. The mechanical properties of hot-pressed
corundum are comparable to those of non-oxide ceramics.
Ceramic matrix composites perform very well as ballistic
material because of their mechanical properties, especially their
fracture resistance. They offer better integrity after ballistic impact
than monolithic ceramics.
There is no information in the literature on materials
obtained from natural sedimentary rocks modified with materials
with high physic-mechanical properties to produce a ballistic
product.
Proposed here are combined compositions for new
ceramics and corundum or silicon carbide of 30 to 20% Wt% over
100% sedimentary marl rock, fraction from 150 to 250 microns.
The aim is to improve the mechanical strength and to maintain low
density and low cost.
The mechanical properties of the various new ballistic
protection ceramics are given in [4].
The following parameters are determined for the ceramics
which will be tested by firing:
 overall shrinkage and change in shape and size;
 density and open pores;
 physical properties (Vickers hardness, fracture
strength, sound speed, Jung modulus, flexural
strength);
 conformity of the product with the parameters
set in the test methodology.
Several factors need to be considered when examining
ballistic protection systems: the type of ballistic threat; the
manufacturer’s capabilities; the properties of the individual armour
components. These factors also include the level of threat, the
resistance to multiple hits, environmental conditions, spatial
constraints, the challenges facing manufacturers, price and weight

Design requirements for ceramic armours.
As with all armoured systems, numerous production
factors and solutions affect the performance of ceramic armour.
Type of ceramics
The available technical ceramics suitable for ballistic
protection are numerous, but are generally divided into cheaper
sintered and more expensive hot pressed ones. The higher price is
justified when the lower weight of the armoured system is the main
requirement. In this case boron carbide is used for individual
protection and for aircraft armour elements, as well as silicon
carbide for ground equipment. High-density tungsten carbide based
ceramics find specific applications where space constraints are
limiting. Cheaper ceramics made of sintered 99.5% corundum and
silicon carbide or reaction-sintered ceramics, as well as the
modified petrurgical materials discussed in this paper, are used
when weight restrictions are not the leading ones. However, for
many armour systems, more competitive performance and
engineering advantages can be provided by high strength steels,
titanium, or laminates made of these materials, with an
aluminum/composite backing.
Methods of characterizing ceramic specimens and
important ballistic properties
The material to be tested must be placed in advance under
the conditions of the testing environment.
The recommended environmental conditions should be:
temperature 200 ± 20C and relative humidity 65 ± 5%. If conditions
other than those are used, they must be recorded.
A minimum of 6 bullets must be fired at the sample and
their velocity must be measured.
A hit is recognized only when the sample has been struck
at a random angle of incidence smaller than 50. The locations of hits
on curvilinear surfaces must be determined and marked in advance.
Full piercing occurs when the bullet passes through the
ceramic specimen and pierces the witness plate. All other hits are
defined as partial piercing.
The ballistic limit is the velocity for which the puncture
probability is exactly 0.5.
Using the Braceton test method, the first cartridge must
have a charge which ensures a velocity equivalent to the calculated
ballistic limit of the ceramic specimen.
If the first bullet pierces the target, the second cartridge
must be loaded with a charge providing a velocity about 30 m/s
lower than that of the first one.
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Table 1 Ballistic protection ceramics and their mechanical properties
Mechanical properties
Density
(g/cm3)

Vickers
hardness
(GPa)

Young's
module
(GPa)

Speed of
sound
(km/s)

Bending
strength
(MPA)

Micro
hardness
(kg/m2)

3.60-3.95

12-18

3.0-4.5

300-450

9.5-11.6

200-400

1,000

4.05-4.40

15-20

3.8-4.5

300-340

9.8-10.2

350-550

1,200

Silicon carbide,
sintered

3.10-3.20

22-23

3.0-4.0

400-420

11.0-11.4

300-340

1,100

Boron carbide, hotpressed

2.45-2.52

29-35

2.0-4.7

440-460

13.0-13.7

200-300

1,400

Titanium diboride,
sintered

4.55

21-23

8.0

550

350

1,100

Titanium diboride,
hot-pressed

4.48-4.51

22-25

6.7-6.95

550

11.0-11.3

270-400

1,050

Pure petrurgical
material

2.65

10-13

2.6-2.7

280-300

8.0-8.5

250-300

800

Composite ceramic
material - 75% marl
and 25% corundum

2.95

11-16

2.8-2.9

290-360

9.0-9.8

290-320

980

Composite ceramic
material - 75% marl
and 25% silicon
carbide

2.75

12-17

3.0-3.5

300-390

9.8-10.3

300-340

1,000

Ceramics

Corundum, sintered
Corundum-Zirconium,
sintered

Breaking
strength
three-point
bending
(MPa.m1/2)

After homogenization, the material was wetted to a
moisture content of 20% and allowed to rest for 24 h. Tiles with
dimensions of 55 x 55 x 11mm were pressed on a hydraulic press.
After drying, they were subjected to high temperature synthesis at a
temperature of 1,100° C and left there for 1 hour, then allowed to
cool in the oven. The dimensions of the final specimens are 50 x 50
x 10 mm.

The use of ceramics for ballistic protection raises the
following problems:
• low resistance to repeated hits;
• complex design solutions in its application as an element
of armour protection;
• unsatisfactory reparability;
• high price.
According to the data given in [5] for the value of 1 m2 of
different protective structures, when compared to steel, a hybrid
structure providing equivalent protection from 7.62 mm armour
piercing cartridges is from 6 times (forAl2O3) to 15 times (for SiC)
more expensive. For protection against 12.7mm armour piercing
cartridges the corresponding figures are 4 times for Al2O3 and 12
times for SiC.
In this respect, it is of practical interest to explore the
possibility of developing new ceramic-based materials which
possess satisfactory protective performance properties but are more
cost effective. The purpose of the present study is to determine the
applicability of newly developed petrurgical material as an element
of ballistic protection structures.

2. Experiments
The subject of the present study is a ceramic material
reinforced with corundum or silicon carbide components up to 30%
and developed for use in building construction or as street
pavement. The production technology and product properties are
described in [6, 7]. The following recipe composition was chosen
for preparing the samples: chamotte, fraction below 200µm – 50%,
marl rocks – 40%, washed kaolin – 5%, glass frit – 5%, corundum
or silicon carbide ingredients – up to 30% over 100%.
Corundum plays the role of a framework in the structure
of the total mass. In the high temperature liquid phase synthesis of
the basic matrix and the formation of the petrurgical phases, the
high-strength modifying additives remain unchanged and form the
macrostructure of the material.

Figure 1 Protective power/price ratio for different
materials
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Figure 2 Elements and a protective panel of composite petrurgical material obtained on the basis of corundum-modified sedimentary rocks 25% over 100% with a grain composition of 150 - 250 microns
The X-ray phase analysis of the prepared samples
revealed the presence of anortite CaAl2Si2O8 -59% and dioxide
CaMg (Si2O6) – 39% phases, as well as amorphous phase – 2%.
This composition almost fully coincides with the eutectic one for
the anorthite-diopside system and this determines the fine crystal
structure of the final product. The relative density is 2.60 kg/m3.
The micro hardness is 800 kg / mm2.
In the preparation of ballistic test specimens, a 10 mm
thick Dyneema HB25 plate was used as a backing layer. The

Figure 3 Front view of a specimen

ceramic tiles were glued to the plate using Sikabond AT
polyurethane adhesive. On the outside, the specimen was bandaged
with a single layer of Kevlar fabric.
The general characteristics of the test specimen are:
dimensions 325 x 200 x 25 mm;
weight – 2.370 kg;
Dyneema plate weight – 0.650 kg;
ceramics density o – 2.6 g / cm3;
total weight of the ceramic tiles – 1.400 kg

Figure 4 Back view of a specimen and witness plate

3. Ballistic tests
The tests were conducted at the Central Artillery
Technical Testing Ground at Zmeevo according to its established
methodology under the following conditions:

weapon type – 7.62mm Modernised Kalashnikov Automatic
Rifle;

initial bullet speed – 720m s;

ammunition used – 7.62 x 39mm cartridge, model 1943 with
steel core;

shooting distance – 30 m;

speed sensor – photoelectronic.

2. It is proved that corundum granulate in the composite material
improves the ballistic performance of the petrurgical material.
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A 6-mm-thickwitness plate made of armour steel was placed behind
the specimen for recording the piercing effect. The test results are
given in Fig. 3 and 4.
4. Conclusions
1. By means of high-temperature liquid-phase synthesis, composite
petrurgical materials and articles made of them were synthesized
and then used for additionally armouring a protective surface. Their
behaviour when subjected to high-speed kinetic effects was
investigated. It was found that when struck by the bullet core, the
ceramics absorbs the impact energy and is destroyed, while the
protected surface behind remains unchanged.
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