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HOW DOES 10% ETHANOL COMPOSITION OF GASOLINE AFFECT CAR ENGINE
PERFORMANCE
Ass.prof. PhD Kamelia Ruskova, Assos. Prof. PhD Borislav Damianov
Technical University-Sofia, Bulgaria
e-mail: kruskova@tu-sofia.bg, bdamian@tu-sofia.bg

ABSTRACT: Ethanol is a renewable, domestically produced alcohol fuel made from plant materials, such as corn, sugar cane, or grasses.
Using ethanol we can reduce oil dependence and greenhouse gas emissions. Ethanol fuel used in the U.S. has increased dramatically from
about 1.7 billion gallons in 2001 to about 13.4 billion in 2014. E10 is now the standard replacement for traditional unleaded. Over 90% of
all unleaded sold today contains ethanol.
In this paper it has been examined the influence of the E10 fuel mixure on some car engine performance.
KEYWORDS: ETHANOL, RENEWABLE FUEL, BIOFUEL, FUEL MIXURE, BIODIZEL, GREENHOUSE EFFECT.
INTRODUCTION
E10 is now the standard replacement for traditional unleaded [14]. E100 (pure ethanol) is widely used as fuel and for this purpose is
needed special engine. It can be used as a supplement to regular
engine. Over 90% of all unleaded sold today contains ethanol.
Ethanol has higher octane than gasoline, and adds 2,5 - 3 points at
the 10% level. E10 can be found at all octane levels from 87-93.

EXPERIMENTAL
General characteristics of the object of our researches
Details for the car: Brand: Opel Astra 1.6G; Engine: X16SZR;
Displacement 1598 cm3; Power: 55 (75)/5200 [kW(hp.)/min-1]
Torque: 128/2800 [Nm/min-1]; Compression Ratio:1:9.6; Maximum
pressure at the end of the compression stroke: 12-15Bar; Ignition
system: Multec-Ze; Fuel system: Multec-Ze; MAP (Manifold
absolute pressure); Combined control of ignition and fuel system;
Axle: Front; Gearbox: manual 5-speed; Fuel consumption (urban):
9,7 L/100 km; Fuel consumption (outside city) 5,6 L /100 km.

Bioethanol is a form of renewable energy that can be produced
from agricultural raw materials [5]. It is commonly used maize,
sugar beet, potatoes and cereals. According to the International
Energy Agency, cellulosic ethanol could allow ethanol fuels to play
a much larger role in the future than previously thought.

Conditions in which the control trips were carried out
In order to ensure comparability of the results during the control test with different fuels was provided: Adjustment of the engine;
Regulation of the running part of the car; Thermal state of the engine - the
same temperature of the coolant; Engine oil type - Repsol Elite
Multivalvulas 10W40; Spark plugs Champion-RC10DMC; Oil filter
Champion - G102/606; Air filter Filtron; Fuel OMV - H95; Ethanol is
E100.
In order to cover the whole working area of the engine using fuel
mixture E10 and to assess its technical and the car’s engine performance
were carried out the following inspection trips:
- Disassembly and assessment (after 3000 km) of the technical
parameters of the engine and technical evaluation of the undercarriage of
the car and connected elements of the passenger compartment with it;
-The fuel system is Multec-Mono with fuel pressure 3 bar. The fuel
filter was replaced after 1000-1500km running as well as the engine oil
10W40 Repsol. The gearbox F13/5 was in good condition;
Trip distances for the entire period of the car test 25 771 km; 15 793
km with a fuel mixture E10 and 9918 km with H95 fuel;
Assessment of the state of the rubber static seals fuel system of the
vehicle
In order to examine and evaluate the influence of the fuel mixture
E10 on the rubber elements which are directly in contact with fuel,
rubber gaskets samples of the fuel system were taken, as well as rubber
"O" rings of this system. Material: NBR(Nitril-butadiene rubber),
Hardness Shore A: 40÷90; Temperature range: -30÷ +85oC; tensile
strength N/mm2: 5-15; very good scrub resistance.
The examined samples were immersed into gasoline H95, E10 fuel
mixture and E100 (pure ethanol). Testing was done according to ISO
1817: 1999 "Vulcanized Rubber-Determination of the effect of liquids
[6].
Determination of resistance of different liquids was made of our
samples ∼3,5mg with thickness 2±0,2mm. The obtained results are
shown in the following graphics.
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Fig. 1. Weight-time dependence of our samples immersed into different fuels E100, H95 and E10+H95.
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Fig.2. Weight-time dependence of our samples immersed into different fuels E100, H95 and E10+H95 for the next six month.
As a result of our researches was established that the used
solvents - gasoline and ethanol do not cause change in mass of test
samples. Vulcanizates are resistant to the action of such solvents for
the whole period of our testing. There is no change in mass after
being immersed into gasoline, pure ethanol and mixure E10+H95.
Ethanol has a lot of benefits - very high octane, which
contributes to greater resilience to shock loads and the ability to
optimize engine (compression ratio, pre-ignition)and with density
close to that of gasoline;
- Presence of oxygen in the composition can provide a
homogeneous fuel air mixing and as a result decreasing unburned or
partially burned molecular emissions (hydrocarbons and carbon
oxides);
- Ethanol has high latent heat of vapourisation allows "cooling
effect" of air and thus improves the efficiency of the filling;
- Has a higher lubricant index compared to petro-diesel ones
and this could lead to a longer life of the injection system. When

ethanol is blended with conventional gasoline in small amounts
(<10%), the improved burn of gasoline due to the oxidation by
ethanol compensates for the lower energy content of ethanol itself;
Ethanol is characterized by high octane number RON. The
special engine will be less sensitive to detonation combustion and
the degree of compression can be increased in order to increase its
effectiveness. This property is especially useful for reducing the
carbon oxides emissions of spark-ignition engines. One promising
approach is the reduction of conventional engines and distribution
of gas turbine engines with smaller displacement. Having in mind
that these engines can be highly sensitive to shock loads, significant
improvement can be done by using of high octane fuels – Table1.
The typical ratio that is used for the compression ratio gives 1
point CR increase in 5 points octane. When ethanol is used for
spark ignition engines (CR=RON95), the maximum pressure at the
end of compression can reach 13-14 atmospheres and may induce
heat for the efficiency increasing.
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Table 1. Calorific values of the fuel oil
Fuel

RON

Calorific values of 1L,
kJ/l

Gasoline

91-98

29,00

44,00

Propane

111

23,40

46,10

Butane

103

26,50

45,46

Methane

135

Ethanol

129

19,59

26,40

Methanol

133

14,57

22,61

Gasohol

93-94

28,06

43,54

40,90

42,47

Disel

Calorific values of
1kg, kJ/l

39,82

CONCLUSION
The results obtained give us information that solvents like
gasoline and ethanol do not lead to the change in mass of the test
samples. Vulcanizates are resistant to the action of such solvents.
Biodiesel improves engine performance, increases power,
does not contain sulfur, reduces fuel consumption. The
combustion of this fuel in the engine cylinder is not accompanied
by the formation of sludge and the release of soot.
It has a higher octane rating and clean burn, so it supports a
higher compression ratio and more aggressive ignition timing.
Ethanol is considered also as renewable resource. Replacing
gasoline with ethanol is aimed to reduce gasoline consumption
for a reduction in greenhouse gases.
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NEW DESIGNS OF ROTORS WITH VARIABLE GEOMETRY PARAMETERS IN
DYNAMICS AND THEIR EFFECTIVE USE IN AVIATION AND WIND ENERGY
НОВЫЕ КОНСТРУКЦИИ ВОЗДУШНЫХ ВИНТОВ С ИЗМЕНЯЕМЫМИ ПАРАМЕТРАМИ В
ДИНАМИКЕ И ИХ ЭФФЕКТИВНОЕ ПРИМЕНЕНИЕ В АВИАЦИИ И ВЕТРОЭНЕРГЕТИКЕ
Doctor of science, Prof. Turmanidze R.1(*), Master Tsikarishvili E., Undergraduate student Popkhadze G.2
Faculty of Transportation and Mechanical Engineering 1, 2 – Georgian Technical University (GTU) – Georgia 1, 2,
inform@gtu.ge 1, erekle_92@yahoo.com 2, popxadzegiorgi@gmail.com 3
ABSTRACT: In the report will be presented the investigation results of the working model of rotors with variable geometry parameters
in dynamics. Because of aerodynamic and economic calculations, the effectiveness of use of such designs for powerful wind stations is
proved. The analysis of various designs and methods of selection of that or other design for various conditions of operation of wind
installations in wide range of the wind speed change is given.
Also rather effective by cost-price method of accumulation of wind energy will be suggested that is the topical world problem and for
development of which are annually spent some hundreds of millions of US Dollars.
KEYWORDS: BLADE, SETTING ANGLE, BLADES TWIST, WIND ENERGY.

Recently in conditions of the abrupt increase of the growth
tempo of global thaw and considerable deterioration of the
ecological state the acquisition of power energy by traditional
methods becomes a serious threatening to the mankind. In
connection with this especially developed countries become in
difficult situation in which annually with quick tempos increases the
volume of industrial and accordingly the number of consumed
power energy.
In this case especially must be noted those risk factors by
which are characterized atomic power stations and the
dissatisfaction of population that reached its peak during the disaster
in Fukushima that happened in Japan in 2011.
It is known internationally that these processes became the
basis of the solutions that make authorities of all countries carry out
operative measurements in direction of change of the atomic energy
in the general energy balance of the country by some less dangerous
kind of energy.
By these processes is preconditioned the fact that in last 10-15
years almost in all countries of the world special attention is paid to
updating of the existing and creation of new non-traditional
methods of the energy acquisition and maximal use of the existing
potential in the country.
Furthermore, the governing bodies of the international
community elaborate special encouraging measurements for those
countries and firms that effectively work on the development of
ecologically pure and non-dangerous methods of acquiring energy.
First of all wind and solar energy refers to such kind of energy.
Therefore, the designs of wind stations and technology of acquiring
solar panels are extensively updated.
The extensive works in both directions are conducted at the
Georgian Technical University.
For increasing of the effectiveness of wind stations several
designs of rotors with the ability of change of basic geometry
parameters have been created. Such parameters are the rotor
diameter, i.e. the length of blades, setting angle of each blade and
the law of their twist.
The preliminarily conducted aero-dynamic and economic
calculations prove that as a result of use of the designs elaborated
by us the annual volume of output of each wind station can be
increased as minimum by 100%.
Despite multiple work of well-known companies and scientists
of various countries the VGR problem has not been solved yet.
There are patents that did not find a real embodiment, mainly,
because of complexity and insufficient reliability of technical
solutions.
It must be noted that all these companies were busy with any
of one parameter. For example, Sikorsky Company was busy with
change of only the rotor diameter and the Boeing Company only
with blade twist change.
Georgian Technical University (GTU) proposed a combination
of changes in the diameter and twist at the same time dynamics.

Initially in the phase of analysis because of separation of the
investigation object, the model of the rotor with variable diameter
and then the model of the rotor with variable blade twist has been
designed and manufactured. After laboratory tests of their main
units in the phase of the synthesis, the rotor with simultaneously
variable diameter and blade twist (Fig. 1) and the stand for its tests
has been created [1].

Mechanism of the twist
change

Stand for dynamic tests

Mechanism of the diameter change
Fig. 1. Mechanisms for management of parameters of the
VGR and stand for their tests.
The conducted stand tests of the VGR have shown that at high
number of rotations significant centrifugal forces arise that
influence on the blade movable part. They are accepted by the
jackscrew. The jackscrew is the most loaded element of the rotor
design and is the weak unit. The reduction of harmful influence of
these forces is the very actual problem.
Therefore, a system was developed compensation of
centrifugal forces. The technical approach was in conduct of the
model experiment in which the stand is stationary fixed in place. At
the rotor rotation at the mode of fan measuring of the thrust were
implemented depending on the change of the rotor rotational speed
and diameter. In accordance with the principle of reversibility, this
imitates the conditions the hover mode of the aircraft. From the
possible principles of compensation (mechanical, electrical and
hydraulic) was chosen hydraulic (Fig. 2) as the most flexible in
control [1, 2, 3].
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For the design of this version of the VGR a European Patent
has been received Application №/Patent 08737551.5 - 2422
PCT/IB2008001041. At present, it is being patented in the USA. All
the financial costs were assumed by the European Union.

It has been established that in case of increase of the rotor
diameter 1,4 times and the change of the blade twist within 16÷180
the increase of the thrust force is provided approximately 1,6 times.

Fig. 2. Schematic arrangement of the VGR with position of
the hydro-pneumo-accumulator and hydro-cylinder
below the rotor hub.
1-Hydro-pneumatic accumulator, 2-Hydro-cylinder,
3-Rope, 4-Roller, 5-Blade, 6-Pulley block.

From pump device

The safety of the VGR dynamic tests was provided by the
reliability of the VGR units with the compensation system. For
evaluation of the reliability was designed and manufactured the
stand for static tests (Fig. 3) on which experimentally were imitated
loads acting at various rotor rotational speeds. The blade elasticity
lines were determined depending on imitated rotational speeds at
retracted and extended blade and dependence of forces on the
control lever of the stand from imitated rotational speeds.

Fig. 4. Stand for dynamic tests and photo of the stand.
1-Electrical engine of direct current, 2-Conical reducer,
3-Cylindrical reducer, 4-Spindle of cylindrical reducer,
5-Blade with flexible elements, 6-Rope, 7-Unit of
bearings with body, 8-Rod, 9-Piston, 10-Hydro-pneumoaccumulator, 11-Hydro-cylinder, 12-Hydro-distributor,
13-Unit of the rope mount.14-Hub.
The effectiveness of the compensation system is proved by
multiple retraction-extension of the rotor blade in the all range of
change of the rotational speed. It conditioned the synchronism of
the VGR functioning.
Results of repeated and comprehensive investigation of the
working model of air screws with changeable geometrical
parameters in dynamics were saved up. In figure 5÷8 as an example,
shows the results of the values of lift at maximum and minimum
diameters of the rotor in a large range of the rotational speed.
The detailed analysis of the various proposed designs of rotor
is carried out and on this basis recommendations of selection of this
or that design for different service conditions of wind turbines in the
wide range of change of speed of a wind are offered [5].

Fig. 3. Stand for static tests and blade with flexible elements
and rib.
The experiments on the stand for dynamic tests (Fig. 4) were
conducted by the measuring method of the airflow speed with a
revolving-vane analyzer, which for this task was characterized, with
a sufficient iteration of measuring results.
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Fig. 5. Diagram of dependence of the VGR thrust from the
blades twist change for the minimal diameter Dmin of

the rotor, rotational speed n = 300 RPM and setting
ϕ = 50 .

angle

Fig. 8. Diagram of dependence of the VGR thrust from
the rotor rotational speed for the maximal
diameter

Dmax .

As a result of manufacture and test of a demonstration model
of the rotor with variable geometry parameters in dynamics we have
proved that for wind energy installations especially with big powers
the use of VGR will enable to extend the scale of maximal
meanings of efficiency of the setting during the change of the wind
speed in big scale from 3 to 20÷22 m/sec and also provide the
workability of the setting during those high speeds of wind (22÷35
m/sec) (Fig. 9), at which the existing installations are unable to
work [4].
Vm/sec

Vmax
Fig. 6. Diagram of dependence of the VGR thrust from the
blades twist change for the maximal diameter Dmax of
the rotor, rotational speed n = 200 RPM and setting
angle ϕ = 5 0 .

Vcalc

Vmin

Dmin 17,9m

Dmax

62 0
Fig. 9. Necessary combination of the rotor diameter and wind
speed for acquisition of the planned power of wind
station.

Fig. 7. Diagram of dependence of the VGR thrust from the
rotor rotational speed for the minimal diameter Dmin .
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At present negotiations are being held with the famous German
firm “ENERCON” for creation of a joint venture or its subsidiary
on the territory of Georgia and manufacture along with standard
rotors of new designs.
Also negotiations with “SCHMID” firm on production of solar
panels are conducted.
Implementation of this project expediently as in Georgia some
large enterprises for microelectronics therefore the Georgian
scientists have very interesting offers on separate responsible
operations of production of plates from a silicium monocrystall, and
also by the principles of selection of places for installation of ready
solar modules and creation of designs of the corresponding
mechanisms which introduction will even more increase efficiency
of solar modules functioned.
In particular, installation of these panels, for example over
vineyards in in advance calculated parameters, with use of the
special mechanisms allowing to change angular position of panels
in big range, will give the chance along with obtaining electric
energy, to protect plantations from a hail, and also from drying of
brushes of grapes and the soil when air temperature constantly
keeps some weeks within 35÷400 and above. It should be noted that
such situation in Georgia very frequent and if it happens before
process of cleaning of grapes, it strongly influences crop volume,
especially for percent of an exit of grape juice.
Both protection of plantations against a hail, and regulation of
process of drying of grapes before harvesting is a burning issue not
only for Georgia, but also for all other countries too where there are
similar plantations.
Therefore, we intensively work on development of methods of
optimization of schemes of installation of solar panels over
vineyards.
In fig. 10 one of versions of schemes of installation of such
panels is shown.

problem till today doesn't exist. The question concerns a method of
the accumulation received solar and wind energy for which decision
some hundreds of millions of US dollars are annually spent.
We have in our opinion the interesting offer for the solution of
this problem in those countries where there are hydroelectric power
stations with average and with big capacities, i.e. where there are
already constructed high dams and reservoirs.
It is known that all such power plants have big deficiency of
water and that volume which, is gained generally in the spring, then
gradually, the whole year according to the special schedule is very
economically spent.
The essence of our offer is that it is possible to mount the
greatest possible number of wind stations and solar panels round a
reservoir. When there is an order for electric energy they will work
for its development and when orders are not present, to work for
water pumping back from the lower reservoir in its top part. It will
give the chance that all power sources worked constantly for profit,
day and night, daily and all the year round.
In fig. 11 the approximate scheme of configuration of such
constructions where the mounted one small group of wind-driven
generators and solar modules is visible is shown. It is also visible
that round a reservoir it is possible to place still such some groups.
Consultations with leading experts of power show that after
creation of such skilled object and improvement of its separate
knots and system of their management it will be wide, successful
and effective to be used in many countries of the world.

Fig. 11. Approximate option of composition of aggregates
and system of their management for accumulation of
the received wind and solar energy.
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Fig. 10. Solar panels over vineyards.
At present search of the optimum sizes of panels, schemes of
their arrangement and improvement of mechanisms for regulation
of their angular situation in wide range for the different period of
time is conducted. Also different options of mechanization and
automation of these processes are developed.
On the basis of consultations with skilled peasants it is
established that use of such schemes of installation will significantly
increase the volume and quality of a crop that finally will give
notable economic effect.
The presented idea contains also scientific novelty that
together with the German experts is already made out and in the
near future European Patent will be issued.
Now the consent of our partners for gratuitous transfer about
200m2 of solar panels for the purpose of the organization in
Georgia of a skilled site where prototypes of solar panels will be
established is reached and all necessary researches are conducted.
There is one very actual problem on which long time the
leading scientists of many known scientific centers of the whole
world work, however, unfortunately the effective solution of this
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IMPROVING PROCEDURES OF TRAINANG EMPLOYEES BY IMPLEMENTING
GUIDANCE CARDS SAFE METHODS AND TECHNIQUES OF WORK
СОВЕРШЕНСТВОВАНИЕ ПРОЦЕДУРЫ ОБУЧЕНИЯ ПЕРСОНАЛА ПУТЕМ ВНЕДРЕНИЯ
ИНСТРУКТИВНЫХ КАРТ ПО БЕЗОПАСНЫМ МЕТОДАМ И ПРИЕМАМ ТРУДА
Associate Professor of the Department of industrial safety and environmental protection, Ph.D. Afanasyeva I.V. 1,
Graduate student of the Department of industrial safety and environmental protection Fatkhutdinov R. I. 2,
The department of industrial safety and environmental protection 1, 2 - Ukhta State Technical University, Russian Federation
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Abstract: Training and examination of working professions employees (further – workers) of the organisations, that are controled by
Federal department of ecological, technological and nuclear supervision in Russian Federation (further – Rostechnadzor) of occupational
Safety and Health and in the field of safety – it is one of the key factors in creating conditions for trouble-free operation of hazardous
production facilities (further – HPF) and reduce industrial injuries at these facilities. This article provides an overview of the existing system
of training and examination of workers on occupational health and safety and industrial safety, revealed its main gaps. The development and
implementation of guidance cards safe methods and techniques of work are revealed, as a form of industrial instructions.
KEYWORDS: GUIDANCE CARDS, INDUSTRIAL INSTRUCTION, TRAINING, EXAMINATION, INDUSTRIAL SAFETY,
OCCUPATIONAL HEALTH AND SAFETY, INDUSTRIAL INJURIES, EXTRACT, TRANSPORTATION, OIL

1. Introduction
Training and examination on occupational Safety and Health
and in the field of safety of workers employed in the HPF takes an
important role in the preparation of skilled and highly-qualified
workers; it is a guarantee of trouble-free operation of the HPF and
the absence of industrial injuries at these facilities. Therefore,
training of workers begins from the moment of hiring and continues
consistently during the employment.

2. Preconditions and means for resolving the
problem
Analysis of Rostechnadzor’s statistical data on accidents and
industrial injuries at the facilities of oil and gas industry of the
Russian Federation from 2004 to 2015 shows that every third event
occurred through the fault of human error associated with the
violation of the requirements of the organisation and production of
hazardous works. For example, in 2015, 17 accidents occurred only
in oil and gas production facilities, of which 4 accidents were
caused by human error.
In turn, the human error associated with the violation of the
requirements of the organisation and production of the work, due to
the following factors:
- Dismissive attitude to the demands of workers in the field of
industrial safety and occupational Safety and Health;
- The absence or lack of knowledge and skills among workers
in the field of industrial safety and occupational Safety and Health.
The number of occupational accidents with a fatal outcome on
Russian oil and gas industry facilities in 2015 was 19 cases , 10
cases ( 53 % ) more compared to the same period in 2014 (see
Figure 1).
In 2015, there was 7 groups of accidents that was 1 case more
than in 2014.
Thus, the analysis of statistical data shows that the issue of
training and examination of workers is urgent.

Fig. 1 - The data on accidents and injuries at the facilities of the oil
and gas industry of Russia for 2015

3. The solution of the problem
In the Russian Federation the duty to provide training and
examination of workers assigned to the employer according to the
law [6, 7].
Organizational issues and requirements for the training and
education of workers on occupational Safety and Health and
industrial safety are specified in the Order training [3], GOST
12.0.004-90 [1] and RD 03-20-2007 [4]. Figure 2 shows the current
system of training and examination of occupational health and
safety of workers at hazardous production facilities.
As seen in Figure 2, the training of workers in safe methods
and techniques of work carried out with the use of instructions on
occupational Safety and Health and industrial instructions [5].
If now the development of instructions on occupational
Safety and Health based on the Methodical recommendation [2],
the development of industrial instructions , according to RD 03-202007 [4] , carried out on the basis of accepted standards in the oil
and gas company. It should be noted that there is no methodical
recommendation for the development of industrial instructions
neither in RD 03-20-2007 [4] nor in other normative-legal acts of
the federal level. Thus, the content of the industrial instructions and
their correctness depends on the knowledge, experience,
competencies of employees who develop these instructions.
In this connection, it is proposed to use the instructional cards
for training workers in safe and working methods. The main
support and the basic elements of guidance cards are structured and
visual means of presenting information.
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Fig. 2 - The current system of training and examination of occupational health and safety and industrial safety of workers at hazardous
production facilities
This section also identifies the necessary and used special work
clothes, safety shoes, personal protective equipment, respiratory
protective equipment, tools, materials, etc. in the performance of
work.

4. Results and discussion
As a result of the research and practice of drawing up
guidance cards, the template was formed.
Purpose of the guidance cards: prevention of accidents,
incidents, industrial injuries at hazardous production facilities,
including objects of oil and gas extraction and transportation.
Guidance card includes the information provided below.
Title: Guidance card safe methods and techniques of work
with (specify the name of the type of work).
Part 1. Characteristics of the equipment (see Figure 3)
It consists of a description of the characteristics of the used
equipment, technical devices. This section should briefly provide
information on the equipment used with graphic materials.

Fig. 4 - Example of Part 2 of guidance card

Fig. 3 - Example of Part 1 of guidance card
Part 2: Safety requirements for the performance of work
(Figure 4, 5)
In the second part of the guidance card details the harmful and
dangerous production factors are designed which can lead to an
accident, incident or industrial injuries.
It is important to specify the methods for safe, trouble-free
operation and techniques reduce or eliminate the impact of these
factors on the workers. For clarity, it is desirable to accompany the
text part with drawings.

Fig. 5 - Example of Part 2 of guidance card
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Part 3: Procedure for the performance of work
(Figure 6, 7)
The main part of the guidance card, where a detailed
operations algorithm is performed for the workers compliance with
safe practices and methods of work.
This part of the guidance card is advisable to split into 3
sections:
I – the beginning of work, organisational activities.
Specifies the procedure for admitting workers to perform work, the
availability and the filling of the necessary documents, the
requirements for protective clothing, personal protective
equipment, respiratory protective equipment, tools and materials.
While learning the section I of guidance card worker must learn
how the admission to the works is carried out and which the
necessary tools and materials he has to prepare prior to performing
the works themselves.
II – execution of works. Main part. It specifies the order of
the main part of the work.
III – completion of work. It determines the order of
completion, to restore order in the workplace, filling in the
necessary documents to complete the work .
All forums at the guidance card are issued in the form of a
table with the following information:
a) The first column « Number of the operation».
Numbers are listed in chronological order of operations.
b) The second column: «The content and sequence of
elements of the operations (the amount of the employees).
Particular attention during the operation».
The column is the primary table and is divided into columns
by the number of employees participating in the execution of
works. The columns indicate the position (profession) of the
employee.
This section describes the operations performed by the
employees in chronological order. The section should be performed
in the most concise, clear and intuitive way to the employees.
Description of performed elements of operations must be uniformly
understood and should not be interpreted by each worker in
different ways.
At the same time it is also important to specify the place
occupied by the employee during the operation.
In each cell the picture, describing these actions is attached
with a description of the operation element.
Subject to the conditions, restrictions, warnings, to which the
employee must pay special attention during the operation. These
the conditions are described by the word «CAUTION» (It is drawn
in red to indicate a particular importance of the operation and
attract the attention of the worker to the item). We give photos or
graphics for clarity and better understanding of working memory
and information.
Conditions labeled «CAUTION» must be indicated before or
after the description of operation, depending on the time period in
which the employees must pay attention to them, i. e., in
chronological order.

Fig. 7 - Example of Part 3 of guidance card

5. Conclusion
Thus, guidance cards as a form of industrial instructions of
safety have the following advantages:
- A clear idea and a detailed description of the performing
each operation by employees;
- Emphasising employees’ attention to important points in the
works, affecting their safety and the safety of the facility;
- The formation of the visual memory of the employee while
learning guidance cards;
- The exclusion of inaccurate definitions and operations that
increase the chance of errors;
- Reduction of work time without reducing the level of safety
of the facility and the employee.
Apart from the obvious advantages, guidance cards have
disadvantages. The main disadvantages are:
- The impossibility of the maximum inclusion of all local
regulatory documents of the Company in the Guidance card;
- The inability to specify and complete details of some types
of work;
- Duplication of local regulatory documents of the Company;
- Labor-intensive;
- The need to involve experts in various fields;
- The impossibility of taking pictures of certain types of work.
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Abstract: The key issue to an automotive engine's reliability and its durability is the quality of the lubrication system. The primary task of
the lubrication system is to provide a continuous supply of filtered oil between two sliding surfaces. By using adequate lubrication oils will
reducing friction between moving mechanical parts. Rheological characteristics of lubricating oil directly caused the friction losses due to
internal engines mechanisms (piston group, valve train, fuel pump, crankshaft, bearings and seals, etc.). The main components of lubrication
system has a poor lubrication during cold start up process of an IC diesel engine and thus is necessary a proper lubricating oil to full fit the
complex demands of all engine components and subassemblies. The aim of this paper is experimental investigating of the influence for
different classes lubricating oils characteristics and oil filters which are present in market of Republic of Kosovo, especially those with lower
prices on engine oil pressure, temperature and flow during start up until the oil warms up some. The obtained results are taken from
measuring device which is installed into Fiat passenger car with Spark Ignition Engine for different working regimes.
Keywords: LUBRICATION OILS, OIL FILTER, PRESSURE, FLOW RATE, TEMPERATURE, SPARK ENGINE, PUMPS

1. Introduction
The adequate lubrication of engine parts is critical for the
engine durability, and insufficient oil supply to the various friction
areas might result in catastrophic engine failure. The oil provides a
separation of the surfaces in motion and carries away heat generated
by contact resistance.
Most automotive engines have a pressurized oil lubrication
system which draws oil from a sump and delivers it to the various
engine components. The capability of the oil pump to transport oil
within the engine depends on the surrounding temperature,
rheological properties of oil, as well as the geometry of the
passages. When the environment temperatures are low, the presence
of oil between friction surfaces may be significantly delayed,
especially during the engine start-up.
From the literature review, authors have shown grown interest
in investigation of the influences of the engine lubrication system
on the overall performance of an engine. The focus has been in
study of the influence of oil condition on; engine durability,
reduction of wear, friction losses, and most recently, engine
emissions.
Author Hayashi [2] has investigated the effects of various
engine operating conditions on the engine oil temperature. Oil
temperatures were monitored for various engine speeds, loads, and
oil feed pressures. The results of these tests showed that the rise in
oil temperature was more greatly influenced by higher engine
speeds than by an increase in load. Hayashi found that the oil
pressure had little effect on the lubricating oil temperature rise.
However, it was noted that it was essential to maintain a minimum
oil supply pressure to the bearings, as a rapid increase in the bearing
metal temperature occurred with inadequate lubrication at low
supply pressures.
Similar results were found by authors Andrews, G. E. et al.[1],
whose work concentrated on Spark Ignition engine warm-up and
the influences of water and oils temperatures on engine emissions.
Authors Seth and Field [5], made an attempt to increase the
understanding of the behaviour of the lubrication system of a Ford,
four cylinder, petrol engine. The lubrication system was
instrumented throughout with pressure sensors. The objective of
this study was not to enhance the design process of an engine but to
provide a method of detecting lubrication related abnormalities in
an existing engine.
Author Kyto [3], conducted a comprehensive series of motored
engine tests on two petrol engines under cold start-up conditions.
Oil pressures, oil temperatures, and engine torque were recorded for
12 different oils. The purpose of the tests was to establish the most

suitable oil for cold start conditions, rather than the analysis of the
oil properties within the lubrication system. There were however
some interesting observations:
An oil pressure transducer was installed in each engine on the
most remote lubrication point on the camshaft bearing. The
results showed that it could take a large amount of time for the
oil pressure to rise at this point, using some types of oils in cold
ambient temperatures. For a typical 10W40 class mineral oil,
for example, the maximum pressure was reached at +20°C in 23
seconds, while it took 192 seconds at -30°C. This was primarily
due to the oils much higher viscosity at low temperatures,
resulting in large pumping losses through the lubrication
system.
-

The torque required to motor the engine at 150 rpm increased
from 60 Nm at +20°C, to 125 Nm at -30°C.
Author Tran et al [6], conducted a similar investigation to that
of Kyto, but placed the emphasis of their work on the analysis of
friction throughout the engine. The friction torque of each engine
component was found by dismantling the engine down to the
crankshaft and conducting motored tests at various stages of engine
rebuild.
The effects on the overall torque were measured. Again, the
results showed that, generally, the lower the oil viscosity, the lower
the frictional torque. However, it was found to be the inverse in the
case of the valve system. It was suggested that the friction losses
would be minimized if the valve system were supplied with greater
oil feed rate (3-4 l/min) than the crankshaft bearings (1-2 l/min).
Authors Kaplan and Heywood developed a model which
predicted the mean temperature of the major components' of an
engine during the warm-up process. In this case the 'major
components' were; piston, head, block, oil reservoir, and the coolant
reservoirs in the head, block and radiator. The model was simplified
to one-dimensional heat flow, and a lumped thermal capacitance
was used for each component.
The limitation of this approach, with respect to the present
study, was the method of accounting for the heat transfer to the oil.
The heat transfer paths to the oil were; convection on the under-side
of the piston; convection on the head and thermal energy generated
by the pump and crankshaft. Although the approach taken was
suitable for the calculation of the temperature trends of the major
components, the model was not capable of detailed temperature
analysis.
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2. Methodology for determining lubrication
parameters
Parameters of lubrication system are determined by
experimental way in a passenger vehicle by spark ignition engine,
manufactured by Fiat, model Tipo with engine displacement of 1.4 l
(power is 57 kW at the engine speed of the 6000 rpm, torque 108
Nm at the engine speed 2900 rpm, produced in 1992 year, Fig. 1.

Fig. 3. Connection scheme for measuring performance
lubrication system
Oil pump takes oil from sump through strainer, the suction oil
delivered through respective pipe which passes in the hole of
adapter (inlet of oil). In the hole of the adapter is open metric screw
M14 which serves to place the bolt that connects the oil pipe. Oil
pipe allows the oil to flow through outer pipe of pump into inlet of
the oil filter. In the oil pipe are integrated thermo manometer for
measurement of temperature and pressure and oil flow meter to
measure the amount of circulating oil (flow).
For measuring number of rotation of engine, is used device
installed in board of vehicle, Figure 4.

Fig. 1. Performing experiment in Fiat Tipo by installing
measuring device
In order to perform measurement is produced an adapter piece
from PVC. That adapter is fixing in particular locations of
lubrication circuit between oil pump outlet and inlet oil filter,
Figure 2.

Fig. 4. On board of vehicle of Fiat Tipo

3. Measuring Results
Measuring parameters of the lubrication system such as:
temperature, pressure and flow rate circulation of oil in vehicle
engine are done for several working regime as well as for different
type of oils and filters for spark ignition engine.
Woking regimes are: 850 rpm and 2000 rpm of engine. Type of
used oil during performing experiment are presented in Tab. 1.
Table 1: Technical data of used oil for experiment
Properties data according
producers
Measuring
According
FAM/
standard
unit
FAM/Si Dianra
Fenix Bm
nt
Oil
Extra
Density at
EN ISO
g/ml
0.88
0.865
0.88
15 °C
3675
Kinematic
viscosity at
mm2/s
98
82
/
ISO 3104
40 °C
Kinematic
viscosity at
mm2/s
14
13
14 – 14.5 ISO 3104
100 °C
Viscosity
146
159
145
ISO 2909
index
Flash point
EN ISO
°C
220
230
220
2592
Pour point
°C
- 33
<-45
-35
ISO 3016
TBN
MgKoH/g 10.0
16.0
8
ISO 3771

Fig. 2. Adapter piece with cross-section view for fixing oil filter
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Used filters during experimental measurement are shown in Table
2.
Table 2: Technical data of used oil filter for experiment
Producer of filter
DUEF
Outside diameter: 76 mm
Inside diameter 1: 62 mm
Inside diameter 2: 71mm
Length:
89 mm
Connection
screw:
M
20x1.5

DAG
Outside diameter: 77 mm
Inside diameter 1: 59 mm
Inside diameter 2: 68 mm
Length:
50 mm
Connection
screw:
M
20x1.5

Fig. 6. Oil pressure vs oil temperature for 850 rpm
Based on Fig.6, can be noticed that curve with purple color, that
is oil from producer Dinara SAE 10W – 40 and DAG filter,
pressure has higher value of 2.8 bar. Oil pressure increases due to
hydraulic resistance that has the filter from producer DAG.

4. Discussion of Results
In order to implement an appropriate analysis of parameters for
lubricating system that are studied, further are presented in
graphical form the influence of oils and oil filters of different
producers for work regimes: 850 rpm and 2000 rpm.

Fig. 7. Oil flow rate vs oil temperature for 850 rpm
Based on Fig.7, can be concluded, that after comparison of blue
curve with other curves, oil flow has increased approximately for
about 40 %.

Fig. 5. Oil flow rate vs time for 850 rpm
Based on fig.5, the curve in blue color is the result of 11
measurements with used oil in a vehicle that has more than 3500 km
driven. This is from the produces Sint SAE 10W-40, and new oil
filter Duef. It can be noticed that in the first minutes of engine work,
flow of oil in engine is 2.37 l/min, and in the 11th minute of oil
flow, it is 3.92 l/min. As a conclusion, there is an increase of 65.5%.
From the same diagram, Fig.5, can be noticed that other
curves (red color, green color, purple color) that has to do with oils
and filters of DAG producer, the flow has little difference. In the
first minute of engine work, the flow is about 1.5 l/min, and in 11th
minute, oil flow is 3.0 l/min. There is an increase of 100 %.
After comparison of blue curve with other curves, can be
concluded that oil flow has increased with approximate values of
40%. Increase of oil flow is a result of low viscosity of Sint oil.

Fig. 8. Oil flow rate vs time for 2000 rpm
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Flow value is 2.37 l/min in the first minute, and in the 11th
minute oil flow value is 3.92 l/min., which means that there is
an increase of 65.5 %, and oil pressure has dropped down from
2.7 bar to 2.4 bar.

Based on Fig.8, can be noticed that oil type Fenix has different
flow depending on filter. Flow in 7th minute is 4.35 l/min for the
case when Duef filter is used, and 3.95 l/min when Dag filter is
used.
After comparison of blue curve with other curves, oil flow has
increased approximately 25 %, due to lower resistance of Duef
filter.

-

For the oils type Fenix and Dinara, and filter Dag, oil
temperature has increased from 30°C to 46°C, for the work
time 11 minutes. Oil flow in engine in the 1st minute is around
1.5 l/min, and in 11th minute is 3.0 l/min. There is an increase
of 100%, and oil pressure has a dropped down from 2.7 bar to
2.6 bar.

When the engine works with engine speed 2000 rpm, can be
concluded:

Fig. 9. Oil pressure vs oil temperature for 2000 rpm

-

For used oil of producer Sint and filter Duef, oil temperature
has increased from 30°C to 43°C for the work time 7 min. Oil
Flow value in the 1st minute is 2.31 l/min, and in the 7th
minute oil flow value is 4.67 l/min., which means that there is
an increase of 102 %, and oil pressure has dropped down from
3.4 bar to 3.2 bar.

-

For the oils type Fenix and Dinara, and filter Dag, oil
temperature has increased from 25°C to 42°C, for the work
time 7 minutes. Oil flow in engine in the 1st minute is around
2.06 l/min, and in 7th minute is 4.15 l/min. There is an
increase of 101%, and oil pressure has a dropped down from
3.2 bar to 3.1 bar, for oil types Dinara, has value 3.4 bar for
oil types Fenix.

Based on gained results can be concluded that higher oil flow
amount that circulates in engine is for the case when is used oil type
Sint and filter Duef.

In Fig.9, can be noticed that curve with blue color, for Sint Oil
and DAG filter, drop of pressure is more emphasized from 3.6 bar to
3.2 bar. Pressure drop is as a result of low viscosity of oil. Curve
with green color has to do with Dag filter and Fenix oil. Pressure
has almost same value 3.4 bar from temperature 28 °C up to 42 °C.

Filter Dag, because of smaller dimensions offers higher resistance
during oil circulation, and is recommended not to be used.
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Fig. 10. Oil flow rate vs oil temperature for 2000 rpm
In Fig.9, can be noticed that after comparison of blue curve with
red curve, can be concluded that oil flow has increased for about
13%. Increase of oil flow is as a result of low viscosity of Sint oil in
the same temperature.

5. Conclusions
Based on gained results, for parameters of lubrication system, as
oil flow, oil pressure, and oil temperature, can be concluded as
follows:
When the engine works with engine speed at idle 850 rpm, can
be concluded:
- For used oil of producer Sint and filter Duef, oil temperature
has increased from 32°C to 50°C for the work time 11 min. Oil
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Abstract: In the paper we solve the problem of transporting viscous weakly compressible liquid through the pipeline of the circular
cross-section under non-stationary conditions. This paper is based on previous author's results, presented on WS of XIII MTM Congress.
The Navier-Stokes equations are the basis for mathematical model. The liquid kinematic viscosity and its density are considered to be weakly
changing with time. The non-stationarity is caused by specific boundary conditions, depending on time. The obtained results allow to
optimize the control of a viscous weakly compressible liquid flows in the pipeline systems.
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Consider the flow along the horizontal pipe axis ( z axis),

neglecting mass forces ( F = 0 ). Based on these assumptions,
rewrite the system (1) as follows:

1. Introduction
Physical and chemical properties of the fluids, transported
through pipeline systems, define the project and operating
parameters of pipelines in many ways. Considering oil industry,
pipelines are used for the transportation of a wide spectrum of
hydrocarbons and its mixtures, that greatly differing in chemical
and physical properties: products of oil refining (gasoline, jet fuel,
kerosene, diesel fuel, fuel oil, etc.), petrochemical raw materials
(benzene, styrene, propylene, etc.), aromatic hydrocarbons (xylene,
toluene, cumene, etc.), liquefied petroleum fuel (liquefied natural
gas, liquefied petroleum gas) and so on.
Information about fluid physical properties is considered both
when choosing the type of the mathematical model, and when
defining coefficients (parameters) of corresponding elements of this
model. Changing, these parameters may have influence on the flow
character.
Previously we have studied the effect of the variable dynamic
viscosity, depending on a small parameter, on the liquid velocity in
the pipeline [1]. In this paper we consider the case, when the liquid
density is not constant; for example, hydrocarbons, generally, are
weakly compressible liquid, which density depends on pressure and
temperature [2]. We assume, that the density is changing with time
according to the known manner. Also, we consider non-stationary
conditions at the pipe edges (in terms of variable pressure).
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Project the second equation of the system ( 1′ ) on the axes of
the corresponding Cartesian coordinate system:
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Taking into account the assumptions, made above, we obtain the
following expressions:
∂ 2υ
∂p
,
(λ + µ ) z =
∂z∂x ∂x
∂ 2υ
∂p
,
(λ + µ ) z =
∂y∂z ∂y

2. Formulation of the problem
The task is to obtain the equation of a viscous weakly
compressible liquid motion through the cylindrical pipe with nonstationary boundary conditions. We take the system of equations of
a viscous liquid dynamics as a basis [3]:

dρ
0,
 dt + ρ divυ =







∂τ
 ρ dυ = ρ F + ∂τ x + y + ∂τ z ,
 dt
∂x
∂y
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NON-STATIONARY

 ∂ 2υ z ∂ 2υ z ∂ 2υ z
∂υ z 
 ∂υ z
+ υz =
 µ 2 + 2 + 2
∂z 
∂y
∂z
 ∂t
 ∂x

ρ

 ∂p
∂ 2υ
+ λ 2z ,
−
∂z
 ∂z

where p = p ( t,z ) – pressure, λ – the bulk viscosity coefficient,

µ – the dynamic viscosity coefficient. The first two equations yield
the following:
∂υ z

p + F1 ( y,z,t ) ,
( λ + µ ) ∂z =

( λ + µ ) ∂υ z =
p + F2 ( x,z,t ) .
∂z


(1)


– continuity equation and motion equation. Here υ – velocity, ρ –




density, F – mass forces vector, τ x , τ y , τ z – vectors,

Hence F=
F=
F ( z,t ) and, as a result:
1 ( y,z,t )
2 ( x,z,t )

corresponding to the stress tensor lines [3].
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∂υ z
− F ( z,t ) .
( 2)
∂z
From the continuity equation the velocity z derivative can be
expressed:
∂υ z
1 dρ
;
= −
( 3)
ρ dt
∂z
then
 ∂ 2υ
dρ
∂υ
∂ 2υ
∂ 2υ  ∂p
∂ 2υ
ρ z − υ z = µ  2z + 2z + 2z  − + λ 2z . ( 4 )
dt
∂t
∂y
∂z  ∂z
∂z
 ∂x

where

p=
(λ + µ )

µ2

∞
− n2 (τ − s )
2ξ
µ  µ 
G2 (τ − s,ξ ,η ) =
e N
J0  n ξ  J0  n η  ,
∑
2 2
N
J
µ
(
)
N  N 
n =1
n
1

ψ i (ξ , χ ) =

Since we noted at the beginning, that the liquid density is
∂ 2υ z
= 0 (according to equation (3)).
changing only with time, then
∂z 2
∂p
From (2) we obtain for
:
∂z
∂F ( z,t )
∂p
= −
.
∂z
∂z
Hence the pressure variation along the pipeline length is described
∂F ( z,t )
.
by some function f ( t,z ) = −
∂z
Turning to the cylindrical coordinate system in equation (4) and
taking into account the last obtained relations, we write the equation
for determining the viscous compressible liquid velocity in the
pipeline:
∂υ z
∂ 2υ ν ( t ) ∂υ z
1 d ρ (t )
1
υz +
f ( z,t ) ,
= ν ( t ) 2z +
+
r ∂r ρ ( t ) dt
ρ (t )
∂t
∂r

µ2

i
− n2 (τ −τ min
)  µn   µn 
2ξ
e N
J0  ξ  J0  η  ,
2 2
N  N 
n =1 N J1 ( µ n )

∞

G1 (τ ,ξ ,η ) = ∑

d

ν

γ i ( s, χ ) =

e − aiτ min ϕ i (ξ , χ ) ,
i

i
d 3 f ( s, χ )

ν2

ρm

,

i
i
τ ∈ τ min
,τ max
) , i = 1,h .

As an example, we build the solution in case, when velocity
doesn’t depend on z . We take the Poiseuille velocity distribution as
an initial condition [3], set the linear law of density variation, and
linear change in pressure at the pipe outlet:
a
ρ (=
t)
t + ρ0 ,
(7)
T
z  p − p0
 z


p ( t,z ) = − + 1 pН +  k
t + p0  .
(8)
L T
 L 

We pay special attention to the oil transportation, and oil density
kg
kg
[5]; assume ρ 0 = 830 . 3 as an
may vary within 730 − 940
3
m
m
initial value of the density.

( 5)

where t ∈ [ 0 ,T ] , r ∈ [ 0 ,R ] . For the equation (5) we formulate the

6

initial-boundary problem: find the υ z ( t,r,z ) function, which is a

r=0
r=0.2

5

solution of the equation (5), at the initial time turns into the given
function υ z ( 0 ,r,z ) = ϕ ( r,z ) (in other words, the initial

4

υ, m/s

distribution), and satisfies the boundary condition υ z ( t,R,z ) = 0 at
all times. If we need to provide predetermined velocity values
υ z ( t,r,0 ) and υ z ( t,r,L ) at the pipe inlet and outlet respectively,

3

then the f ( t,z ) function will be determined, based on these

2

requirements, during the solution process. However, for simplicity,
in this paper we will assume, that the function f ( t,z ) is given, and,

1

hence, we may omit the conditions at the pipe edges.
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Fig. 1. Liquid velocity dependence on time at different distances
from the pipe axis

The equation (5) is a non-homogeneous heat equation with
variable coefficients. If we reduce all the relations to dimensionless
form, we will obtain the following equation:
∂u ∂ 2u 1 ∂u
=
+
+ a (τ ) u + γ (τ , χ ) ,
( 5′)
∂τ ∂η 2 η ∂η
1 dρ
where τ ∈ 0,T  , η ∈ [ 0,N ] , a (τ ) =
. This equation is
ρ (τ ) dτ

6
t=0
t=1800

5
4

υ, m/s

more convenient to solve, because there is only one variable
coefficient.
We assume that the density is weakly changing with time. We
divide the time period 0,T  in h small intervals, so that we may

3
2

consider the density and hence the a (τ ) coefficient to be constant
over each interval. Then we get h equations of the form ( 5′ ), the
solution of each of which has the form:
u i (τ ,η , χ ) =

1
0

τ N
N
 ( 6)
e aiτ  ∫ G1 (τ ,ξ ,η )ψ i (ξ , χ ) dξ + ∫ ∫ G2 (τ − s,ξ ,η ) γ i ( s, χ ) dξ ds  ,
i
 0

0
τ min
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Fig. 2. Liquid velocity dependence on radial coordinate at different
moments of time

It is interesting to see, how much effect does the variable
density have on flow velocity. To do this we plot υ z ( t,0 ) , one for

weakly changing in time, and non-stationarity is dictated by the
boundary conditions at the ends of the pipeline. The numericallyanalytical solution, described with equation (6), was obtained.
Comparison of the solution obtained with a solution for the case of
constant density (fig.3) allows us to say, that if the liquid density is
weakly changing in time, it has no significant effect on the motion
velocity.
These results will allow, in perspective, to solve the problem of
optimizing the control of viscous weakly compressible liquids flows
through the pipeline systems.

kg
, and the second one for the density, varying
m3
according to the equation (7) (fig.3).

the ρ = 830

6

ρ=const
ρ=ρ(t)

5
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ADVANCED COMPUTING FOR HIGH SPEED BRIQUETTING OF METAL CHIPS
AND POWDERS
СЪВРЕМЕННИ ПРЕСМЯТАНИЯ ЗА ВИСОКОСКОРОСТНО БРИКЕТИРАНЕ
НА МЕТАЛНИ СТРУЖКИ И ПРАХОВЕ
Stanislav Gyoshev
Institute of Information and Communication Technologies, Bulgarian Academy of Sciences,
Acad. G. Bonchev Street, Bl.2, Sofia, Bulgaria
stanislavgyoshev@mail.bg
Abstract: In the paper is investigated the possible to produce briquettes from chips of aluminum alloy and iron powder. Chips of
different shapes and sizes are compared, some of which are free of water and oil (cleaned chips), while the rest are left without cleaning
(soiled chips). Upsetting and reverse extrusion of the briquettes were studded. The results show that may be accomplished a large extent of
deformation of the briquettes when using processes with predominant compressive stresses. Preparation of briquettes of metal chips with
good density and quality is of great importance for the efficiency of this process. The results of impact briquetting of grey cast iron chips
with rectangular shape and dimensions 15x25x1 mm are presented. Density and quality of briquettes of these chips are compared with those
obtained in another work of the authors using cast iron chips with smaller sizes. It has been found that by using a rectangular chips with a
large size are produced briquettes with a very low density and poor quality.
Keywords: IMPACT, IRON POWDER COMPACTING, POWDER METALLURGY, ROCKET ENGINE
of a rocket engine makes it possible to work with impact force Pi
which changes in accordance with the lines 2-4 shown in Fig. 3.

1. Introduction
Obtaining of metal powder parts have a number of advantages
over other methods of processing - use of 95% of the raw material
(40% -50% in the other processing technologies), low energy
consumption, producing of composite materials with large range of
properties and these advantages of powder metallurgy increased by
using impact and high velocity compacting (HVC). Research in this
area in recent years have shown higher density and increase of the
mechanical properties of the powder metallurgy parts [1]-[4].
In [1] is used hydraulic hammer for HVC (impact velocity 13.2
m/s). The density of the obtained cylindrical specimens using iron
powder is 7.4 g/sm3 (the density of monolithic material is 7.54
g/cm3). This density is obtained with a pre-compaction to a density
of 5 g/sm3.

Fig.3. Change of impact force Pi at the impact time: 1 – ordinary
impact; 2, 3, 4 – controlled impact

2. Methods

Fig.1 shows the scheme of HVC and Fig.2 shows the impact
force change in HVC process [1]. From Fig.2 it can be seen that
after first impact has 6 rebounds of the hammer to complete
consumption of the impact energy. As a result part of the impact
energy is spent on the rebound and this reduces the efficiency of the
impact.

Iron powder AS29-100 is used. The distribution of particle size
is shown in Fig. 4 (Fritch Analysette 22 Nano Tec+). For obtaining
a better grip 1% zinc steatite is added.

Fig. 4. Distribution of iron powder particle size

Fig.1. Scheme of high velocity
a HVC

Fig.2. Impact force change during
compaction experiment
with an impact energy of 2.7 kJ

Controlled impact compacting (CIC) is an innovative
technology that is possible when using a hammer propelled by
industrial rocket engine [5]. The received force at work on a rocket
engine (trust R) is R = 2000 kg when supplied with kerosene (hot
rocket engine) and R = 300 kg in supplying with compressed air
(cold rocket engine). The maximum impact energy is 35 kJ and
impact velocity is 5-16 m/s. The opportunity to control the runtime

a)

b)

Fig. 5. a- chips used in present paper (type A); b – chips used in [8]
(type B)
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The metal powder green body is with diameter of 20 mm. Used
powder mass is 4, 3.5, 3 grams, as of each type were prepared 3
specimens. After compacting the specimens mass are measured on
an analytical balance. The diameter and high of the specimens are

µ
measured with accuracy of 1

m
,
Θ

𝑃𝑖 = 𝑎𝑖 𝑚 , N,
𝐸𝑖 =

m (on X-ray 3D tomograph XTH

225) and the volume is calculated. Then the density
determined by the ratio

ρ=

The impact force Pi and impact energy Ei are calculated by
formulas

ρ

is

g/cm3,

(1)

𝐸𝑠 =

N,

𝐸𝑖

, J/cm3,

(6)

𝛩 (1)

3. Intercriteria decision making approach
The presented multicriteria decision making method is based on
two fundamental concepts: intuitionistic fuzzy sets (9), (10) and
index matrices (11). It is called ‘InterCriteria decision making’.

(2)

Intuitionistic fuzzy sets (9) represent an extension of the
concept of fuzzy sets (10), exhibiting function µA(x) defining the
membership of an element x to the set A, evaluated in the [0; 1] interval. The difference between fuzzy sets and intuitionistic fuzzy
sets (IFSs) is in the presence of a second function νA(x) defining the
non-membership of the element x to the set A, where:

The specific impact energy ES is calculated by the ratio
J/sm3,

(5)

where Θ, sm3, is the briquette volume. The use of this indicator
makes it possible to compare the results obtained under different
conditions of briquetting.

where ai is the impact acceleration.

Ei
,
Θ

, J,

The specific impact energy for briquetting is calculated by the
formula

To determine the impact force is used record of the impact
process with high-speed camera Nac Memrecam HX6. Vicasso
2009 software is used for calculation of path S, velocity V and
acceleration a. The force Pi is determined by the dependence

ES =

2

(4)

where m is the mass of the falling part, in kg.

where m is the mass and Θ is the volume of the specimen.The
hammer impact velocity Vi is about 7 m/s and impact energy Ei is
about 240 J. Change of the force Pi corresponds to the line 2 of Fig.
3 (R = 226 N).

Pi = ai.m,

𝑚𝑉𝑖2

(3)

2

MVi
Ei =
2 , and M is the mass of the hammer ram
where
(M = 9.12 kg). This indicator can be used to compare the results
when study the compacting process in different conditions.

0 ≤ µA(x) ≤ 1,
0 ≤ νA(x) ≤ 1,

(7)

0 ≤ µA(x) + νA(x) ≤ 1.

In Fig.5 are shown used cast iron chips. Their average sizes are:
length 25 mm, width 15 mm, thickness 1 mm. Diameter of the
produced briquettes is 20 mm, as it is the hole of the die for
briquetting. Diameter of the punch is 19.6 mm. The gap between the
die and the punch is left out to ensure exit of the air that remains
between the chips in the filling into the die. To account for the
influence of the size and type of chips used in the present work
(type A) are compared with those of work [7] (type B). In order to
investigate the influence of the residual water and oil on the density
of the briquettes produced by the impact briquetting part of the type
A chips were cleaned (type AC) while others had been left
uncleaned (type AUC). Both type of chips are from gray cast iron
with 2.8 % C. In order to investigate chips density and structure the
obtained briquettes are measured, weighed on an analytical balances
and pictured on 3D X-ray tomography (Nikon XTH 225 Compact
Industrial CT Scаnner)–Fig. 6. [8], [9].

The IFS itself is formally denoted by:
A = {〈x, µA(x), νA(x)〉 | x ∈ E}.

(8)

Comparison between elements of any two IFSs, say A and B,
involves pairwise comparisons between their respective elements’
degrees of membership and non-membership to both sets.
The second concept on which the proposed method relies is the
concept of index matrix, a matrix which features two index sets, [6].
Here we will start with the index matrix M with index sets with m
rows {C1,…,Cm} and n columns {O1,…,On}:
M =C

1

aC1 ,O1

 Ok
 aC1 ,Ok

 Ol
 aC1 ,Ol

 On
 aC1 ,On ,


Ci


aCi ,O1



 aCi ,Ok



 aCi ,Ol



 aCi ,On


Cj


aC j ,O1



 aC j ,Ok



 aC j ,Ol



 aC j ,On


Cm




aCm ,O1  aCm ,O j



 aCm ,Ol



 aCm ,On

O1

where for every p, q (1 ≤ p ≤ m, 1 ≤ q ≤ n), Cp is a criterion (in
our case, one of the twelve pillars), Oq in an evaluated object,
aCpOq is the evaluation of the q-th object against the p-th criterion,
and it is defined as a real number or another object that is
comparable according to relation R with all the rest elements of the
index matrix M, so that for each i, j, k it holds the relation

Fig. 6. X-ray tomography images of gray cast iron briquettes a - crosssection in the middle of the briquette height; b, c - orthogonal vertical
sections through the center of the briquette; d - 3-D image efficiency is
higher when using controlled impact.

R(aCkOi, aCkOj). The relation R has dual relation R , which is true
in the cases when relation R is false, and vice versa.

Impact process is recorded with a high-speed camera NAC
Memrecam HX6. The video is processed with the software Vicasso
2009 which defines impact speed (Vi) and acceleration (ai).

For the needs of our decision making method, pairwise
comparisons between every two different criteria are made along all
evaluated objects. During the comparison, it is maintained one
counter of the number of times when the relation R holds, and
another counter for the dual relation.
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Sµ
Let k ,l be the number of cases in which the relations R(aCkOi
, aCkOj) and R(aClOi , aClOj) are simultaneously satisfied. Let also
Sνk ,l
be the number of cases in which the relations R(aCkOi , aCkOj)
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and its dual R (aClOi , aClOj) are simultaneously satisfied. As the total
number of pairwise comparisons between the object is n(n – 1)/2, it
is seen that there hold the inequalities:
0 ≤ S kµ,l + S νk ,l ≤

n( n − 1)
2

(9)
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ν

S k ,l
S k ,l .
, ν Ck ,Cl 2
=
µCk ,Cl 2=
n(n − 1)
n(n − 1)

(10)

The pair constructed from these two numbers plays the role of
the intuitionistic fuzzy evaluation of the relations that can be
established between any two criteria Ck and Cl. In this way the
index matrix M that relates evaluated objects with evaluating
criteria can be transformed to another index matrix M* that gives
the relations among the criteria:

M* =

C1



C1

µC1 ,C1 ,ν C1 ,C1











Cm

µCm ,C1 ,ν C1 ,Cm



µCm ,Cm ,ν Cm ,Cm

Cm

µC1 ,Cm ,ν C1 ,Cm .

(11)

The final step of the algorithm is to determine the degrees of
correlation between the criteria, depending on the user’s choice of µ
and ν. We call these correlations between the criteria: ‘positive
consonance’, ‘negative consonance’ or ‘dissonance’. [6]
Let α, β ∈[0; 1] be given, so that α + β ≤ 1. We call that criteria
Ck and Cl are in:
(α, β) - positive consonance, if µCk

,Cl

> α and νCk ,Cl < β ;

(α, β) - negative consonance, if µCk ,Cl < β and νCk

,Cl

>α;

(α, β) - dissonance, otherwise.

4. Conclusions
The conducted study of briquetting of cast iron chips with
controlled impact showed that the shape and size of the chips is
essential for producing of high quality briquettes. Can be drawn the
following important conclusions. It has been found that at impact
briquetting of the chips with rectangular shape their location on the
peripheral wall of the briquette is such that prevents Top of Form.
Comparison with briquettes produced by impact of chips with small
size indicates that by using of small size chips re produced
briquettes with good density and quality. This means that large
chips must first be ground to obtain chips with smaller
dimensions.Depending on the trust R of the used rocket engine the
process of compacting can be conducted in accordance with the
curves 2,3,4 of Fig. 3. When operating in accordance with curve 2
(R < Pi) is observed reducing of the number of rebounds, which
resulted in increasing of impact efficiency. When operating in
accordance with curve 3 and curve 4 (R ≥ P i) it becomes possible to
realize the impact without rebound (sticking impact) and increasing
the time of action of the impact force. It is necessary to continue the
research in this area using industrial rocket engines with a higher
power.
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PRESENT OPPORTUNITIES FOR APPLICATION OF FRACTURE
MECHANICS IN DETERMINING THE SECURITY OF
WELDEDSTRUCTURES
АКТУАЛНИ ВЪЗМОЖНОСТИ ЗА ПРИЛОЖЕНИЕ НА МЕХАНИКАТА НА РАЗРУШАВАНЕ
ПРИ ОПРЕДЕЛЯНЕ НА СИГУРНОСТТА НА ЗАВАРЕНИТЕ КОНСТРУКЦИИ
Prof. Zhelev, A., Ph. D.1, Eng. Osikovski, T., M. Sc.2
Machine-and-technology Faculty, Sofia Technical University, Sofia1756, Bulgaria1
Energoremont Holding JSC, Sofia 1606, Bulgaria2
Е-mail: a_zhelev@yahoo.de, ceo@erhold.bg
Abstract: Clarified have been the formulations of fracture mechanics (FM) included in the present applied standards for welded
structures (Eurocode 3, ЕN 13445, EN 13480). Considered have been the main criteria of fracture mechanics for analytical assessment of
structural integrity against brittle fracture of the elastic-plastic materials, while special space has been devoted to the concepts of the
“FAD” and the “Master-curve”. The opportunity has been shown to use the conventional toughness criterion, shock toughness as per
Charpy-V, by means of correlation relationships with the FM criteria.
Key words: FAD, MASTER-CURVE, REFERENCE TEMPERATURE Т100, MEDIAN VALUE Km OF FRACTURE TOUGHNESS KJC,

Some of the present applications of the assessment of structural
integrity in FM have been developed in the 90-es of the previous
century and verified to an “implementation in practice” level as a
constituent part of strength assessments set in steel structure
standards Eurocode 3/EN 1993-1-10 [3], such for unfired pressure
vessels EN 13445 [4] and pipelines EN 13480 [5].

1. Introduction
The structural integrity of a given weld joint depends primarily
on the rational solution of its weldability, i.e. on the optimum
combination of its three components: the correct selection of main
materials (materials weldability) which, at smallest technological
limitations as regards the welding process (process weldability),
guarantee the secure operation of the welded structural component
(safety weldability of the structural component). The problem of
weldability - quality, respectively, can only be aggregately solved
in the phases of design, fabrication, and operation of welded
products, as has been set in quality assurance standards, the
БДС EN ISO 9000 [1] and БДС EN ISO 3834 [2]. Fracture
mechanics (FM) offers a powerful analytical-and-experimental
methodology of structural integrity assessment against fracture
(brittle and tough-and-brittle) of the weld joints during their
fabrication and in their operation. It is well known that the
engineering foundations of FM have been laid in the second half of
the ХХ century and are inextricably bound up with the problems of
welded structure safety. Classical examples thereof are the
catastrophes with the welded hulls of the ships “Liberty” (USA)
during World War II, the bridges of the Albert channel (Belgium),
the numerous failures of gas and petrol lines in the USSR, the USA,
Italy, etc. [6], [7]. For the contemporary stage of technics,
especially for its high responsibility regulated sectors, as nuclear
technology, pressure vessels, the off-shore and ship structures, etc.,
the application of FM is inevitable [11], [13]. In this respect, most
indicative is that for the first time in the latest versions of some
applied (product) standards the postulates of FM are being used.

The EN 13445 Standard
It contains a formulation of FM in Part 2: “Materials”, in the
informative Annex В “Requirements for Prevention of Brittle
Fracture at Low Temperatures”, respectively. The concept of the
standard is reduced to the opportunity one of the following three
methods to be used independently:
According to method 1 “Code of Practice”, based on the
practical tests of FM, the requirements are based on the definition
TR = T27J, i.e. the reference temperature TR needed for designing is
actually the temperature T27J of testing the material by means of the
Charpy-V-notch tests at which the Charpy impact energy KV is
equal to 27 J.
According to method 2 “Flexible Method”, the selection of
steel is based on FM. This method is applied for a broader range of
structural thicknesses and operational temperatures, in comparison
with method 1, while it is not compulsory TR to be equal to T27J.
The necessary reference temperature TR is read from respective
diagrams depending on the reference thickness eB (determined from
tables), on the steel grade, and on KV≥ 27J.
Method 3 “Fracture Mechanics Analysis” applies FM directly
in the following cases:
− with materials not included in the harmonized European
Standards;
− with low temperature applications, when the requirements of
methods 1 and 2 cannot be met;
− when during non-destructive testing (for instance RT and UT)
flaw spots have been found with dimensions exceeding the
admissible values determined by EN 13445-5:2009;
− when materials are proposed with thicknesses exceeding the
admissible dimensions for low temperatures.

In engineering circles in our country still some controversial
opinions exist about the applicability of FM. Some of them are of
an objective nature, for instance that higher engineering
qualifications are needed for conducting analytical assessments, as
well as more expensive instrumental equipment for testing
mechanical parameters of the materials with the methods of FM
(FM-parameters). In many cases, however, the negative attitudes
are due to inadequate knowledge of the present opportunities for
practical application of FM methods, which is also the subject of
this article.

2. Formulation and Discussion

For the analysis of FM, the producer may use the limiting
conditions, proposed by the standard concerning the dimensions of
the control flaw and the stress condition around it.

2.1 How Are the FM Formulations Included
in Present Applied Standards?

In fact, the three material selection methods indicated in
EN 13445-2:2009 give the opportunity:
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 after the “Charpy impact energy KV” criterion to make a tableaided selection of appropriate material (method 1 and
method 2) based on the FM structural integrity concept;

Proceeding from the modified Sanz-correlation, the resistance
of the structural part is determined in the form of the lowest
temperature TRd

 the FM analysis of structural integrity at limit conditions found
to be directly used; analogical is the approach in the ЕN 13480
standard.

(2)

TRd= T100 = (T27J – 18) + ΔT27J,

where T100 is the temperature at which the “fracture toughness”
(FM-parameter) assumes its minimum admissible value of 100
МРа.m1/2, and ΔT27J is a component accounting for the nonhomogeneous toughness of the material, times its thickness.

The EN 1993-1-10 Standard (Eurocode 3)
The prevention of brittle fracture in designing support steel
structures according to Eurocode 3 also consists in the appropriate
selection of material. At that, the selection consists in applying the
FM concept of structural integrity envisaging the determination of
the minimum operational temperature TRd, at which the loading can
be taken, expressed through the transition temperature Т27J. The
structural integrity assessment is considered verified if the
following condition is fulfilled:

Finally, the Eurocode 3 methodology allows from a table the
maximum admissible thickness of the structural component to be
determined, depending on: the steel grade and the steel sub grade,
the maximum stress level σеd (as a percentage part of the yield
strength fy), the reference temperature Тed and the temperatures T27J,
T30J and T40J, respectively (table 1).
It is evident that in the present applied standards the main
formulations of FM have been included in ready user form, without
revealing the individual details of the structural integrity concept.
The latter, however, are necessary, especially when the use of
method 3 is imperative.

(1) Тed ≥ TRd ,
where the impact temperature Тed is determined as a sum of several
temperature components accounting for the impact of factors
reducing the material toughness, i.e. increasing the transition
temperature Т27J .

Table 1: Maximum Admissible Thickness of the Structural Component (mm)according to БДС EN 1993-1-1

toughness (material criterion); σ - loading stress (accounts for the
rated stress condition); Y(a,Geo) - geometric function (accounting
for the configuration of the crack-shaped flaw and the geometry of
the structural component); а - characteristic crack length; ас critical crack length determining the moment of its unstable spread.

2.2 What Is the Essence of the Structural Integrity
Against Brittle Fracture Concept of FM?
The essence of this concept is reduced to determining the
quantitative connection between loading (static, dynamic/shock, or
cyclical), the dimensions of a given crack and the material
parameter defined as resistance against the introduction and
development of the crack.

According to FM, the assessment against fracture, as generally
required in every strength assessment, is reduced to comparing the
loading (S) and the material resistance (Rmat), where three cases are
distinguished:

With the availability of such interconnection, it would be
possible to determine the critical dimensions of a given flaw, the
critical stress, respectively, leading to fracture, or the necessary
toughness of the material guaranteeing non-fracture. Most
generally, necessary are at least two of the three input values (flaw
size, toughness, and stress) to determine the third value. As is
familiar, the “non-fracture” condition is given by linear-elastic
fracture mechanics (LFM), by means of the expressions:
(3) KIc>KI= σ × 𝑌(𝑎, 𝐺𝑒𝑜) × √π × 𝑎

⇔ ac ≥

1

𝑌 2 (𝑎𝑐 ,𝐺𝑒𝑜)

x�

S – Rmat < 0
S – Rmat = 0
S – Rmat > 0

The material resistance Rmat is represented by the fracture
toughness КIc , and the loading, S, by the intensity of the stress
condition at the crack tip КI, respectively. A large number of
geometric functions Y (a, Geo) have been developed for various
shapes of structural components and cracks, that are relatively
easily applicable in practice [15], [16]. The use of LFM, however,
is quite limited, since very few metal materials behave linear-

𝐾𝐼𝑐 2
𝜎

admissible loading (non-fracture,
structural integrity)
limit case
inadmissible (failure, fracture).

�

where КI is the linear elastic stress intensity factor (in МРа.m1/2);
KIc - critical linear elastic stress intensity factor ≡ fracture
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elastically. An exception is made by the high strength spring steels,
the high strength cast irons, and some dispersedly strengthened
non-ferrous alloys. On the other hand, the development of
geometrical functions for cases lying beyond the scope of LFM, i.e.
in the non-linear fracture mechanics (NFM) realm, is very complex
and time consuming.

crack stability of the material Kmat is familiar, the “non-fracture”
condition (3) and (5) may be presented in the following manner:
(7)

KrG(Lr) ≥

𝑌(𝑎,𝐺𝑒𝑜).𝜎.√𝑎.𝜋
𝐾𝑚𝑎𝑡

Since the material resistance Kmat of the weld joint depends,
together with the other factors, also on the additive material and the
linear welding energy, it is evident that with this methodology the
opportunities for optimizing the conditions for security of welded
products increase considerably. The most significant advantage of
the FAD approach is that it allows the assessment of cracks beyond
the action sphere of LFM. By means of the accurate and relatively
easy for application analytical К-solutions of LFM (the
conventional geometric functions) elastic-plastic materials can be
analyzed too [15], [10]. For that purpose, the given К-solution
undergoes additional correction for elastic-plastic behavior of the
material which is reduced to increasing the intensity of stresses in
front of the crack tip (for instance, for S235 steel it increases by
about 15%). The physical sense of the correction is that the linear
elastic stress intensity factor already depends not only on the
magnitude of stresses but also on the energy spent for deforming
the material in the vicinity of the crack tip. The FAD has been
verified by practice and represents a comparatively easily
applicable calculation methodology.

Therefore, for the materials having elastic-plastic behavior,
other criteria for defining the condition around the crack tip have
been created. These are the so-called J-integral and CTOD (Crack
Tip Opening Displacement). The J-integral (in Nm/m2) is an energy
based value determining the summary local plastic energy around
the tip of the crack at certain intensity of the stresses. CTOD (δ) (in
mm) is a physical criterion by which the opening of the crack at its
tip is defined. The critical values of these two criteria, Jc and δc,
respectively, serve as indicators of the elastic-plastic resistance for
the material. Thus, for instance, for weld joints of high strength
steel 10Г2САФ (corresponds to 10MnSiVN8-4), values for δc from
0.10 to 0.17 mm have been obtained [8].
So that the available geometric functions of LFM can be used
for the needs of NFM, correction functions are introduced.
Meanwhile, this has lead to the development of the diagram most
often used in engineering practice: the so-called FAD (FailureAssessment-Diagram) also called “2-criterion procedure” or „R6method”, created within the framework of a large European
network project, “FITNET” [9] ( Fig.1).

Fig.1 Schematic presentation of a FAD with a KrG limit curve
In the diagram, a failure limit function (curve) is plotted,
simultaneously controlled by the strength and toughness material
behavior. A given product is assumed to be secure, if the resulting
loading pair (Lr, Kr) is located under the limit curve KrG(Lr). On the
X-axis (abscissa), the rated loading is plotted or the so called
loading factor - the ratio of applied load to yield or proof load
Lr=F/FY, where F is the actual load, and FY is the yield limit load.
The loading factor on the Y-axis (ordinate) is in itself the ratio at
the crack tip Kr=KI /Kmat, where KI is the linear elastic stress
intensity factor at the crack tip, and Kmat is the fracture toughness of
the material. In the “admissible” area, the available crack is not
critical (it is safe), the selfsame grows stably under cyclical loading,
respectively. The limit function KrG(Lr) is defined by the following
equation:
(4)

Fig.2 ”FAD” with calculated values of the limit condition (the points
lying on the KrG curve) and of the safety condition (the points
lying under the limit curve)

As an example, on fig. 2, through the FAD, the results of the
calculations of the stress stability of two subjected to equal internal
pressure pipes of S275NL and S690QL steels with thicknesses of
50 mm and 20 mm, respectively, and with availability of surface
cracks in the longitudinal seam having various sizes (а: crack depth
and 2с: crack length), are indicated.
For the determination of Kmat , on principle the following
opportunities exist:  testing by means of the standardized
experimental methods of FM;  use of ready literature data;
 application of the “Master-curve” procedure, while using the
minimum values of the material mechanical parameters from the
technical conditions of the procurement.

6

KrG(Lr) = (1 – 0.14.Lr2).(0.3 + 0.7.𝑒 −0.65.𝐿𝑟 )

In conformity with the FAD, the assessment equation for the
“non-fracture” case, reads:
(5)

KrG(Lr) ≥ КI /Kmat

For Lr max , an additional limit value is introduced depending on
the material, by means of which the ductiliy displacements in the
area of the crack are limited:
(6)

Lr max ≥ σref /σY = F/FY

where σref is the reference stress in the crack plane that accounts for
the cross section of the support part reduced by it; σY is the current
material yield strength in the area of the crack while in a number of
cases it is assumed to be equal to (Re+ Rm)/2.

Fig.3 Probability plotting of the Master-curve as per Zerbst [18]
The “Master-curve” concept developed by Wallin [14] is a
very strong tool for applying FM in evaluating the structural
integrity of welded structures of ferrite steels with yield strength

The thermal stresses and the stresses caused by the production
technology are accounted for when calculating КI. Provided that the
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between 275 and 825 МРа: carbon, non-alloy, and alloy steels with
the typical structures of: bainite, tempered bainite, tempered
martensite, and ferrite-perlite. It represents a statistical assessment
procedure of the “fracture toughness – temperature” function which
treats the fracture mode of the material: brittle and/or tough-brittle.
The probability of brittle fracture is determined by the material
value of “Т0 reference temperature” (temperature at which the
fracture toughness is equal to 100 МРа.m1/2), (Fig.3). This
temperature may be determined by testing a relatively small
number of FM samples for which a defined level of stable crack
development is assumed.

temperature, for instance Т27J, T41J or the toughness in the lower
plateau.

The procedure for determining Т0 is standard and has been
described in [9]. The probability failure Pf follows the triparametrical Weibull distribution, where K0 is a scaling parameter
corresponding to KJc at failure probability of Pf = 63.2%, and KJc is
the critical fracture toughness determined for the case of planar
deformation condition, by means of the J-integral. The temperature
dependency of the Master-curve is assigned by the median value of
� m, corresponding to Pf = 50%
the fracture toughness KJc,med ≡ 𝐾
failure probability:

With the help of this correlation, it is possible the transition
temperature found by the Charpy-V samples to be transformed into
the analogical criterion Т100 МРа of FM. Thus the results of testing
the impact toughness as per Charpy-V may be applied in the
assessment of the structural integrity of the weld joints against
brittle fracture by means of the “Master-curve” and the “FAD”. In
its essence, this concept has been set in the formulations for
security against brittle fracture of the standards Eurocode 3,
ЕN 13345 and ЕN 13480.

(8)

These considerations are at the base of the further development
of the “Master-curve” concept looking for a correlation between
the criteria of transitional behavior of steels established through FM
(Т100МРа) and through the conventional method of testing,
Charpy-V (Т27, Т41 , resp.):
(11) Т100 МРа = T27J – 18 0C
(12)Т100 МРа = T41J – 24 0C

KJc, med = 30 + 70.exp[0.019. (T – T0)]

On Fig.5, an example has been given for graphically expressed
correlation for steels and their weld joints from Fig.4.

From here, the relationship follows for determining the
reference temperature Т0 :
(9)

T0 (or Т100) = T - �

1

0.019

� . 𝑙𝑛 �

𝐾𝐽𝑐,𝑚𝑒𝑑 − 30
70

�

Where Т0 (in 0С) refers to the median value of the fracture
toughness of 100 МРаm1/2; Т - the testing temperature.
Since the probability of fracture occurrence depends to a
considerable degree on the thickness of the samples used in testing,
then the obtained values of the fracture toughness from differing in
thickness samples KJc(B) must be standardized in relation to a
reference sample having a thickness of В0 = 25,4 mm. In this
manner, in the analysis it is possible to include also samples with
thicknesses smaller than the natural size of the structural part.
(10)

Fig.5 Correlation T100 MPa-T27J as per Langenberg for S355, S460,
S6990, S890 steels [14]

Essential is also the role of FM for forecasting the life span
(the safety resource) with cyclical loading of the weld joints in the
cases when at a given moment t0 a crack with ао (5 mm) size has
been found, and which is growing stably (Fig.6).

KJc (Bo) = Kmin+ (KJc (B) –Kmin).[B/B0] ¼

On Fig.4, an exemplary Master-curve has been shown, for the
S355, S460, S690 and S890 steels, obtained by Langenberg [14]. It
is evident that with the increase of temperature, i.e. by moving
away from the lower plateau (the brittle condition of the metal) the
dispersion of results for KJc increases.

Fig.4 “Master-curve” [14]
Fig.6 Curve of stable growth of the crack with plotted inspection intervals

The obtained results for Kmat with the aid of the Master-curve
concept are used directly for assessment of the structural integrity
after the two-criterion method of “FAD”. In a number of cases,
however, no FM data are available for steels but only the Charpy
impact energy (KV) at impact loading as per Charpy-V. The
Charpy-V test has been developed more than 100 years ago and is
the engineering testing method with the most experience
accumulated. Unfortunately, its results are more of a qualitative,
and not quantitative nature, since the registered Charpy impact
energy is of an integral nature. This means that in Charpy-V testing
the phases of initiation, development, and stoppage of the crack are
distinguished. Its characteristic criteria are the transition

for maintaining the safety resource

After calculating the critical length of the crack аcrit. (30 mm), it
is possible to determine also the residual resource of time for safe
operation tend i.e. the remaining number of loading cycles N until
reaching the critical size of the crack ac. According to the law of
Paris , these are determined [15] by the formula:
(13)

𝑁=

1

𝑐(∆𝜎)2 𝜋𝑌(𝑎,𝐺𝑒𝑜)

𝑙𝑛

𝑎𝑐𝑟𝑖𝑡
𝑎𝑜

where Δσ is the characteristic value of stress range with cyclical
loading; с - a constant (for instance 6,04.10-14).
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It is expedient, the time resource tend to be subdivided into
inspection intervals for maintaining security, for instance t1 and t2,
while being based on the presumption that if, after the expiry of the
first interval, it has not been possible, for one reason or another, to
establish the change in the length of the crack, then after the expiry
of the second interval too still the critical length of the crack will
not have been reached [14]. In this manner, an interval Δtγ is
reserved in advance, within which all permitted inaccuracies and
unforeseen circumstances may be covered, both regarding the
registration and monitoring of the crack, as well as of the analytical
assessments (calculations).
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3. Conclusion
The FM postulates may on principle be applied in the following
fields of welding:
- selection, optimization, and creation of main and additive
materials;
- strength assessment (designing) of structures with the assumption
of crack availability. The admissible stress in this case is
determined by means of the fracture toughness;
- additional dimensioning of already designed and fabricated
welded products with registered crack-shaped flaws. In this case,
the critical magnitude of the flaw is determined;
- analysis of occurred failures of welded structures and the ensuing
prevention measures for avoiding future failures.
Currently, in world practice, the “FAD” concept has won
recognition, designated for elastic-plastic materials, for instance the
structural weldable steels. It is being served by the so-called
“Master-curve” by which the necessary FM-parameters of the
material are determined. Besides these, also the conventional
parameter of material toughness - “Charpy impact energy KV”,
determined by the Charpy-V test, confirmed in practice since many
years, may be used.
For the successful application in engineering practice of the FM
methodological apparatus that has been envisaged in the present
applied European standards (Eurocode 3, EN 13445, EN 13480,
etc.) it would be appropriate to broaden the specialized training on
fracture mechanics (for instance within the Master’s degree level)
in the technical universities in our country, in first place for the
civil and mechanical engineering specialties.
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Abstract: The article presents the results of research in improving the reliability of the vibration-based diagnostics test results of industrial
equipment. It is possible to achieve such results through the modernization of the expert system by applying the theory of identification
measurement signals. It is proposed the conversion of vibration signals into the table clusters of standard names with known distribution
laws. The technique of intelligent processing of vibration signals and measurable technology to create a special database connection
clusters of quantitative and qualitative evaluation of a diagnostic condition of the equipment are considered in the article.
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defect influence. Consequently, the defect type and degree of wear
can be set by filtering of vibration signals.
Despite the advantages of the expert systems use for vibration
diagnostics, their work is considered to be insufficiently effective,
as only 60-70% of the defects are recognized , the forecast
accuracy reaches 0.6, they are highly specialized [4, 5]. The main
reasons for the ineffectiveness of the existing expert systems are:
- significant methodological difficulties in building of an
expertise database that reflect the skills of experienced
professionals - experts;
- the complexity of creating a knowledge base and database,
which would take into account all external actions of random
disturbing factors, incomplete information about the object state,
fuzzy information, vague judgments and decisions of
administrative staff;
- the effect of the nature of the dynamics of industrial activity:
change of the objects and products position in the space or change
the status of objects and materials in time connected with the
treatment processes;
- in spite of the significant advances in the field of artificial
intelligence (AI), there is still a certain technological gap between
technical developments, the AI software, and the possibilities of
their practical application more widely;
- diagnosis and control of the state are carried out only on the
statistical parameters of vibration and power consumption,
however, more effective diagnosis and monitoring should be
carried out on the dynamic changes of the parameters.
The authors propose to increase the effectiveness of vibration
diagnostics of expert systems by applying the theory of
identification measurement tools (ThIMT) to eliminate the abovementioned reasons.

1. Introduction
Many years of practical experience has shown that vibration
method is one of the most informative in order to control the
technical condition of machinery components.
The term "analysis of vibration signals" [1] involve the study
of the functional dependence of the measured vibration parameters
from one or more independent variables, moreover, time,
frequency, spatial coordinate or the serial number in the group of
independent vibration measurements are used more often as
variables.
There are many methods for the analysis and processing of
vibration signals [2]. Conventionally, they are divided into two
groups according to the parametric representation:
- in the time domain: mathematical analysis of the waveform
and the natural oscillations, statistical and correlation analysis;
- in the frequency domain: filtering, spectral and cepstral
analysis, spectral analysis of the envelope, etc.
At present, on the basis of the above methods there is the
introduction of "intellectualization" in vibration diagnostic
equipment through the creation of expert systems for the condition
monitoring and diagnostic of vehicles and machinery using
wireless technology.
At present, the effect of the introduction of the expert systems
for the condition monitoring and diagnostic of equipment is
significant and is as follows [3]:
- reducing the amount and cost of repairs in 2-4 times;
- decrease in the quantity of spare parts due to a previously
known nomenclature;
- decrease in the total duration of repairs, because they are
planned in advance;
- exclusion of replacing non-defective parts.
Temporary and frequency analysis methods of vibration
signals are implemented in the expert system. Quantitative
vibration settings: vibro, velocity and acceleration are defined due
to the temporary methods. When they are compared with the
established critical values by a decision of the need to repair and
remedy the defect equipment.
The basis of the frequency methods are the following: the
analysis of the spectral envelope, the shock pulse method, the
control of the state in a given frequency band, the analysis of the
direct spectrum, etc. The main way to solve the vibration
diagnostics involves the ability of frequency filtering of the
informative component of the measurement signal, which then
could be used as diagnostic indicators.
In particular, the appearance of the equipment defect is
accompanied by a harmonic component in vibration signals of a
certain frequency and amplitude, the proportional degree of a

2. Preconditions and means for resolving the
problem
ThIMT - a suite of intelligent technologies (methods and
computer tools) identification, recognition and digital signal
processing [6, 7]. The ThIMT content are the form measurement
technology - the distribution of the instantaneous values and
variability - the distribution of temporary signal intervals and its
characteristics with the processing of the identification parameters
in the structure of global standards using the identification scale
(Figure 1), consisting of identification parameters testers (IdPtesters), database (DB) and the logic analyzer (LA).
IdP-testers convert the arrays of input signal characteristics of
the IdP (identification parameters), which properties are subjected
to the principles of scale invariance, equivalence and coherent
order.
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Fig. 1 Block diagram of the identification scale (IS)
Built-in database contains the values of identification
parameters and the assorted names of shapes and variability of
standards. The standards can act as signal characteristics of the
object of certain conditions or signals with known distribution laws.
LA work is built on the issue of expert assessments (qualitative
and quantitative), or recommendations of the identification
measurement signal research and its characteristics, the use of
methods and algorithms for sorting and filtering standards,
comparison of the identification parameters of signals with
reference values.
The feature of identification measurement is the ability to
identify and recognize common characteristics of the composite
signal and its increments: time, spectral, probability, correlation,
wavelet, and most importantly, linguistic.
For research it is used the expert diagnostic system software,
"IDS Kamerton- D" [8], developed by "ROS" scientific and
production enterprise.
In contrast to the existing, the expert systems "ROS" SPE can
be regarded as a class of intelligent systems with the following
functions: measurement registration, automatic detection of object
parameters,
predicting
failures
and
defects,
making
recommendations on the maintenance, preservation and
maintenance of archive measurement records.
Mean square value (MSV) is used in orthogonal directions in
the frequency range from 10 Hz to 1 kHz as parameters for the
study of vibration, MSV vibration displacement and vibration
acceleration in the relevant frequency band is exposed additional
rationing.
Temporal and spectral characteristics of the vibration in
orthogonal directions are formed as a diagnostic result. Examples of
the diagnostic results at different measuring points on the
centrifugal pump NM 12500-210 №12 of the pump unit are shown
in Figure 2 - the real time characteristics of vibration signals and in
Figure 3 - spectral characteristics of acceleration.
As seen in Figure 2, the temporal characteristics of vibration
signals have a complex shape containing stationary and nonstationary components and describe their mathematical relations,
internal linking structure of signals, is difficult.
However, using data ThIMT measuring signals are
systematized and are suitable for the identification and recognition.

Fig. 2 The diagnostic signals in a centrifugal pump, the pump unit
HM 12500-210 №12: the top row - characteristics of vibration
displacement, medium - vibration, lower - acceleration.

Fig. 3 Spectral characteristics of acceleration in the centrifugal
pump, the pump unit NM 12500-210 №12

3.

Results and discussion

The authors have been developed the intelligent computer
system for the research. Its structure (Figure 4) was based on the
main provisions of the theory of identification measurement and
consists of a signal reader (SR), an identification signal analyzer
(ISA), the comparator (C), the database of the reference signal
(DBRS) tabular and hierarchical classifier (TC-HC), and the
interpreter.

Fig. 4 Structural Studies scheme
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The developed system is embedded in an expert system
diagnostic software, "IDS Kamerton-D". The temporal
characteristics of vibration signals from the software module "IDS
Kamerton-D" are entered in an intelligent system with the help of
the SR.
The test signals are analyzed by two channels: absolute and
relative measurement (CAM and CRM). ISA unit measures some
integrated identification parameters of signals, using which is
possible to build a two-dimensional tabular classification (TC unit)
– which was not used during the research.
The Comparator and DBRS are used to measure variations of
the input signals from the system of 17 reference signals with the
known distributions of instantaneous values: 2mod – two-modal;
asin - arksine; bern-l – Bernoulli, left; bern-r – Bernoulli, right;
binom - binomial; even - uniform; exp-l - exponential, left; exp-r exponential, right; GAMM - gamma; gaus - normal; kosh Cauchy; lapl - bilateral exponential; pois - Poisson; rele - Rayleigh;
simp - triangular; trap - trapezoidal distribution.
To estimate the total variance values study and reference
signals have the same number of samples. The table of the average
deviations values of all standards is automatically created as a
result of the analysis. The HC unit sorts the reference signals of
deviations for each of the input signals in order to be constructed
then the classification tree out of the standard names.
The structure of the research system has been implemented as
a computer device in LabVIEW environment. A number of
relational databases has been produced in the form of tables in the
EXCEL environment of identification measurement results – form
view of temporal characteristics by different parameters as a result
of the research. All of them are quite informative for coding,
identification and detection of vibration signals.
In the interpreter (Figure 4), by sorting and filtering of
database records, it is possible to build linear and tree classification
linking signals filenames with diagnosable state of the object.
As a result of the research, the authors of the project developed
the research computer device implementing data mining based on
the identification measurements. A computer device is an
intellectual analyzer, because it contains a built-in database of
standards - assorted distribution of instantaneous values,
automatically adjusts to a certain volume of the test sample of the
input signal.
Figure 5 shows the front panel of the intellectual system.
Vibration signals are automatically entered with the software
module "IDS Kamerton-D" of the multi-channel diagnostic system.

- quantitative characteristics of the signal, required for analysis
(amplitude, frequency characteristic, identifying the parameters of
shape and variability of signal indicators and trend randomness,
etc.);
- standard names of deviations from the distributions of
instantaneous values of the test signal.
A lot of the time characteristics of vibration signals had been
received as a result of the research. Their analysis of identification
measurements using led to the following conclusions.
1. All items of diagnosis objects and every complex shaped
vibration signal on the principle of assignment of the standard
name with minimal deviation to the studied temporal characteristics
can be represented in the form of a table cluster LC [N * M] identification table with linguistic characteristics of LD (the names
of standards with known distribution laws) . Each cluster of N number of control points, M - the number of measurement
parameters.
Table 1 shows examples of 4-cluster table 2 elements (motor
and pump) with two characteristic states: "defect-free state" and
"Defect - bearing runout" pump set HM 12500-210 №12. For each
cluster table N = 6, M = 3.
Table 1: Examples of table clusters states NM 12500-210 №12
< Defect-free state >
CP
Motor
Pump
DV
VV
aV
DV
VV
aV
1V
fract
fract
simp
even
gaus
gaus
1О
rele
fract
simp
rele
rele
gaus
1P
rele
rele
simp
even
gaus
lapl
2V
rele
even
simp
even
gaus
gaus
2О
even
kosh
simp
rele
rele
exp-l
2P
trap
trap
simp
even
gaus
exp-l
< Defect - bearing runout >
Motor
Pump
DV
VV
aV
DV
VV
aV
1V
gamm
fract
simp
pois
fract
even
1О
pois
rele
simp
rele
gaus
even
1P
rele
rele
rele
gaus
even
lapl
2V
even
even
simp
rele
gaus
gaus
2О
even
kosh
pois
gaus
gaus
exp-l
2P
kosh
rele
simp
exp-l
even
exp-r
*DV – vibration displacement, Vv - velocity, aV - vibration
acceleration, CP – control points
2. Cluster representation of the objects elements state of
diagnostics by the linguistic characteristics is convenient for the
constructing of the volumetric bases of vibration diagnostic
information data, thus to work with clusters it is required a simple
mathematical apparatus.
3. Cluster representation of complex vibration signals has led
to the possibility of modernization of the existing expert system
(EES). Modernize EES structure is shown in Figure 6.

EES

Diagnostics
object

VSIC

DSP

IOD

IVSPU
Expert
Fig. 6 Modernize expert system
Fig. 5 Front Panel of the designed computer device

EES includes the following elements: a block of vibration
acoustic sensors with information converters (VSIC), multi-channel
diagnostic signal processing (DSP) and an information output

The monitor displays shows:
- a form of research signal;
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display (IOD). Modernization was carried out by the inclusion of
additional intellectual vibration signals processing unit (IVSPU),
built on the basis of the developed computer device (Figure 5) with
minor structural changes to be embedded into the EES.
In the diagnosis of EES it operates independently of IVSPU
according to the established techniques and algorithms by the
expert system developers, providing the expert with a diagnostic
information in the form of graphs and numerical values of vibration
parameters.
IVSPU operates in two modes: training and diagnostics. In the
first case, it is created a special base table clusters LC [N * M] E (I)
describing the state and defects of the diagnosed equipment and
which subsequently act as standard. The initial information to
create the database is a recommendation of an expert in nondestructive testing and diagnostics of the results obtained with the
help of EES.
In the diagnostic mode, the analyzed signal is converted to a
table cluster LC [N * M] X. With the method of element-wise
comparison of the test cluster with clusters of standards recorded in
the database, with LC [N * M] X = LC [N * M] E (I) the operator
is provided a description of the equipment state with possible
defects and recommendations for their elimination. In the absence
of overlapping clusters IVSPU goes into teaching mode.
Thus it is conducted a comprehensive diagnosis with EES and
intellectual processing of vibration diagnostic signals on the basis
of identification measurements.

4.

5. Literature
1. Barkov A.V., Barkov N.A. Vibration diagnostics of
machines and equipment. Vibration analysis.SPl., SPlSMTU 2004,
176.
2. Blahut R. Fast algorithms for digital signal processing:
Eng.trs, M., Mir, 1989, 448.
3. Smirnov V.I. Methods and means of functional diagnostics
and control of technological processes on the basis of
electromagnetic sensors. Ulyanovsk, Ulyanovsk State Technical
University, 2011, 190.
4. Antoni J. Blind separation of vibration components:
Principles and demonstrations.- Mechanical Systems and Signal
Processing, 2005, v.19, p. 1166–1180.
5. Russov V.A. Spectral vibration diagnostics. / V.A. Rusov. Perm: Vol. №1, 1996, 176.
6. KlikushinYu.N., Koshekov K.T. Methods and means of
identification of measurement signals. Petropavlovsk: NKSU
named after M. Kozybayev Press, 2007, 186.
7. Klikushin Yu. N., K. T. Koshekov, V. Yu. Kobenko, E. S.
Trunin An algorithm for evaluating the state of a generating unit
based on the identification measurements of vibrosignals. Russian
Journal of Nondestructive Testing July 2014, Volume 50, Issue 7,
413-418.
8. http://ros-diagnostics.ru – “ROS” SPE.

Conclusion

Modernization of vibration diagnostic expert system based on
the application of the theory of identification measurement signals
allow to offer a computer device that implements the conversion of
vibrations into the table clusters. In this way it is possible to
perform intelligent processing of vibration signals and create a
special measurable database of clusters connection with
quantitative and qualitative assessment of the complex objects
state. The device is a complete intelligent device that is compatible
with real multi-channel diagnostic complex software, "IDS
Каmerton-D ". During the experimental work it was found that the
efficiency of diagnosis and monitoring is increasing. In particular,
when the pump unit is studied, NM 12500-210 №12 accuracy
assessment of the state and the probability of detection of defects
increased by an average of 10%.
Intellectual power of the computer device depends on the
number of used standards. Do this requires a number of technical
measures for software modernization. However, in this form, the
system allows us to solve many problems associated with the
quantitative and qualitative assessment of the complex objects
state.
It is considered the possibility of the developed technique
using for the diagnosis of another type of equipment: pumping
units, compressors and other rotating oil and gas equipment.
The work within the scientific grant of the Committee of
Science, Ministry of Education and Science of the Republic of
Kazakhstan and in the manner of creative cooperation of NorthKazakhstan State University, Omsk State Technical University and
"ROS" SPE.
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ELECTRIC-WELDED STRAIGHT-LINE-SEAM PIPES OF HIGH STRENGTH
FOR UNIQUE BUILDING CONSTRUCTIONS.
Vedyakov I.I.1, Odesskiy P.D.1, Gurov S.V.1, Arsenkin A.M.2
The Central Scientific-Research Institute of Building Constructions named after V.A.Kucherenko of JSC “Research Center “Construction”,
Moscow. Russia1
The Institute of Metallurgy and Material science of Russian Academy of Sciences, Moscow, Russia2
Abstract:. It was examined the developing of Specifications for high durability and large diameter electric welded straight -seam pipes used in
unique constructions including that they worked in heavy climate conditions. It was demonstrated that the pipes, made with high cleaned from
harmful admixture thick sheets treated by thermo mechanical rolling and accelerated cooling, possess very high cold-resistant,
crack-resistant, fire-resistant and high resistant against propagation of fatigued cracks. It was installed that such pipes possess high resistant
against mechanical aging and they have high level of parameters defined the resistant against the seismic loadings. In accordance with the
results of researches there were developed Specifications with the suitable guarantee provided operational reliability of unique constructions
made with electric straight- seam pipes.
KEY WORDS: LARGE DIAMETER ELECTRIC WELDED STRAIT-SEAM PIPES, HIGH DURABILITY, HIGH OPERATIONAL FEATURES,
UNIQUE CONSTRUCTIONS, HEAVY CLIMATE CONDITIONS.

Introduction.
Materials.

The pipes as profiles for building constructions have a
number of obvious advantages over structural elements with flat
sections (shaped sections, sheets): the pipe structures are
lighter-weight (at equal load bearing capacity), work better at
compression, have higher resistance to fire and wind effects.
The builders bring particularly high requirements to metal
of the structures operated in seismically active regions, especially in
those with negative climatic temperatures and severe hydrological
conditions. Here, the steel including welded connections should have
the high destruction resistance, fracture resistance, uniform
elongation and fire resistance as in case of earthquakes a number of
fires increases.
This report considers the prospect of the new pipes’
application in aseismic construction in severe climatic conditions,
where the pipe metal, which is obtained by thermo mechanical
rolling with further accelerated cooling, excels by high structure
dispersion, high cleanness to detrimental impurities (S < 0,010%, P ≤
0,015%), improved weldability (C ≤ 0,12%, the carbon equivalent Ce
≤ 0,43%).

Currently, pipe plants produce electric-welded
straight-line-seam pipes of large diameter 530-1420 mm with
wall thickness up to 45 mm for building metal constructions. The
pipes of high strength with tensile properties conforming to the
requirements of the applicable building codes for steel C390 (σ0,2
≥ 390 N/mm2;
σBreaking stregth ≥ 540 N/mm2; δ5 ≥ 20%) and especially C440 (σ0,2
≥ 440 N/mm2;
σB ≥ 590 N/ mm2; δ5 ≥ 20%) are the most interesting for
construction use.
For this study we have chosen the pipes typically
used in structures with C440 properties with the diameter of 1220
mm and the wall thickness of 34.6 mm. The pipes are made of
thick sheets produced at rolling mill 5000 by thermo mechanical
rolling with further accelerated cooling, of the chemical
composition (Table 1):
Table 1

Option
№
1
2

Mass fraction of elements, %
C

Mn

Si

P

S

Cr

Ni

Cu

V

A1

N

Mo

Ti

Nb

Ca

Cэ

0,06
0,06

1,73
1,63

0,16
0,20

0,011
0,008

0,001
0,001

0,04
0,04

0,23
0,43

0,23
0,22

0,004
0,004

0,03
0,03

0,004
0,004

0,02
0,04

0,01
0,02

0,04
0,04

0,001
0,001

0,39
0,39

austenite consists of elongated "pancake" grains as a result of thermo
mechanical rolling with accelerated cooling. Mechanical properties
at tension-compression are presented in Table 2

Results and discussions.
The base metal microstructure is a fine mixture of ferrite
and bainite bands of lath morphology. The structure of the former
.

Table 2
Stress
conditions
Tension
The same
Compression

σ 0,01

σ 0,02

σ 0,2
N/mm2

σ 0,5

σB

δ5

δP
%

Ψ

504

522

544
525
545

548
527
-

601
592
-

20,5
21,0
-

5,7
6,7
-

78
79
-

The diagram "σ - ε" has the form without yield plateau,
however, σ0.01/σ0,2 and σ0.2/σв ≈ 0,9 like construction steels.
The results of tensile tests at elevated temperatures have
showed that at 600°C the criteria of fire resistance for steel (σ0,2
600°С /σ0,2 20°C ≥ 0,6) are fully met.
Impact bending tests of the samples with sharp
V-shaped notch have shown that within the climatic temperatures
the steel has exceptionally high impact strength: KCV-75≥ 300
J/cm2 both in the cases of sampling from the surface and
sampling from the middle of sectionWhile testing of welded

joints it is shown that the metal of weld seams has rather high
impact strength: KCV-40 > 150J/cm2. When concentrators are on
weld line the minimum values occur: these values are big enough
for standard sampling KCV-40 > 70J/cm2.
At non-uniformity of the properties over the cross
section the test results for full-thickness samples are of special
interest.
The results of drop weight tear tests (Table 3) indicate high crack
extension resistance of the pipe metal: even at -40°C B ≥ 85%.
The Shear area B, % in fracture at t, °C

32

Table 3
-20

-30

-40

-50

-60

-70

100;98

85;88

90;85

72;82

54;60

46;52

The high fracture resistance of both the base metal and the welded joint is shown in evaluation of the deformation parameter δc by
methods of destruction mechanics (Table 4). Also the metal has the high cyclic fracture resistance (Table 5).
Table 4

Crack-tip opening displacement at maximum load δc,mm at t, °C
Sampling location
Base metal
Weld fusion line
Seam centre

+20

-20

-40

-60

1,22; 0,36
1,17; 1,24

0,77; 1,25
1,24; 0,43

0,64; 1,42
0,77; 0,35

0,30; 0,27
0,35; 0,35

0,87;0,73

0,80; 0,70

0,73; 0,66

0,57; 0,10

Table 5
The parameters of cyclic fracture resistance
Parameter
evalution'
location

Base metal
Welded seam
Heat-affected zone of
weld

Testing
temperature

+20

R

Thickness of sample,
mm

0,2

25

1,82 10- 1 3

4,00

-13

4,29
4,39

0,2

25

0,93 10

+20

0,2

25

0,51 10- 1 3

5

Conclusion.
According to the new Technical Specifications the pipes can
be applied in unique engineering constructions, including those
operated in severe climatic conditions and in areas with high seismic
activity.
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slow with temperature, which means that dependence of TEC on
temperature is mostly determined by course of temperature of heat
capacity. Therefore coefficient of thermal expansion tends to zero
as Т→0 K, and tends to a constant value for higher temperatures. In
some cases, structural and phase transitions can cause a sharp
change of sample dimensions.

1. Introduction
Thermal expansion of solids is a general property of condensed materials. It is based on the fundamental principle of condensed matter structure: on the asymmetry of the attractive forces
between particles (atoms), constituting macroscopic bodies. Whereas the distance between the particles is determined by force balance,
potential minimum in the balance point stays asymmetric, therefore,
with temperature increase, the particles are displaced towards the
flat side of the potential well.

Magnitudes of TEC for the most materials vary within a
factor of ten at room temperature as a result of the general laws for
the condensed matter interaction pattern. Proximity of TEC values
of various materials and their weak dependence on the history and
purity of material emphasize the fundamental character of the quantity and also its relation to general material parameters and the
structure of material. Therefore, thermal expansion is an important
and informative parameter of the solid, which is related to the thermodynamical parameters (Helmholtz energy, enthalpy) and the
structural parameters (phonon spectrum, lattice anharmonicity,
defects) of the material.

From thermal expansion research one can obtain information about inter-atomic forces as well as estimate anisotropy and
anharmonicity of the inter-atomic interaction in solids. Accurate
measurement of the temperature coefficient of thermal expansion is
required for fundamental studies in solid state physics (e.g. point
defect formation).
The thermal expansion usually is described by Thermal Expansion Coefficient (TEC). In it’s turn, TEC may be formalised by
one of possible ways:
α = dL / L dT

(differential)

αav = ∆L / L ∆T

(averaged over temperature interval)

β = dV / V dT

(volume expansion coefficient)

On the other hand TEC should be taken into account whenever one deals with wide range of temperatures: from cryogenics to
solid state technology. For instance, coefficient of thermal expansion of the material for the telescope mirror has to be controlled up
to 10-8 K. Dilatometer data is also required for vacuum and solid
state electronics, where different materials junctions are used, for
building heterojunctions in optoelectronics, because normal operation of heterojunction devices are limited by strain accumulation
due to materials TEC mismatch. These and other applications require high precision TEC determination in a wide range of temperatures.

First one is used preferentially in scientific research, the second variant of TEC is more convenient for practical purposes, e.g.
in industry, and the last concerning the relative volume expansion.
The physical dimension of TEC is K-1. The various authors may
assume different variant of

2. The apparatus and method of measurements

TEC formalisation and this should be take into account.

Coefficients of thermal expansion for modern artificial materials, including custom made ones, in contrast, can vary over a
wide range between 0.01 106 and 50 10-6 K-1. There are many types
of dilatometers dealing with different scientific and practical problems of materials. Any of those dilatometers has got its constructive
and operating features. Different TEC determination technique is
used for different purposes.

Coefficient of thermal expansion is related to the other
thermodynamic parameters, including heat capacity, that follows
from the Gruneisen’s relation [1]

(1)

It can be problematic to take into account all of the entities
that influence the TEC measurement precision. Therefore for calibration of dilatometers special standard reference materials (SRM)
with different physical properties are used.

where β – is volumetric coefficient of thermal expansion;
γ - Gruneisen parameter, describing Debye temperature variation with volume change;

Typically, a dilatometer should be calibrated using materials
similar to those to be studied in specific measurements. Using similar kinds of materials provides realistic examination under near-real
conditions in order to minimise possible side effects contributing to
the measurement uncertainty. This explains the necessity to find
suitable reference materials for TEC standards with different TEC
values and various physical properties.

V - molecular volume
Cv - heat capacity at constant volume

-

- isothermal compressibility.

The TEC measurement includes measurements of sample
length, elongation and interval of the temperature change. Methods
of measurements for SRM certification have to provide accuracy,
comparable with the highest accuracy achievable for every kind of
measurements.

Temperature dependence of thermal expression coefficient
can be determined from the expression above. In Gruneisen approximation γ does not depend on temperature, whereas x and V vary
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Typically, a dilatometer should be calibrated using materials
similar to those to be studied in specific measurements. Using similar kinds of materials provides realistic examination under near-real
conditions in order to minimise possible side effects contributing to
the measurement uncertainty. This explains the necessity to find
suitable reference materials for TEC standards with different TEC
values and various physical properties.

3. Results
Recent years the samples made of the specially oriented
single crystalline sapphire, imitating the LEC of corundum ceramics, are the most popular [4].
Single crystal sapphire is an anisotropic crystal. The crystal
belongs to a trigonal syngony, to a space group 3m. The TEC
value along the crystal axis of Al2O3 differs from that for the
transverse direction (α- = 5.62 10 –6 K-1; α¦ = 6.44 10-6 K-1 in
the temperature range 20-1000C). Length gauge made of sapphire do not change there dimensions during thermal cycling.
So, the properties of crystal sapphire make it a multipurpose
reference material. It does not undergo any phase traditions in
the temperature range to 2000 K.

The TEC measurement includes measurements of sample
length, elongation and interval of the temperature change. Methods
of measurements for SRM certification have to provide accuracy,
comparable with the highest accuracy achievable for every kind of
measurements.
In Russia values TEC of SRM materials have been obtained
using high precision interference dilatometers from “D.I.Mendeleev
Institute for Metrology”, that provide standard deviation of the TEC
value up to 0,5.10-9 К-1 in 100 degree temperature range [2]. Stability of the properties of the reference materials and standards is
given special attention, with highest priority to the TEC values
stability.

Nowadays the push-rod dilatometers for high temperature
TEC measurement are spread worldwide. Those dilatometers
are produced by the world’s leading corporations. They have a
kinematics system made of aluminum oxide ceramics. To determine the uncertainty of the dilatometer’s own extension, TEC
reference materials should be the same as that of the kinematics
system or to have TEC value as close as possible. However ceramic length standards do not meet requirements on accuracy,
because their properties are less repeatable than those of single
crystal. A single crystal standards with the length axis aligned at
the angle of 590 to the crystal C axis are the best for this purpose, as their TEC value is close to TEC of corundum ceramics.

Measurements in VNIIM dilatometers are based on analysis
of the interference fringe pattern. Special algorithm is used for
interferogram processing, that provides detection of phase shift
value up to 10-3 [3]. At fig 1. the test sample with the interference
plates is shown along with the experiment monitor screenshot,
displaying current interference pattern and experiment data record.

On the other hand that kind of orientation toughens the
requirements for the sample orientation with respect to the crystal C axis. To achieve TEC standard uncertainty value of 5.10-8
1
К- , alignment accuracy of ± 2о is required for 59° alignment.
Production and wide spread of these standards became possible
because of successful cooperation with the material scientists
from Russian Academy of Sciences who developed the growth
method of profiled sapphire single crystal.
Next figure 3 show the investigation results. The data
shown are the TEC of single crystal sapphire for various orientations. Along with the data from D.I.Mendeleev institute the
NIST data are also shown for comparison.

Fig1.
Left:
sample under investigation with the
interferometric plates; Right: Experiment monitor view shows
interferometric pattern and the real-time plot of experiment parameters.
The technique, mention above, allowed to develop a set of
standards with different physical properties for use in a wide range
of temperatures between 90 and 1800 K to meet all customer requirements. As a rule, the reference materials have to be clear,
chemically inert and homogeneous, neither changing their properties with time, nor having any phase transitions in the given temperature range. Platinum, copper, single crystalline aluminum oxide,
molybdenum, aluminum, different sorts of fused silica, multi-alloys
are used for that purpose. The TEC values of those materials, depending on the temperature, are shown in fig 2.

Fig.3 Dependence of TEC of single crystal sapphire for different orientations. The two curves for 590 orientation are the
data from NIST and from D.I.Mendeleev Institute.
It can be seen that scattering of the single crystal TEC
data from different authors with regards to the data in this paper
fall within uncertainty range of the dilatometer used.
Alumosilicate based pyroceramics CO-115M (Lytcarino, Russia), can be provided as another example of thoroughly studied ultraslow TEC material. This ceramics include
the nanocrystals of β - spodumene, β - silica and β - eucryptite
as a phase, reducing TEC of initial glass. Transparency of alu-

Fig.2 TEC value for various materials as a fanction of temperature
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mosilicate is achieved by thermal treatment, when crystalline
dimensions become significantly smaller than wavelength.
Alumosilicate TEC measurements were performed using the
Institute’s high precision interference dilatometers according to the
measurement technique, providing average TEC measurement
standard deviation in the hundred degree range of 0,2.10-8 ÷ 0,5.10-8
К-1 [5]. More than 30 slabs of this material have been studied. Fig. 4
shows typical temperature dependencies of TEC for –60 ÷ 100 оС
temperature range. One can see that the material almost do not
change it‘s size around room temperature.

Fig. 6. 10-meter mirror of SALT assembly. Mirror elements
made of ultralow TEC material. TEC value and material inhomogeneity was supervised by D.I. Mendeleyev institute for Metrology.
Fig. 4 Temperature dependence of expansion of the CO115-M
alumosilicate samples.

5. References

The special attention was drawn to homogeneity of material. Test samples were cut out of different parts of the block:
upper part, middle, lower part, edge and center. Figure 5 illustrates TEC scattering within the slab.

[1] E. Gruneisen, Handbuch der Physik, 1926,10, 1.
[2] A. I. Pokhodun, T. A. Kompan, N. A. Sokolov, et al
“The Upgraded State Primary Standards for Units of Thermophysical Quantities”, Izmeritelnaya Tekhnika, No. 8, 55 (2009)
[3] T.A. Kompan, A.S. Korenev, A.Ya. Lukin, “An automatic system for dilatometric measurements with the multiparametrical data processing from the of interference pattern field”,
Izmeritelnaya Tekhnika, No. 6, 31 (2001)
[4] Kompan T., Korenev A., Lukin A., Antonov P.,V.
Krymov “Profiled single cristal sapphire – new reference material dilatometry " Bulletin of the Russian Academy of Sciences:
Physics, 2004, v. 68, № 6, p.895-898
[5] Kompan T., Korenev A., Lukin A. “Investigation of
Thermal Expansion of a Glass-Ceramic Material with an Extralow Thermal Linear Expansion Coefficient”, International Journal of Thermophysics 2008, Volume 29, Number 5, p. 18961905.
[6] O. Ponin, A. Sharov, I. Galyavov, T. Kompan, J. Swiegers, A. Swat, in Proc. of SPIE “Large Ground-Based Telescopes”, SPIE, Bellingham, 2003 v.. 4837, part 1, pp. 795-804.

Fig. 5 Homogeneity of TEC inside the CO115-M alumosilicate
slab

Low TEC value and time stability of CO115M alumosilicate allowed to use this material for producing the mirror of the
Southern African Large Telescope, and also in metrology as
low TEC reference material [6] (Fig.6).

4. Conclusions
D. I. Mendeleyev Institute for Metrology has resources for
precise TEC measurements, develops and supplies reference
materials with certified properties.
Everybody is welcome to collaboration.
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Abstract: The paper contains results for wear in conditions of impact between a standard welded and tested specimen realized in the
presence of a layer of abrasive particles trailing in the contact zone. It gives an idea about the specifics of this type of wear depending on the
impact force and the particle size of the abrasive at various hardness achieved by hard-facing with alloys with different carbon equivalent
and a degree of hardening of the layer after the test. Based on an experimental research it was proved that the impact-abrasive wear has its
specific features expressed via respective graphical relations. The research was funded by Fund “Scientific Research” at the Ministry of
Education and Science of the Republic of Bulgaria.
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1. Introduction
The mechanism and the basic laws of impact-abrasive wear
are determined by a series of factors, the main ones being the
energy of the impact and the hardness of the working parts and
also the size of the abrasive powder. This type of wear has been
introduced by Russian scientists V. N. Vinogradov and G. M.
Sorokin [1]. In the overall assessment of the impact-abrasive
wear, there must be taken into consideration the strengthening of
the layer which in most cases has a favorable effect on the work
of the equipment.

the form of a sand table. The subsequent plastic deformation is
heterogeneous and localized in separate micro volumes. On
impact part of the energy and sometimes all the energy is
absorbed by the metal.

Using the research of strengthening of various welded layers
it is possible to determine conditions that prevent the occurrence
of brittle cracks, their development and the subsequent merger
with others that decrease the wear resistance of the metal in the
event of an impact.

The purpose of the present paper is to summarize the results
of the experimental research which are related to the basic factors
of testing in the newly created stand by application of a
methodology from an established standard [2].

It is spent for deformation strengthening which as a general
property of the metal is manifested as a resistance against the
subsequent deformation. The research of strengthening is of
interest due to changes in the microstructure of the material.

2. Defining the parameters of passive designed
experiment

The creation of engineering methodologies for calculating the
intensity of impact-abrasive wear is an important need related not
only to the dependencies of wear on the physical and mechanical
properties but also to the strength characteristics and the microgeometry of the tested surface. In the process for improving an
existing stand [2] within a separate project (No.1242/11 funded
by Todor Kableshkov University of Transport) there was
performed a full modification of the construction and the
mechanics of movement in conducting the experiments; also
there was implemented advanced electronic control which
expands the range of the tested-materials types (fig. 1.).

In Majlesi Branch of Islamic Azad University in Iran, there
were welded with three types of electrodes of chemical
compositions cited in Table.1, 30 pieces of standardized samples
which were a subject of same technological conditions.

The timeliness of the research is reinforced also by the fact
that taking into account the differences in the tribological
research methods there cannot be made any analogy between the
impact-abrasive wear and the methods of wear for sliding.
The direct dynamic implementation of solid abrasive particles
on the surface of the contact creates favorable conditions for the
emergence of cracks in the top metal surface that are easily
merged with other similar cracks during the penetration of
adjacent grains. Under these conditions, the most negative are the
influence of the heterogeneous properties of the surface layer as
well as the presence of brittle phases and locally hardened layers.
These factors lead to the emergence of brittle cracks, their
development and the subsequent merger with others that decrease
the wear resistance of the metal in the event of an impact.

Fig.1. General View of the stand for impact-abrasion wear

The creation of engineering methodologies for calculating the
intensity of impact-abrasive wear is an important need related not
only to the dependencies of wear on the physical and mechanical
properties but also to the strength characteristics and the microgeometry of the tested surface.
The new solution of the stand imitates the process of wear
that occurs after a direct blow to the tested body with a standard
specimen in direct contact with free falling abrasive particles in

Fig.2 rough

Fig.3 processed

General view of hard-facing samples
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Fig. 1 shows the impact abrasion test device according to
Gost 23.207-79 Russian Standard. Fig.2, fig.3 shows the general
appearance of the rough and processed samples. Tabl. 1 shows
the chemical composition of Iron based Hard facing electrodes
that produced by Iranian AMA electrode company.

Table 3. Range of change of controlling factors

Factors

Table 1. Chemical composition of the electrodes used for
hard-facing
Electrode

C

Mn

Si

Cr

Mo

V

W

Cекv

1,1

3,305

1105

0,9

0,5

0,5

4,2

8,5

0,9

1600
1622

0,5
0,2

0,3
0,4

0,4
0,5

7
2,8

0,5

0,5

X1
(HRC),[/]
X2 (PI),
[J/sm2]
X3 (GS),
[mm]
X4 (Cekv ),
[/]

1,640
1,440

X2
(PI)

X3
(GS)

X4
(Cekv)

LW [g
10-4]

HRC
after
IAW
58,8

b(00)=
X1
X2
X3
X4
X12
X1X2
X1X3
X1X4
X22
X2X3
X2X4
X32
X3X4
X42

%∆
HRC

12,21
0.543
-1
-1
1
13
0.850
-1
-1
-0.786
9
57,3
0,70
-0.734
-1
-1
-1
23
42,54 26,23
0.509
-1
-0.137
1
22
66,16 27,48
0.372
-1
-0.137 -0.786
21
64,44 29,14
-0.454
-1
-0.137
-1
25
38
0,53
0.549
-1
1
1
101
62,16 18,40
0.522
-1
1
-0.786
114
65,64 25,99
-0.713
-1
1
-1
100
47,3
39,12
0.563
0
-1
1
18
62,02 17,69
0.468
0
-1
-0.786
16
65,98 28,62
-0.993
0
-1
-1
27
45,1
50,84
0.672
0
-0.137
1
49
60,98 12,30
0.843
0
-0.137
1
48
62,56 10,14
0.358
0
-0.137 -0.786
55
57,9
16,50
0.556
0
-0.137 -0.786
59
60,76 15,51
-0.679
0
-0.137
-1
97
44,0
27,54
-0.904
0
-0.137
-1
125
45,0
44,23
0.515
0
1
1
258
60,8
16,92
0.256
0
1
-0.786
260
59,86 24,19
-0.700
0
1
-1
255
36,28
6,08
1
1
-1
1
48
65,52 10,86
0.052
1
-1
-0.786
35
66,46 27,81
-0.973
1
-1
-1
64
41,62 37,81
0.529
1
-0.137
1
156
54,2
3,83
0.420
1
-0.137 -0.786
106
65,98 30,40
-0.474
1
-0.137
-1
125
43,72 16,59
0.884
1
1
1
418
65,0
13,24
0.427
1
1
-0.786
403
60,98 20,28
-1
1
1
-1
510
33,74 13,22
The conversion key from coded meanings to normed ones is
in Tabl.3; in this Table, there is also the range of change of the
controlling parameters of the process.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

Code [0]

Code [1]

29,80

44,45

59,10

0,48

1,30

2,12

0,196

0,728

1,26

1,44

2,372

3,305

Table 4. Coefficients of the model and its adequacy
validations

Table 2. Relations between controlling managing factors and
the examined factor
X1
(HRC)

Code [-1]

As a result of an implemented standardized procedure [5,6] at
defining an experimental basis from Tabl.2, there was determined
a regression model for the loss of weight depending on the
specified above controlling factors the coefficients of which are
presented in Tabl.4.

An essential task of this section is to establish the possibility
to find a possible relation between the loss of weight /LW/ and
the four parameters of the experimental research.
•
Layer hardness /HRC/;
•
Impact energy /PI/;
•
Size of the abrasive material / GS /;
•
Carbon equivalent /Cekv/ of the welded material.
Tabl.2 shows the combinations of the explored experimental
controlling factors and the values of the respective fixed
meanings for the loss of weight

№

Variation levels of controlling
factors

For Loss of
weight
272.775
-62.5362
85.2068
122.241
36.4447
8.93410
-17.6384
-15.7202
33.6166
16.6244
77.1357
12.9030
49.7648
4.68954
-213.794
R = 0.9933
79.1201>2.4274
(а=0.05;14;15)

For
strengthening
103.911
-32.8925
-6.22308
-1.85656
18.5948
24.5241
11.3752
7.27488
-5.52689
-.652608
-5.62072
-6.46953
-2.41272
-1.38608
-93.1205
R= 0.8596
3.0328>2.4274
(а=0.05;14;15)

The estimation of the approximation-models quality is made
on the basis of the regression coefficient R and Fisher F-criterion
between the actually observed experimental and modeled values
of resulting quantities. The meanings of these checks are
contained in the last two rows of Tabl.4.

3. Results and discussion.
The analysis is supported by a copperplate research of each
group. There can be found in [7] the microstructures of explored
samples with similar dendritic microstructures of specimens
welded with electrode materials 1105 and 1600. They represent
martensite and carbide in the inter-dendritic spaces. The
microstructure of the specimen welded with electrode 1622 is of
a cell type and with bainite in the cell volumes.
It is possible to prove important statements as a consequence
from an organized and planned parameter changes at impactabrasive wear. They are deduced on the basis of the obtained
regression model for the loss of weight (Tabl.4) and they follow
the natural logic of this type of wear. As it is clear from the
graphs in Fig.4, the big loss of weight is observed at low
hardness and at high impact energy. The bigger particle size of
the abrasive, the bigger wear value; this is confirmed by the
graph on Fig.6 b) and c).
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GS – 0.196 [mm]; Cekv – 2.372
2.372

GS–0.848 [mm]; C

ekv–

material; most hardened layers are obtained with electrode 1600.
This can be seen in Fig.7.

GS – 1.46 [mm] ; Cekv –2.372

a) carbon equivalent

Fig.4. Dependence of loss of weight for IAW (impact-abrasive
wear) on the variation of hardness and the impact energy
Regardless of the fact that hard-facing samples with
electrodes 1105 and 1600 possess similar dendritic
microstructures, the included alloying elements create different
conditions of wear. It is clear from Fig.5 that the most intensive
wear occurs for coated electrodes 1600 forming C ekv near to
2.37. This statement is confirmed also by the graph in Fig.6 a).

GS–0.196 [mm]; PI–1,3 [J/sm2]
[J/sm2]

GS–0.848 [mm]; PI–1,3

b) impact energy

GS–1.46 [mm]; PI–1,3 [J/sm2]

Fig.5. Dependence of loss of weight for IAW on hardness and the
carbon equivalent of welded metal
The analysis of the model for strengthening shows that it is
stronger expressed for the smaller initial hardness of the welded
surface. It is strongly influenced by the structure of the welded

c) hardness
Fig.6. Dependence of loss of weight for IAW on carbon
equivalent, impact energy and hardness
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The analysis of the model for strengthening shows that it is
stronger expressed for the smaller initial hardness of the welded
surface. It is strongly influenced by the structure of the welded
material; most hardened layers are obtained with electrode 1600.
This can be seen in Fig.7.

It is proven in [7] that most intensive wear refers to coated
electrodes 1600 which forms Cekv near to 2.37. This contradiction
between the most intensive wear and strengthening of this
electrode leads to a solution to a multi-criteria problem. The
formulation of its goal is related to the determination of input
parameters for testing at IAW guaranteeing the minimal loss of
weight and the maximal strengthening. Tabl.5 contains the
solutions of this problem. The values of the controlling IAW
parameters guarantee strengthening bigger than 35% and wear
less than 30%.

Table 5. Multi criteria decisions determined on the basis of
the regression models
SOLUTION
PARAMETER
X1 (HRC) ,[/]
X2 (PI),[J/sm2]
X3 (GS) ,[mm]
X4 (Cekv ) ,[/]

1.

2.

3.

4.

5.

6.

29,8
0,48
0,196
3.305

29,8
0,89
0,728
3.305

44,45
1,3
0,196
2.372

59,1
1,71
0,462
2.372

59,1
2,12
0,196
2.372

51,27
0,48
0,994
2.372

4. Conclusion.
The paper presents a designed experiment with four factors of
variation during the tests – coating hardness, impact energy,
abrasive-material size and carbon equivalent of the hard-facing
material. Based on the vast experimental database from the
research there have been drawn conclusions about the influence
of various factors on the loss of weight and the hardening of the
layer. There have been obtained regression dependencies and
there have been built graphical dependencies that allow a precise
analysis of the loss of weight due to impact-abrasive wear. There
have been determined six technological solutions that guarantee
the minimal loss of weight, stability, and the maximal
strengthening.
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Abstract: Investigated was the spark plasma sintering (SPS) of β-SiAlON/0–30 wt % BN ceramic composites. The raw materials (βSi5AlON7 and BN powders) were prepared by infiltration-mediated combustion synthesis (CS). Experimentally established were the
following process parameters for SPS of composites with high relative density (>95 %) and flexural strength of 250–300 MPa: (a) heating
rate 50 deg/min, (b) maximum temperature 1650–1750°C, (c) and holding time 5 min.
KEYWORDS: COMBUSTION SYNTHESIS, SPARK PLASMA SINTERING, CERAMIC COMPOSITES, SIALONS, BORON NITRIDE
under vacuum (gas pressure below 10 Pa). The pieces of carbon
paper and carbon felt were put between the powder and graphite
die to exclude the high temperature reaction during sintering, as
well as to easily get the sample out of the graphite die after
sintering. The heating rate was 50 deg/min. The sintered compacts
were heated from room temperature to 600°C without applied load
and then to 1550–1800°C at a compressive stress of 50 MPa. The
compacts were held at a desired temperature for 5 min before the
power was turned off. Temperature monitoring during sintering
between 600°C and final sintering temperature was carried out
using an optical pyrometer, focused on a hole on the surface of the
carbon die.
The particle size distribution of milled powders was
determined with Fritsch Analysette 22 device. The BET was
characterized by N2 sorption using a Sorbi-M surface area analyzer.
The raw powders and sintered compacts were characterized by
XRD (DRON-3.0) and SEM (JEOL 6610L). Sample densities were
determined by hydrostatic weighing. Flexural strength (σf) was
measured for bending a thin disk on a ring base in a universal
testing machine Instron-5966.

1. Introduction
Solid solutions of β-Si3N4 of general formula Si6–zAlzOzN8–z (z =
0.0–4.2) are known for their excellent hardness, strength, and
wear/corrosion resistance, which explains their wide use in various
engineering applications such as refractory materials, in bearings,
and in cutting instruments [1]. On the other hand, ceramics
containing hexagonal BN (h-BN) exhibit good electroinsulating
properties combined with high thermal conductivity and corrosion
resistance at exceeding low wettability with melts of different
metals and non-metals [2]. Addition of h-BN to ceramic composites
is known to improve their thermal shock resistance, machinability,
and tribological properties [3–5]. BN-containing composites, β-Si6–
zAlzOzN8–z–BN, are highly promising for metallurgical applications
such as tubes for metal pouring, pipe heaters, nozzles, dozer units,
annular breakers, buckets, crucibles, lining plates, thermocouple
casing, sensor level gages, etc.
Combustion synthesis (CS) is a convenient technique for
production of SIALON powders with desired composition, particle
size, and morphology [6–8]. Spark plasma sintering (SPS) is a
newly developed process that allows pulsed direct current to pass
through the die and sample to heat them. Compared with
conventional hot pressing, SPS allows higher heating rates and a
very short holding time. SPS has been widely proven as a rapid and
effective densification method for various materials [9, 10].
In this context, it seemed interesting to apply the combination
of these advanced techniques to fabrication of high-density βSiAlON–BN ceramic composites with improved functional
properties.

3. Results and discussion
According to XRD and SEM results, the raw powders of βSi5AlON7 and BN did not contain impurity phases and were present
largely as agglomerates. Their SEM images are given in Fig. 1. The
specific surface (s) of as-synthesized β-Si5AlON7 and h-BN
powders was 1.3 and 9.8 m2/g, respectively.

2. Experimental procedure
Infiltration-mediated SHS of β-Si5AlON7 and BN powders in
nitrogen gas was carried out by the following schemes:
4.5Si + Al + 0.5SiO2 + 3.5N2 → β-Si5AlON7
B + 0.5N2 → BN

(1)
(2)
Fig. 1. SEM images of raw β-Si5AlON7 (a) and h-BN (b) powders.

Green mixtures also contained some amount of diluents, βSi5AlON7 and h-BN respectively, in order to improve extent of
conversion. Commercial powders of Si (mean particle size d < 10
µm), Al (d = 20–50 µm), SiO2 (d < 10 µm), B (d = 1 µm), and
home-made powders of β-Si5AlON7 (d ~ 5 µm) and h-BN (d ~ 2
µm) were used in our experiments. Aliquot amounts of the above
powders were dry milled for 1–2 h in a mill with Si3N4 milling
balls. Combustion was performed in a 2-L vessel at P(N2) = 8–10
MPa.
Mixtures of combustion-synthesized β-Si5AlON7 and h-BN
powders also containing 0–8 wt % commercial Y2O3 powder as a
sintering aid were intermixed in a high-energy planetary steel-ball
mill. Ball milling time (800 rpm, ball/mill ratio 10 : 1) was 5 min.
The milled powders (about 0.5 g) were placed into a graphite die
10.4 mm in inner diameter and sintered in a Labox 625 SPS facility

After ball milling, the s values increased by a factor of 4–6
(Table 1). The size distribution of h-BN-containing mixtures
exhibited an additional peak around 20–60 µm, thus indicating the
formation of secondary huge agglomerates from initially fine
particles.
Table 1.
Specific surface s (m2/g) of as-synthesized and ball-milled powders
ββββSi5AlON7 Si5AlON7/10% Si5AlON7/20% Si5AlON7/30%
BN
BN
BN
As1.27
2.14
2.99
3.85
synthesized
Ball-milled
4.83
7.62
14.36
22.8
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The sintering of undoped β-Si5AlON7 was accompanied (Fig.
2) by marked increase in sample shrinkage around 1400°С probably
die to formation of SiO2 and Al2O3 eutectics. Upon further increase
in T, The relative density of sintered ceramics gradually grows from
75 to 87% (Fig. 3). Our SEM results suggest that at T = 1550°C the
particles remain practically unchanged and the formation of bottle
necks gets started at higher temperatures. According to XRD data,
the ceramics sintered above 1750°C exhibit the presence of AlN
formed upon thermal decomposition of β-Si5AlON7. This is also
evidenced by some increase in gas pressure in the reactor observed
above 1600°C and caused by the release of gaseous decomposition
products, N2 and SiO. Note that the release of gaseous products was
observed only for sintered materials with ρrel < 87%. In case of
denser materials having no open porosity, the decomposition of βSi5AlON7 was completely suppressed.

an increase in h-BN content suppresses the consolidation processes
related to the formation of liquid eutectics. At 30 wt % h-BN (curve
4 in Fig. 4b), an increase in ρrel above 1400°С becomes
insignificant even in the presence of Y2O3.

Fig. 2. Linear shrinkage ∆h/h0 for β-Si5AlON7 as a function of
temperature T for Tmax = 1600 (1), 1650 (2), 1700 (3), 1750 (4), and
1800°C (5).

ρrel
100
95

Fig. 4. Relative density ρrel as a function of temperature T for: (a)
β-Si5AlON7 (1) and β-Si5AlON7–Y2O3 (5 wt %) (2); and (b) βSi5AlON7 (1), β-Si5AlON7–BN (10 wt %) (2), β-Si5AlON7–BN (20 wt
%) (3), and β-Si5AlON7–BN (30 wt %) (4); Tmax = 1650°C.

90
85
80
75
70
1550

1600

1650

1700

1750

1800

Τ, оС

Fig. 3. Relative density ρrel as a function of Tmax for: (■) βSi5AlON7, (▼) β-Si5AlON7–Y2O3 (2.5 wt %), (●) β-Si5AlON7–
Y2O3 (5 wt %), (∇) β-Si5AlON7–BN (10 wt %), (□) β-Si5AlON7–
BN (20 wt %), (○) β-Si5AlON7–BN (30 wt %).
Figure 4a shows relative density ρrel as a function of
temperature T for β-Si5AlON7 and β-Si5AlON7–Y2O3 ceramics. The
addition of Y2O3 is seen to improve the efficiency of sintering for T
> 1400°С, that is, after the formation of liquid eutectics with oxides.
A density close to theoretical can be attained upon addition of 5 wt
% Y2O3 (Fig. 3), which agrees with our previous results [11] on
sintering SHS-produced β-SiAlON powders in furnace under
pressure of nitrogen gas.
The addition of h-BN also facilitates SPS but by another
mechanism: h-BN improves the compactibility of sintered powder
mixtures. Under a compressive stress of 50 MPa at 600°C, the
initial value of ρrel exceeds 0.80 for the compact containing 30 wt %
h-BN, and 0.6 for that of undoped β-Si5AlON7 (Fig. 4b). In parallel,

Fig. 5. Fracture surface of sintered ceramic composites: (a) βSi5AlON7–Y2O3 (5 wt %), (b) β-Si5AlON7–BN (10 wt %), (c) βSi5AlON7–BN (20 wt %), and (d) β-Si5AlON7–BN (30 wt %); Tmax =
1750°C.
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As is seen in Figs. 5b–d, small flaky h-BN particles are
uniformly distributed over the surface of larger β-Si5AlON7
particulates. At BN = 30 wt %, the h-BN particles unwettable with
oxide melts fully isolate β-Si5AlON7 particles apart (Fig. 5d). It is
clear that in such and similar systems the contribution from liquidphase processes in consolidation cannot be important. In case of 10
and 20 wt % h-BN, the processes associated with formation of
liquid eutectics are more or less pronounced, so that high relative
density (close to theoretical one) can be attained even in the absence
of Y2O3.
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Abstract
The high-strenght complex of the spheroidal graphite cast irons makes them a suitable constructive material
,which can compete with the forged carbon and low-alloy steels. In this article it is considered the possibility of
using cast details from ductile iron in the railway transport instead of details made from steel.
KEY WORDS: DUCTILE CAST IRON, FASTENING IN RAILWAY TRANSPORT

In recent years there has been a continuous trend of
growth of the relative share cast iron with spheroidal
graphite (CHSG) in the cast Fe-C alloys. The carried
out practical and experimental studies, constantly
affirm the superior qualities of this material. Proven
its advantages CHSG of years used in the automotive,
agricultural machinery, mining, water-supply and
sewerage and other industrial areas. The high range of
static and dynamic strength characteristics makes it a
construction material competing successfully with the
forged carbon and low-alloy steels. A similar trend
was seen in the highly conservative railway industry.
Due to the high requirements to the quality and safety
of the products and the assemblies in the railway
transport, the entering of new materials and the
change of already established ones happens slowly,
after numerous tests and trials.The national and
company standards change themselves difficult and
the innovations must prove their advantages in short
terms to be able to get a chance to get into the field of
vision of the large companies in the branch. Only they
have the potential to force a change in the status quo.
Because of this reason ductile cast iron for decades on
end gradually proves and shifts steel as a main
constructional material in the railway industry.

EN GJS 400-18 LT

EN GJS 500-7

EN GJS-600-3

Figure 1 Typical structures of grades CHSG used in
the railway industry
The high strength characteristics of CHSG in
comparison with the other cast irons due to the
favorable spheroidal shape of the graphite obtained in
the course of the primary crystallization of castings.
This form provides a lower boundary surface
compared to lamellar one of gray cast iron for an
equal volume, and reduces stress concentration factor.
Spheroidization of graphite is obtained by
modification of cast iron in the liquid state. Different
alloys with rare earths are often used for improving
the properties or obtaining a particular effect.
Depending on their chemical composition and
cooling rate CHSG can be with different structure of
the metal matrix: ferrite, ferrite-pearlite and pearlite.
Figure 1 shows the typical structures of the most
common grades of ductile cast iron used in the
railway industry.
Ductile cast iron is superior in mechanical
indicators gray cast iron and cast irons with
vermicular graphite, and is a real alternative of cast
and forged steels [1]. The analysis of the nature of the
relationship of tensile strength with the other
mechanical properties shows that with an increase of
strength of CHSG proportionally increases the yield

EN GJS 400-15
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strength. For CHSG the relation Rp0.2 / Rm is within
0.6-0.75, while for the cast steels is 0.55-0.6. As
higher is the value of Rm, so higher is the fatigue
strength of the material, both harmonic and impactcyclic loads. This is due to the high reliability of the
ductile cast iron, in different operating conditions.
Table. 1 shows the mechanical properties of the most
commonly used ductile cast irons in the railway
sector.
Table1
Strength characteristics of the most commonly
usedductile cast irons in railway transport according
EN1563.2012.
А5
%

HB
Kgf/mm2

400
400
400

Rp
0.2,
MPa
250
250
240

15
18
18

135-180
130-175
130-175

500
600
700

320
370
420

7
3
2

170-230
190-270
225-305

Grade

Rm,
MPa

EN GJS 400-15
EN GJS 400-18
EN GJS 400-18 LT
EN GJS 500-7
EN GJS 600-3
EN GJS 700-2

them, as well as elements for fixing to the contact
system.
The intermediate rail clamp is the most important
element of the superstructure of the railway track. It
interacts with the rolling stock and ensures the
reliability and substantially determines the value in
building and costs during the operation. There is a
wide variety of rail clamps and numerous patents. But
despite this diversity of varieties of rail clamps they
can be classified and grouped in several key
attributes:
-A rail clamp for sleeper joist (using ribbed pad of
steel or cast iron) or a rail clamp without sleeper joist
(with a fixed iron anchor or with a polymer pad with
an elastic element).
-According to the characteristics of the pressing
element (terminal): solid; elastic lamellar; elastic
spring.
-According to the type of attachment to the sleeper:
bolt; anchor; screw dowel.
Fig.2 Rail clamp type "K".

The main advantages of CHSG compared to steel are
brought
to:
- a lower temperature of casting reduces (almost 2
times) the energy costs for its production;
- much better casting properties than these of steels
and lower requirements to the mould;
-CHSG have a lower density of 8-10% compared to
the steels and this allows to make castings of the
same order lighter;
- the lower shrinkage of cast iron - (1.1 -1.2)% against
(0.8-2)% of the steels, enables designers to design
castings with smaller allowances for machining and in
this way to save metal and to reduce the cost of
machining;
- as an important advantage of CHSG is improved
castability, which is almost two times higher than that
of
the
steel.
Generally CHSG castings used in the railway
industry can be classified in two main directions:
- Railway infrastructure and railway (Railway
infrastructure
and
track);
- And rolling stock (Railway rolling stock).
In the first group - Railway infrastructure and
track fall rail clamps for mounting to the sleepers and
castings used for arrows and drive mechanisms for

1.

Terminal bolt 2. Terminal 3. Isolating sleeve
4. Connecting bolt, 5.Washer , 6 .Underrail
seal 7. Rubber seal 8. Cast iron pad 9. Flat
washer, 10. Elastic washer.

In Europe mainly the rail clamps are type "K" with a
stiff or elastic clamping element, and pulled taut to
the sleepers with anchor bolts and coach screws, or
elastic type without sleeper joist [2]. By mid-70s were
used mainly steel ribbed pad, made by rolling. With
the improvement of foundry technology in developed
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of CHSG provide additional advantages. Within the
same range of the tensile strength, CHSG have a
higher yield strength. For the steel the compressive
strength is practically equal to that of the tensile
strength, while for the ductile cast iron the
compressive strength is almost twice higher than the
tensile strength. In conditions of compressive stresses
under which the ribbed pads are put, the advantage of
the cast iron becomes apparent. It is essential and the
ability of CHSG to extinguish vibrations arising
during the operation. That is why cast iron rib pads
are preferred in the realization of railway sections in
tunnels, bridges and residential areas.
The rail clamp "K" has its disadvantages.
The transmission of the lateral forces directly to the
screws of the pad that is not fixed in the concrete
leads to the breaking of the dowels and mechanical
damages of the screws. The width of the track-gauge
of the straight sections and especially in the turns is
unstable. Rubber pads do not provide the necessary
elasticity and vibration damping. The heavy weight
and its combination with high costs for routine
maintenance lead to high life-cycle cost of the rail
clamp.
In order to avoid the above mentioned
problems the British company "Pandrol" creates a
anchor fastening Figure 4) with an elastic element
that doesn’t need a ribbed metal pad under the rail.

countries, began production and operation of the cast
rib pads of CHSG. In Germany, Deutsche Bahn (DB)
accepted a standard defining the production of pads of
GJS 600-3, while in France, Belgium and the
Netherlands GJS 500-7 has its way.
Figure 2 shows a scheme of a rail clamp type
"K" for concrete sleepers. The attachment of the pad
is carried out by two or four bolts that are placed in
the reinforced concrete sleeper. The metal pad 8 with
two high boards is placed on the rubber seal 7 and is
attached to the sleeper by the bolts 4. The rail is
placed on an underrail seal 6 which also serves as a
shock absorber. It is attached to the pad with the solid
terminals 2 by clamping bolts 1. Under the nuts are
placed flat 9 and elastic washers 10.
The main element of the clamp is the cast
iron pad. It takes the load from the rail and distributes
forces on the sleeper and the supporting elements.
Fig. 3 shows the most commonly used type pad with
four holes for fixing and a horizontal underrail site.
In building of sections with curves are used inclined
underrail sites with ratios 1:20 and 1:40.

1. Elastic spring, 2 Isolator, 3. Anchor.
Fig.4 Rail clamp of "Pandrol" company.

Fig. 3 Cast pad of cast iron for rail clamp “K”.
The main advantages of cast pads of CHSG over the
rolled steels consist in the fact that after casting and
cleaning the casting of iron is finished state ready for
use. The steel pads are cut to a certain width from the
rolled profile, after that holes are drilled for
connection of the pad to the sleeper and a groove with
a complicated shape is milled for the bolt fixing the
rail with a clamping element. Namely the need for
further machining of steel pads makes them
expensive, and makes cast of CHSG pads to be
preferred. On the other hand, the specific properties
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The company selects ductile cast iron grade
GJS 500-7 for making of the anchor. The anchor 3 is
concreted into the sleeper and is clamped in it. The
force is taken from the elastic element 1 that is
separated from the rail by an insulator 2. The great
advantage of this fastening over these with pads is the
lack of threaded connections and therefore no need
from a periodic maintenance of tightening. The spring
is easy for disassembly and replacement, including by
fully automated machines. As a major shortcoming of
this fastening it is pointed out the breaking and
loosening of the anchors in loaded sections such as
curves with a small radius (below 300 m).
In order to eliminate the shortcomings of the
company "Pandrol" development in the Russian
Federation has been created a similar anchor
construction of rail fastening ARF - fig.5 [3]. It was
tested on a laboratory road route of BNIIZHT and
used in many parts of the railway network in Russia.
Its
construction
includes:
Anchor 1 and 2 firmly concreted in the sleeper 5, pad
6 under the rail 3, two spring terminals 8 ,rubber pad
under the terminal 9, angular electrical insulators 10.

the heavy anchor of cast iron GJS 500-7 increases the
weight and the cost of the construction.
The position of the rail in height is adjusted
by an eccentric monoregulator 7. Rotating it in one of
the four possible positions, it provides the standard
compression of the terminal depending on the wear of
the pad and the other elements of the fastening.
ARF increases reliability and safety of the
railway track, providing a much better retention of the
track. In the construction of the anchor rail fastening
has fewer parts and therefore every kilometer of the
way spent 15 tons metal less. ARF allows also better
regulation of the way in height. A big disadvantage is
the cost of the rail fastening. It is 10% more
expensive than the traditional ones. ARF is certified
and included in the Register of Federal railway
transport since 2005. The rail fastening ARF is
recommended for the performance of the high-speed
main line Moscow-Saint Petersburg [4].
Over the past decade superstructure time
comes a new trend of replacing of the traditional
metal rail fastenings with polymer with an elastic
element. The main characteristic of these new
systems is their low cost and easy installation. The
main developments belong to the Vossloh company.
After the expiry of their license, they gained
popularity in all national railway networks. Naturally,
the process of replacement is long and comes across
the same difficulties as entered the cast iron in the
railway infrastructure in the leading European
countries. What is clear, that the cast iron ribbed pads
will be the main element of the railway track in the
curves with small radius, where the polymers don’t
bear the loads and show many defects. The railway
security system is much more important than the
lower price. Underlay fastenings so far don’t have
alternative and in their installation on wooden
sleepers, which continue to be used in all countries in
Europe. During the construction of the railway track
sleepers from plastic and recycled materials
increasingly enter. These sleepers also require the use
of cast-iron ribbed pads.

1.and 2. Anchor with corrugated fasteners, 3. Rail 4,
Bracket, 5. Concrete sleeper, 6. Underrail seal, 7.
Monoregulator of stresses, 8. Spring terminal ,.
Terminal seal, 10. Insulating seal, 11. Holder, 12.
Spacer
Fig. 5 Anchor rail fastening ARF.
In contrast to the classical "Pandrol" and the other
anchor constructions in which there are two light
anchors for one assembly, in the ARF a large anchor
is used. This solution improves the conditions for
interaction of the contact concrete- anchor and
increases reliability of the sleeper. On the other hand,

Conclusion: Castings of ductile cast iron
have their place in the superstructure of the railway
track. Their good mechanical properties and their
economic advantages over the steel ones ensure their
successful implementation over the next decade. The
competition from the alternative materials and the
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