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Abstract: On the manufactured enlarged version of the flotation device with a high-pressure rotary pulsating aerator (HFRPA),
investigations and tests were conducted on refractory finely minified gold-bearing ore samples. The experiment and practice of flotation with
the developed by the authors HFRPA showed that the pressure fluctuations created by the aerator ensure the efficiency of the functional use
of the two periods. Which is the dissolution of additional gases in the high-pressure compression period, which ensures the aeration process
with the required amount of dissolved gases and pseudo cavitation emission of gases in the medium rarefaction period, and this provides
aeration with gas separation from the aqueous phase directly on hydrophobic mineral micro particles, i.e. micro dispersions selective
flotation.
KEYWORDS: PULSATING FLOTATION DEVICE, VIBRATIONS, AERATOR, HIGH-PRESSURE COMPRESSION, PSEUDO
CAVITATION, MATERIAL COMPOSITION, INDICATORS.

1 Introduction
When flotation of finely divided ores that require fine
grinding, most of the mineral particles have dimensions not
exceeding 10 μm, which cannot be selectively separated by modern
technologies. As the size of the mineral particles decreases, their
behavior in hydrodynamic flows changes: in flotation, they lose
mass and a boundary limit sets in, below which the micro particle
cannot accumulate kinetic energy in motion, which allows it to
overcome the water-structural energy barrier when it meets bubbles.
Previously, a number of researchers addressed issues of
flotation of fine particles [1-8], and it was found that the most
effective method is aerating gases released from the aqueous phase
of flotation systems. However, neither in theory nor in practice,
significant progress was achieved in this area, since the issue of
increasing the amount of gases soluble in the water phase to the
level that ensures the flow of flotation processes was not resolved.
When studying the methods of aeration with the release of
gases from the aqueous phase by lowering the pressure and using
acoustic cavitation [9], an unknown phenomenon of “inexhaustible”
gases in pulsating fields was discovered - in the absence of a
pulsating field at a temperature of no more than 25 °C, emission of
gas from water is no more than 25 mg/l, but in the pulsation field in
the presence of hydrophobic dispersions this restriction disappears
and the process of aeration, and hence of flotation, continues, at
least, as long as hydrophobic dispersion is still present in the water
phase of the system.
When considering the degassing action of acoustic
oscillations, we highlight three physical aspects:
the first – is a qualitative one, which consists in the fact that
when acoustic oscillations are imposed on an aqueous system
containing dissolved gases, under the influence of systemically
changing pressure, alternating cavitation dissolution occurs (in the
high-pressure phase) and release (in the low-pressure phase) of
gases;
the second – in the presence of hydrophobic macro- and
micro surfaces in the water system, cavitation cavities formed on
them in the phase of gas evolution do not completely collapse
(pseudo cavitation), but grow like gas bubbles up to a certain
resonance size corresponding to the frequency of oscillations and
other physicochemical parameters;
the third – and the main one, revealed by us and consisting
in the fact that in the absence of pulsation oscillations from the
water system it is possible to isolate not more than 25 mg of gases
from one liter of water (the generally accepted physical restriction
of the solubility of air gases in water), while when superimposed on
a water-dispersed system of pulsating oscillations, gas bubbles are
pseudocavitatively released on hydrophobic surfaces in amounts
that are multiples of the above limitations in 25 mg/l of water - until
all bubbles cover hydrophobic surfaces and the particles.
When the possibility of efficient flotation of micro
dispersions with pulsation aeration of the process was in principle
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established, technological and methodological issues came to the
fore, the main one of which was the choice of the frequency range.
The study of the pseudo cavitation aeration method has already
shown good results when using an ultrahigh frequency (300 kHz)
pulsating field for the flotation of micro dispersions [9].
Experimentally, it was found that:
– the presence in the aqueous system of hydrophobic
surfaces (both macro- and micro-dispersions) initiates the selective
release of gases from their aqueous solution;
– when applied to an aqueous system containing
hydrophobic dispersions, pulsations, the quantitative restriction (25
mg/l) for providing the water system with the amount of gases
dissolved in the water phase, necessary and sufficient for flotation
of all hydrophobic mineral particles in the flotation system,
disappears.
During the research it became clear that the electronic
method of creating a pulsating field in the flotation of roads and for
widespread use was difficult, and it was decided to study the
possibility of efficient pulsation flotation at infrasound frequencies
of 2.4-3.4 kHz.
In the study, the authors discovered the effect of the lack of
limited quantity of hydrophobic dispersions (including micro- or
nanosized) or surfaces that are released in the pulsating field in the
presence of water in the water system. That is, the possibility has
been found of effective selective flotation by Klassen method
without restriction in ensuring the necessary quantity of process
gases.
A device with a high-frequency rotational pulsating aerator
(HFRPA) has been designed for this pulsation-pseudo cavitation
method.
In this article, we study the possibility and efficiency of
aeration with the use of pulsations of much lower frequencies
excited by the mechanic-hydraulic method using the developed
high-pressure rotary pulsating aerator - HFRPA, whose stator and
rotor have a rod structure. The excitation of the pulsating field in
the HFRPA makes it fundamentally different from the existing rod
apparatuses, for example, “Fagergren”, “Adzhtejr”, “Float Force”
and others [11], in which the interstator-rotor gap is large, measured
in centimeters and therefore before the active mixing of the sucked
gases with water is carried out in it and in the near-stator zone the
flotation with the release of gases from the solution is not
preferential and conditions for flotation of micro dispersions are not
created.
The purpose of this work is to study the technological
properties of a pilot sample of a flotation device with a highfrequency rotational pulsating aerator (HFRPA) for the enrichment
of fine-grained gold-bearing ores. The principal difference is the
aeration of the apparatus in a field of elastic vibrations of sonic and
ultrasonic frequency range. The process embodied in the apparatus
is a combination of a number of elementary physicochemical
processes and their stages, carried out in the rhythm of the pulp
oscillations given by the HFRPA. Flotation in the apparatus with

HFRPA will significantly improve the selection of particles with a
particle size from 44 μm to 10 μm.

2 Results and discussion
The HFRPA is a group of two hollow coaxially located
cylinders with rods separated by parallel slots (Figure 1). The
number of rods and slots in the stator and rotor can be equal, and
then on the periphery of the stator a constant pulsating field is
formed, or their number can be different, and then the generated
pulsating field will be running - relative to the stator. When the
rotor rotates, its rods overlap, and then the stator slots open.
The stator and rotor rods have the same width and are
located at the same distance from each other. The alternation of
alignment and misalignment of the slots occurring when the rotor
rotates relative to the stator causes pulsation of the flotation slurry
passing through the slots. The frequency of pulsations depends on
the number of slots and rods and on the speed of rotation of the
rotor and can be adjusted within wide limits.
The pulsations caused by rotation of the rotor are
accompanied by the phenomena of dispersion and cavitation in the
pulp sucked into the inner cylinder and successively passing in the
radial direction first through the slots of the rotor and then the
stator. During the rotation of the rotor, a vacuum arises in its cavity,
so that pulp from the chamber and air from the environment are
continuously sucked through the hole in the stator connected by the
tube to the air duct.
A mixture of pulp and air, ejected from the rotor slots with a
large centrifugal and circumferential velocity, hits the edge of the
stator rods. Air and pulp are actively mixed. In the stator slots and
when the front face of the rod is being pushed, the flow to some
extent remains laminar, although the general direction of the flow
varies. In proportion to approach the edge of the stator core, the
fluxes coming out of the slots of the rotor decay. At this point, the
pulp undergoes the greatest pressure, the magnitude of which
depends on the rate of onset and on the density of the pulp. Due to
the increased pressure in the high-pressure zone, favorable
conditions are created for dissolving the gases (Figure 1).
The most favorable conditions for dissolving the gases in
the pulp are created when passing through the HFRPA, where, due
to the high head and active mixing of pulp and air, a large bubble
surface is formed, and in interstitial sections of the stator the air-rich
pulp passes through the zone of increased pressure (Figure 1). At
high speeds of rotation of the rotor in the stern area of the stator
rods, behind the separation line, vortices are separated from the
faces of these rods and the motion of the pulp streams is swirled
(Fig. 1).

Figure 1- Scheme of the HFRPA (a) and the pulsation mechanism
for the formation of high and low pressure zones (b):
1 - rotor, 2 - stator, 3 - adjustable air intake, 4 - pulp-channel, 5 primary large-scale eddies, 6 - zone of developed turbulence.
A - pulsation zone, Кст and Крот - thickness of stator and rotor shaft,
Lст and Lрот - width of stator and rotor rods, m - gap between stator
and rotor.
In this paper, the influence of the frequency factor on the
efficiency of enrichment of micro dispersions on the flotation
device with HFRPA on three grades of ore samples from the
Arkharly, Komarovskoe and Bakyrchik deposits was studied.
All selected samples of ores refer to hard-enriched thingrained ores, when enrichment of which on the standard flotation
device gives low values. Flotation in the apparatus with HFRPA
will significantly improve the performance due to the full disclosure
of minerals and their involvement in the process.
Four samples weighing 1 kg were sampled on the ore
samples of each deposit, alternately they were ground in a ball mill
MSHR-12 to obtain a 100% class - 0.044 mm and loaded into an
experimental flotation device with a high-pressure rotational
pulsating aerator (HFRPA). After feeding the reagents and setting
the optimum pulsation frequency of the HFRPA, flotation was
carried out. The products obtained during the analysis were
analyzed for gold content.
To determine the influence of the frequency factor on the
enrichment efficiency, flotation experiments were carried out at a
different frequency of the aerator pulsations. An ultrahigh
frequency apparatus controlled the pulsation frequency.
For the convenience of carrying out the experiments, the
pulsation frequency (F, kHz) was calculated in advance, depending
on the rotor speed:
𝑉𝑉𝑉𝑉
F= k,
60

Where n = 60 - number of teeth on the rotor; V-rotor speed
of revolutions per minute; k = diameter of the engine pulley/rotor
pulley diameter, mm = 235/128 = 1.83.
The data obtained are presented in Table 1.
Table 1 - Results of calculating the ripple frequency
V, revolutions per minute
1
1000
1100
1200
1300
1400
1500
1600
1700

Frequency, kHz
1.830
2.013
2.196
2.379
2.562
2.745
2.928
3.111

The optimum degree of grinding of the ores studied before
flotation at the HFRPA was: at the Arkharli deposit, the optimum
grade minus 10 microns was 50%; on the Komarovskoe ore deposit
and the Bakyrchik deposit, it is necessary to crush the ore to 40% of
the minus 10 micron grade.
In all three grades of ores, experiments were performed at a
rotor speed of 1200 to 1700 revolutions per minute, which
corresponds to frequencies from 2.196 kHz to 3.111 kHz, since at
revolutions of 1000 and 1100 there was a zero yield of the foam
product.
During the tests, the amount of air released from the
solution was determined.
Figures 2, 3, 4 present the graphs of the influence of the
rotational speed of the HFRPA on the extraction rate and the quality
of the concentrates in the flotation of ore samples.
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Fig. 2 Influence of the HFRPA rate on the gold recovery rate (a)
and the quality of the concentrates (b) during the flotation of the ore
sample of the Arkharli deposit

100
90
Extraction, %

On the graph of Arkharli ore, it can be seen (Fig. 2) that at
the HFRPA rotation speed of 1200 rpm (2.1196 kHz ripple
frequency), the highest gold content in the concentrate was 233.7
g/gold extraction 64.1%. As the frequency of pulsations increases,
the gold content decreases slightly, but the extraction increases. The
best results are obtained at a rotation speed of the pulsating aerator
of 1500-1600 rpm, which corresponds to the ripple frequencies of
2.745 and 2.928 kHz, at these frequencies the gold content in the
concentrates was 181.5 - 176.64 g/works, with extraction into
concentrates of 82%. The amount of air released from the solution
was 50.0 dm3/s.
On the Komarovskoe deposit, the graph also shows (Fig. 3)
that as the frequency of pulsations increases, the gold content of the
concentrates decreases from 139.7 to 66.6 g/ton of ore with an
increase in extraction from 64.1 to 92.7%. The best indications were
obtained at a rotation speed of the pulsating aerator of 1500 - 1600
rpm, which corresponds to a ripple frequency of 2.745 and 2.928
kHz, at these frequencies the gold content in the concentrates was
76.13-75.3 g/works, with 93.2-92.7% recovery.
At the trial of the Bakyrchik deposit, the results of the
studies show (Fig. 4) that the best indicators were obtained at a
rotation speed of the pulsating aerator of 1600 rpm, which
corresponds to the pulsation frequency and 2.928 kHz, at a given
frequency, the gold content in the concentrates was 90.5 g/works,
with extraction into concentrate 82.4%.
The amount of air released from the solution in all three
grades of ores was 50.0-55 dm3/s.
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Fig. 3 Influence of the HFRPA rate on the gold recovery rate (a)
and the quality of the concentrates (b) during the flotation of the ore
sample of the Komarovskoe deposit
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Table 2 presents the comparative test results for flotation on
a standard flotation device and on a pilot sample of a flotation
device with HFRPA.
The results of comparative tests show that when flotation of
the investigated samples of ores on an experimental sample of a
flotation device with HFRPA, an increase was obtained both in the
quality and extraction of gold into concentrates:
– on the ore of the Arkharli deposit, the gold content in the
concentrate amounted to 180.5 g/t on a standard flotilla of 60.7 g/t
with an increase in gold recovery to concentrate by 11.78%;
– on the Komarovskoe ore deposit, the gold content in the
concentrate was 75.4 g/t on a standard flotilla of 64.3 g/t with an
increase in gold recovery to concentrate by 7.3%;
– on the Bakyrchik deposit ore, the gold content in the
concentrate was 90.0 g/t on a standard flotilla 43.46 g/t with an
increase in gold extraction in concentrate by 5.79%;

200
150
Content, g/t

80

100
50
0
1200 1300 1400 1500 1600 1700
Revolutions per minute
b
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Extraction, %

120

Table 3 (Continued)

100

Gold content in
ore, g/t
Gold content in
concentrate, g/t
Gold extraction
into concentrate,
%

80

1.87

64.3

75.4

85.38

92.68

Conclusion
In the study, the authors discovered the effect of the lack of
limited quantity of hydrophobic dispersions (including micro- or
nanosized) or surfaces that are released in the pulsating field in the
presence of water in the water system. That is, the possibility has
been found for effective selective flotation with Klassen method
without restriction in ensuring the necessary quantity of process
gases.
With pulsation pseudo cavitation method was created
flotation device with high-frequency rotational pulsating aerator
(HFRPA).
The results of tests of flotation of three thin-grained goldbearing ores on a flotation device with a high-frequency rotational
pulsating aerator showed that at a pulsation frequency of 2.7452.928 kHz (1500-1600 rpm):
– dissolution of additional gases in the high-pressure
compression period, which ensures the aeration process with the
necessary amount of dissolved gases;
– pseudo cavitation emission of gases in the medium
rarefaction period, which causes aeration with the release of gases
from the aqueous phase directly on the hydrophobic mineral micro
particles, i.e. selective flotation of micro dispersions.

60
1200 1300 1400 1500 1600 1700
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Content, g/

Komarovskoe ore deposit
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Fig. 4 Influence of the HFRPA rate on the gold recovery rate (a)
and the quality of the concentrates (b) during the flotation of the ore
sample of the Bakyrchik deposit
Table 2 The results of comparative tests on a standard flotation
machine and on a pilot sample of a flotation device with HFRPA
Description of
parameters
1
Gold content in
ore, g/t
Gold content in
concentrate, g/t
Gold extraction
into concentrate,
%
Gold content in
ore, g/t
Gold content in
concentrate, g/t
Gold extraction into
concentrate, %

Standard flotation
Flotation device
device
with HFRPA
2
3
Arkharly ore deposit
2.62
2.62
60.7

180.5

70.0

81.78

Ore deposit of Bakyrchik
6.86

6.87

43.46

79.0

81.49

87.28
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ENERGY ANALISYS AND WASTE HEAT RECOVERY POTENTIAL OF AN
AUTOMOTIVE DIRECT INJECTION DIESEL ENGINE
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Abstract: The article presents a numerical analysis of energy balance of an automotive diesel engine and exergy analysis of exhaust gas
and cooling systems. A model of the engine was built in advanced simulation code AVL Boost. In order to validate the model a comparison
between estimated and real engine effective power was conducted at full load. Energy balance revealed a maximum engine efficiency of
42.1% at full load and 2000rpm. The highest quantity of lost energy contains the exhaust gas. The maximum estimated exhaust gas enthalpy
is 108kW at 4000rpm. At the same operating point the cooling enthalpy more than twice lower – 40.2kW. At the engine speed lower than
2000rpm the lost energy in exhaust gas and cooling system has the same quantity. The exergy analysis revealed that waste heat recovery
potential in exhaust gas is much higher than cooling system. The results obtained in this study will be further used in a Rankine-Hirn waste
heat recovery system development due to increase overall engine efficiency.
Keywords: ENERGY, EXERGY, INTERNAL COMBUSTION ENGINE, NUMERICAL SIMULATION, WASTE HEAT
RECOVERY.

energy rejected by exhaust gases, the energy in cooling system and
mechanical losses.

1. Introduction
To meet the future restriction of CO2 emissions from passenger
vehicles it will be necessary to improve overall engine efficiency by
development of next level technologies. For European Union the
target level of CO2 must be reduced by 41% at 2020 in comparison
with 2006. The new target level measured by NEDC will be 95g/km
[1].
Although the number of modern techniques such as:
turbocharging, high pressure direct injection, variable valve timing
and etc., the overall engine efficiency is lower than 40%. Only in
special engine such as high boosted diesel engine for stationary
application and for the ships the efficiency could meet 50%.
It means that at most commonly used operating points more
than 60% of the fuel energy is lost. Some part of this energy is
rejected by exhaust gas, other part is lost in the cooling system and
the rest is lost to drive the auxiliaries [2, 3]. The recovery of this
lost energy seems to be a good prospective for further improvement
of engine overall efficiency.
Research of other authors revealed that the energy contains in
the exhaust gas and cooling system are almost the same [4, 5].
Usually the energy in cooling system is higher at low engine speed
while the energy of exhaust gas is higher at high engine speed and
load. To evaluate the recovery potential of the lost energy it is not
enough to estimate only the quantity of this energy [4, 6].
According the thermodynamics laws not all of that energy can be
transformed in mechanical power. For that reason it is necessary to
estimate the exergy contained in the exhaust gas and the cooling
system. The exergy reveals the quantity of energy which can
theoretically be transformed in mechanical work by closed loop
thermodynamical cycle. With other words it presents the available
energy in the system. A number of research on exergy analysis of
lost energy in internal combustion engines have been reported [4, 69].
Although almost the same quantity of energy in exhaust gas and
cooling system the exergy is much higher in exhaust gas [4]. Punov
et all. [10] revealed in a study on a tractor engine that the exergy is
the highest at high load and high speed and slightly decreases with
load and speed.
The aim of the article is to study the energy balance and exergy
analysis of a modern direct injection diesel engine intended for
passenger car.

2.1 Engine parameters
The engine under study is 2.0liter four cylinders direct injection
diesel engine developed by PSA. The maximum output power is
101kW at 4000rpm as the maximum torque is 320Nm at 2000rpm.
The engine is equipped with variable geometry turbocharger. The
boost pressure is limited to 1.4 bar. Common rail system of the
engine is produced by Delphi. The maximum injection pressure is
1600 bar. The engine is also equipped with EGR system and post
treatment system including catalytic converter and DPF. The
cylinder is equipped with four valves per cylinder. The main
geometrical parameters of the engine are listed in Table 1.
Table 1: Main geometrical parameters of the engine
Type of engine
Number of cylinders
Total volume
Cylinder bore
Cylinder stroke
Compression ratio
Valves per cylinder

HDI
4
2L
85 mm
88 mm
17,6
4

2.2 Engine model

Fig. 1 Engine model built in AVL Boost simulation software.

2. Simulation model
A simulation model of the engine was built in advanced
simulation software AVL Boost. This model provides opportunities
to simulate the engine performance, fuel consumption as well as the
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In order to build a realistic engine model it was necessary to
input geometrical parameters of intake and exhaust system as well
as valves diameters and valves lift curves. The parameters
(diameters and length of the pipes) of intake and exhaust system

were measured on a real engine mounted on a test bed. The valves
lift curves were calculated as the cams lifts had been measured by
means of special equipment and the kinematic scheme of valve train
mechanism was used. The valves seats diameters were taken from
the technical documentation.
The engine model was built in advanced simulation code AVL
Boost by means of elements available into (Fig. 1). The main
elements which were used are: cylinder, plenum, pipe, intercooler,
turbocomressor and general engine element (E1).
Into the element E1 was input main control parameters such as:
engine speed, number of cylinders, type of engine, simulating
cycles and etc. The parameters for calculation the mechanical losses
into the engine are also defined in this element.
The element “Cylinder” was used to define the geometrical
parameters of the cylinder, injection and combustion model as well
as heat transfer to cylinder wall. Mixing-controlled combustion
model was used in the simulation. For this model it was necessary
to define the main injection parameters such as: nozzle geometrical
parameters, injection pressure, injection timing and duration. Airexcess ratio was used as a control parameter of the injection
process. The most commonly used model of Woschni was used for
heat transfer estimation.
The intake system includes air filter, compressor,
intercooler, plenum and pipes. The elements by means of which
exhaust system was developed are: plenum, turbine, silencer and
pipes. The compressor and turbine turns with same speed due to the
common shaft between them.

exhaust gas enthalpy is higher than output power at engine speed
above 3500rpm and at whole speed range when BMEP is closed to
zero. The maximum enthalpy is 108kW which is 8% higher than
maximum output power.

Fig. 3 Engine output power.

Fig. 4 Exhaust gas enthalpy.

3. Model calibration
It was not possible to measure the engine performance on our
test bed because the engine is still not ready to be run. Due to that
the model calibration was conducted by comparison between
estimated engine output power and the engine power obtained by
the manufacturer at full load. The comparison is presented in Fig. 2.

Fig. 5 Cooling enthalpy.

The cooling enthalpy (Fig. 5) is significant smaller than exhaust
enthalpy. However, at small operating range when engine speed is
lower than 1750rpm and BMEP is higher than 5bar that cooling
enthalpy is similar or higher than exhaust enthalpy. The highest
value of 40.2 kW was observed at that operating point corresponds
to the maximum output power.
Fig. 2 Engine model calibration by output power comparison at full load.

Calculated output power is higher than that presented by the
manufacturer within the speed range from 1000rpm to 2000rpm. A
maximum deviation of 2.5kW was observed at 4500rpm. In relative
values it presents 3.4% from calculated value. The deviation can be
explained as that we had not information about factory settings of
injection parameters. The small deviation obtained in the model
calibration allowed us to use the simulation model in our numerical
study.
Fig. 6 Friction losses.

4. Energy balance of the engine
Due to the engines for passenger car run at variable operating
point it was necessary to study the energy balance at whole
operating range. This approach can reveal to us information which
of lost energy is higher depending on engine operating conditions.
The energy distribution is presented in Fig. 3 to 6.
The variation of output power and exhaust gas enthalpy have
the same tendency at the whole operating range – Fig. 3 and 4. The
maximum exhaust enthalpy was observed at the same operating
point as the maximum power was obtained. In absolute value

The friction losses present a small part of lost energy (Fig. 6).
They slightly increase in function of engine speed but they are not
influenced from the load. The maximum value is 10.3kW at
4000rpm.
The more interested analysis was made as the energy balance
was presented in relative values from fuel energy of diesel fuel.
These results are shown in Figure 7 to 9. The maximum engine
efficiency of 42.1% was observed at operating point corresponds to
maximum torque. This engine operates with overall efficiency
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higher than 35% within the operating range defined of BMEP above
6bar and speed bellow 4000rpm. At that operating point
corresponding to maximum power the efficiency of 35.9% was
estimated.
The lost energy in exhaust gas is within the range from 29% to
51% (Fig. 8). The highest values were observed at engine load close
to idle when the quantity of exhaust enthalpy is low and engine
power is near zero. The lower values are observed at the operating
range where engine efficiency is the highest.

The exergy diagram for both exhaust gas and cooling system
copies the enthalpy diagrams at whole operating range. The exhaust
gas exergy is within the range of 1.2kW to 56.8kW which means
that no more than a half of exhaust enthalpy can be transformed by
thermodynamics cycle in mechanical work. The cooling system
exergy is within the range from 0.1kW to 4.3kW which means that
more than 85% of cooling enthalpy would be destructed in case of
energy recovery. This result revealed that recovery potential of
exhaust gas is much higher than that of cooling system. The main
reason for that is the much higher temperature of exhaust gas than
in the cooling system of the engine. The energy recovery from
cooling system by means of Rankine-Hirn cycle is possible only in
case of organic working fluid with low condensing temperature is
used.

Fig. 7 Engine efficiency.

Fig. 10 Exergy contains in exhaust gas.

Fig. 8 Exhaust enthalpy estimated in percentage from fuel energy.

The lost energy in cooling system is within the range from
15.3% to 29.2% (Fig. 9). The highest values were observed at
minimum engine speed and high load. It can be explained with
increasing of the time for heat transfer to cylinder wall. At this
operating range the quantity of cooling enthalpy is similar to the
quantity of exhaust enthalpy.

Fig. 11 Exergy contains in cooling system.

An estimation of exhaust gas and cooling system exergy was
conducted at percentage from fuel energy of the diesel fuel. The
results are presented in Fig. 12 and 13.

Fig. 9 Cooling enthalpy estimated in percentage from fuel energy.

5. Exergetic analysis
Fig. 12 Exhaust gas exergy in percentage from fuel energy.

As it was mention above, engine energetic balance can revealed
engine effectiveness and quantity of lost energy in exhaust gas and
cooling system but it cannot revealed recovery potential of each of
lost energy. For this reason an exergetic analysis of exhaust gas and
cooling system was conducted. The exergy was estimated at whole
engine operating range as follows:
𝑬𝑬𝑬𝑬 = (𝑯𝑯 − 𝑯𝑯𝟎𝟎 ) − 𝑻𝑻𝟎𝟎 (𝑺𝑺 − 𝑺𝑺𝟎𝟎 ),

where H and S are enthalpy and entropy of heat source as H0, S0
and T0 are the reference parameters. In the calculation T0 was
considered to 293K. The exergy contains in exhaust gas and cooling
system is presented in Fig. 10 and 11.
Fig. 13 Cooling system exergy in percentage from fuel energy.
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Abstract: When operating with flexible couplers with a rubber elastic element according by standard BDS 16420:86, a plastic deformation
of the tire is observed after a certain period of time. To investigate the deformation process of the elastic element and to determine the main
parameters that affect it, it is necessary to develop a computer model and observe the deformation process when changing the factors of
greatest impact. For CAE program in witch is analysing the model is choosing Solid Work Simulation. The results obtained in the study give
a clear picture of how the deformations obtained are influenced by the parameters characterizing the operation mode. These results will be
used in the design of a elastic element with which the coupler design will operate flawlessly for a longer period of time
KEYWORDS: FLEXIBLE COUPLER, SOLID WORKS NONLINEAR STUDY, CENTRIFUGAL FORCES, RUBBER PLASTIC
DEFORMATION
Analysing the form type of elastic element after the service life
of the coupler, an oval shape of the cylinders with marked areas in
which the fingers of the half couplers are buried is observed. In
order to determine the reasons for the plastic deformation of the
elastic element, it is necessary to examine the deformation state of
the tire during operation.
During the service life of the couplings, the torque that the
coupler transmits and its speed of rotation are important for load.
Observations on the deformation process of the elastic element
coupling in dynamic load conditions prove to be a complex task
requiring the use of additional devices, rotating wireless cameras,
etc., which is not always possible or appropriate. For this reason,
the present publication has modelled the deformation process of this
type of coupling in a Solid Works environment, and specific stress
and deformation values are achieved through simulation models by
Solid Works Simulation.

1. Introduction
The design of drive systems and the operation of existing ones
require the correct choice of connecting elements. The choice of a
suitable size coupling is made on the basis of data for realized
connectors contained in normative documents - standards,
catalogues or advertising stamps [1]. The elastic connectors that are
the object of our study are with a normally loaded non-metallic
elastic element. When operating the elastic couplers type according
to standard BDS 16420:86 "Couplers elastic with rubber element.
Basic parameters, dimensions and technical requirements" [2], there
are cases where the elastic element is deformed in plastic. This most
often results in a coupling failure and the need for replacement of
the elastic element. A picture of a plastic deformed elastic element
is shown in Figure 1.

2. Methodology of Experimental Study
To investigate the deformation process in these types of
coupling is modelled coupler with nominal torque Tnom = 80 Nm
in size according to the standard BDS 16420:86 shown in Fig. 2. It
consists of two identical hubs - 1, 3 (drive and driven) and rubber
elastic element – 2.

1

3
a)

2

Fig.2 CAD model of a flexible coupler
The front surface of each hub 1, 3 are provided with a radius
of curvature close to the curvature of the cylinders of the rubber
elastic element 2. The elastic element is a rubber ring on the
circumference of which is evenly distributed eight cylinders. During
the coupling operation, the load is only taken up by four cylinders,
and the other four are loaded on the reverse. In the presence of
dynamic loads of sufficiently large amplitude, all cylinders are

b)
Fig.1 Pics of the robber elastic element: a) before operation; b)
after operation;
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loaded. The model of the coupling on which the simulations will be
performed is sufficient to model only half the cylinder.
The complex shape of the rubber element, the large relative
displacements, the particular rheological properties of the rubber
and the variable boundary conditions on the contact surfaces
suggest the solution of a non-linear task of static analysis. It is
important to choose a suitable model for calculating the elastomer.
The elastic reaction of rubber-like materials is often modelled on
the basis of the Mooney Rivlin model. It is valid for incompressible
elastomers with deformation up to 200%.
A static research task has been generated. The mechanical
properties of the highly elastic material (rubber) are set - Hyper
elastic Mooney Rivlin. The model is concretized with two constants
of the Mooney Rivlin equation, respectively first material constant
C1=0,035MPa and second material constant C2=0,013MPa. The
data is taken from a source [8] and is tailored to the specific
workload of the coupling operating elements. Parameters which as
set – Poisson’s Ratio for the rubber material μ = 0.4995; rubber
density ρ = 1080 kg/m3 (for the most commonly used type of
EPDM [4]); Tensile strength σB = 16.2 MPa [4].
Important for solving the nonlinear task is the step in which
the load changes. The torque is set inside of the drive hub the and
on the other is fixed supports to ensure its immobility.
To avoid contact in a straight line between the cylindrical
surface of the rubber elements and the finger profile of the semicircle, a contact spot with minimal dimensions is created. Four

simulation tasks were performed, with all the maximum torque set
Tmax=300 Nm. The number of steps that load the model is 100 (3
Nm for each step). The model also includes the centrifugal loads
applied in centre of the cylinders. Table 1 shows the loading
process for four computer experiments with different rotation
speeds.
Torque
Fixtures

Revolutions Speed
Fig.3 CAD model of a flexible coupling with applied forces and
fixtures
Table.1
EXPERIMENTS

Тmax=300Nm,
Тmax=300Nm,
Тmax=300Nm,
Тmax=300Nm,
nmax=0 min-1
nmax=1500 min-1
nmax=3000 min-1
nmax=4500 min-1
T, Nm
n, min-1
T, Nm
n, min-1
T, Nm
n, min-1
T, Nm
n, min-1
1
3
0
3
1.5
3
3
3
4.5
10
30
0
30
150
30
300
30
450
20
60
0
60
300
60
600
60
900
30
90
0
90
450
90
900
90
1350
40
120
0
120
600
120
1200
120
1800
50
150
0
150
750
150
1500
150
2250
60
180
0
180
900
180
1800
max 159*
max 2385*
70
210
0
210
1050
210
2100
80
240
0
240
1200
240
2400
90
270
0
270
1350
max 264*
max 2640*
100
300
0
300
1500
* Maximal loads values in witch simulations is stop because of dismemberment of elastic elements;

Time, s

They also show pictures of the deformed coupling condition
at maximum load values. The horizontal axis changes the time,
increasing the torque and the revolutions speed with values shown
in Table 1, and the full deformation (URES - Δl, mm) along the
ordinate.

3. Results of the study
After the were carried out, using a tool to derive the results of
the rotation of the one hub relative to the other, the four graphs
shown in Figures 4, 5, 6 and 7 were reached.

Fig.4 Deformation changes by the time steps according to the simulation model at load Tmax = 300Nm and n = 0 min-1
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Fig.5 Deformation changes by the time steps according to the simulation model at load Tmax = 300Nm and n = 1500 min-1

Fig.6 Deformation changes by the time steps according to the simulation model at load Tmax = 300Nm and n = 3000 min-1

Fig.7 Deformation changes by the time steps according to the simulation model at load Tmax = 300Nm and n = 4500 min-1
The results of the four graphs are used to create a threedimensional bar chard, shown in Figure 8. In this graph is shown
the relationship between the torque, the coupling rotation speed and
the relative deformation angle at which the two half couplers rotate
to one by one.

•
•

4. Analysis of results and conclusions
The outcome of simulation studies, processing of results and
graphical representation can be made the following important
conclusions:
•
Increasing the rotation speed and torque of the examined elastic
coupling results in an increase in the relative rotation angle
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between two half couplers of the to each other apparent from
the data shown in Fig.8.
Increasing the speed of rotation shows an increased leakage of
the elastic member visible from Fig. 5, 6 and 7, this
phenomenon being caused by centrifugal forces;
Increasing the speed of rotation of the tested elastic coupling
leads to a reduction in the maximum torque it can carry,
according to the data of Table 1.

Fig.8 Changing of the rotation angle - φ, in deg., of the two half
couplers relative to one by one depending on their rotation speed n,
rev/min and torque T, Nm

5. Conclusion
The approach used to study the effect of rotational speed on the
deformation process of a elastic couplers according to standard
BDS 16420:86 is a step to determine the most appropriate operating
modes for the respective elastic member to achieve a more reliable
coupling design.
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Abstract: The launch of electric vehicles and ITS initiated new challenges for design related ergonomics in the vehicles, especially in the
field of Human Machine Interface (HMI). This research is motivated by the necessity for evaluation of current ergonomic and design
solutions of contemporary vehicles. The presented study included a review of available literature and regulations, state of the art, as well as
operational analysis based on detailed comparison between two vehicles. The assessment has been done between two existing vehicles of the
same model, the first one powered by the internal combustion engine, and the other one powered by an electric engine. The information
displays, vehicle controls and secondary vehicle controls of both vehicles were carefully analyzed and compared. The results of the study are
presented as a source of preliminary understanding of the newly developed technology for designers, experts dealing with safety issues and
other professionals.

Keywords: SAFETY, ELECTRIC VEHICLE, ERGONOMICS, INTELLIGENT TRANSPORT SYSTEMS, HUMAN MACHINE
INTERFACE, VEHICLE DESIGN.

1. Introduction
The general development of technology has an important
impact in the world of vehicles design, not only on the exterior, but
also on the vehicles interior, figure 1 [7]. At the same time, that
process carries many risks and dangers which must be taken into
serious consideration regarding the safety. One of the aspects
critically related to the safety is the ergonomics. Ergonomics is
associated with the technology development, so the designers of
vehicles meet new challenges to fit their solutions to the safety
needs. Cock-pit design and other interior design elements have
well-known relation with automotive safety, both active and
passive. Ergonomic aspects of the design have a complex influence
on the automotive safety, and innovative solutions are always
welcomed. On the other hand, innovations may create a chance for
improvement of the ergonomic design which should be recognized
and employed by designers.
Fig. 2 Expected emerging technologies through time

Some ergonomic problems are typical only for electric vehicles.
One of them is the lack of engine sound which could be dangerous
for pedestrians. The results of the research of Bolkovac, Horvat and
Jambrosik present the evident differences in acceptability of
different IC engine sounds which could be potentially used as
artificial warning sounds for hybrid and electric vehicles [1].
The common, quite new safety challenge related to the
emerging technologies is the design of Human Machine Interface in
vehicles, figure 3, [6], [8]:

Fig. 1 Interior of a Mercedes SL from the 1970s compared with a Present
day Mercedes SL

“Aspects of safety:
Two areas of vehicles development are distinguished by their
multi-disciplinary and innovation - the application of intelligent
transport systems (ITS) and the rising development of electric
vehicles (EV). There are a number of authors already tackling these
issues. On the other hand, the number of vehicles with advanced
ITS components, and electric vehicles in use, is still low which
limits the amount of experiences how successful designers have
been in this regard. It is yet to be found out how customers perceive
these problems. It is a process related to time, figure 2, [7].

1. Functional System Safety, which covers safety problems
from hardware design and from software design. The particular
focus is on technical reliability, the propensity for system
malfunction and the potential to go into a dangerous and/or
unanticipated system mode.
2. Human Machine Interaction (HMI), which focuses on
interaction between the user and the system. Key issues are the
design and location of buttons, controls and screens (size,
brightness); menus; means of dialogue between the user and the
system; the channel for information exchange (auditory or visual)
between the user and the system; and feedback to the user (auditory,
visual or haptic). Inappropriate design can lead to overload (too
much effort required) or underload (the user no longer involved in
the main task of driving) or to distraction from the driving task at
inappropriate times.
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3. Traffic Safety whose concern is safe operation of the traffic
system. It covers the outcome of both Functional System Safety and
most but not all HMI problems (aspects of HMI design that do not
affect safety, such as modes of operation not available while
driving, are outside the traffic safety boundary). It also covers the
ways in which the use of a particular system might influence road
user behaviour and alter the interaction between the driver, the
vehicle, the road infrastructure and other road users (including
vulnerable road users such as pedestrians and cyclists) in such a
way that safety is affected.”

Therefore, gathering information on the impact of the drivers'
behavior to the intelligent transport systems is crucial [2].
Falko Dressler and Christoph Sommer [3] investigated the
impact of human driver behavior on the quality of ITS. Their
solution, which has been integrated into the publicly available Veins
framework, allows running integrated simulation experiments
taking the driver’s behavior into account. They suggest that simple
probabilistic models can be used to represent complex empirically
generated models.
Classifying In-Vehicle ITS technologies according to the
driver’s behavior is useful in developing common understanding of
these technologies. They may be thus classified into three
categories: assistance by information presentation; assistance by
warning under critical condition, and assistance by control under
normal driving condition and under pre-crash condition. Figure 4
shows, based on this classification, the current status of In-Vehicle
ITS. The typical examples include navigation systems in the field of
information presentation, forward obstacle warning systems and
LDWS in the field of warning; and CC under normal driving
condition and CMBS (Collision mitigation braking system) under
pre-crash condition in the field of control.

Fig. 3 The three aspects of safety

The rest of the paper presents a brief overview of the techniques
and terminologies used in the areas of intelligent transport systems
and electric and hybrid vehicles. Also it offers an initial assessment
in driver behavior induced by the ergonomics, EV and ITS
technologies regarding the overall safety. Furthermore, this paper
presets a comparative Analysis of HMI environment between
conventional and EV Versions of the same model of a vehicle. The
conclusions that have risen during the performed research are
presented in the final section of the paper.

2. ITS, Electric and Hybrid Vehicles – a breaf
overview
Development and innovations in the field of vehicles design
partially refer to introduction of electric vehicles and ITS
components. As a result, there are a number of specific features
from the aspects of design and ergonomics. In continuation of this
section, short terminology and basic technical information related to
the innovations mentioned will be given.

Fig. 4 Behavioral model of a driver and level of driver assistance

Besides the overall positive influence of the information
presentation systems regarding the road safety, the excessive
information presented visually and/or auditory during driving might
distract the driver’s attention. Regarding this notion, the information
presentation systems could even impose a certain threat to the road
safety.

Intelligent Transport Systems ITS technology allows connection
and communication between vehicles, as well as between vehicles
and road infrastructure. ITS covers a wide range of systems with a
purpose to improve the complete picture of a safe, fluent and energy
efficient road transportation. Starting from the car manufacturers
implementing the new technology because of the expected wide
application, interests in the development benefits caught the
attention of the policy makers as well. The future of mobility is
likely to be significantly changed looking at the wide range of
technologies offered, starting from information of the current traffic
state, collision avoidance systems, automatic emergency calls, etc.
[4].

As to the warning systems, there is not yet any common widely
shared policy. Meanwhile, there is concern about confusion that
might be caused among drivers by the presence of various types of
warning systems on the market. It is hoped that a certain method for
quantitatively evaluating these systems will be developed based on
knowledge of HMI and in such a manner not to hinder advances in
technologies. For example, the potential of confusing drivers is one
of the subjects to be studied, including consistency with existing
warning systems. Red lamps have been used, for instance, to warn
against engine malfunction and brake malfunction. More recently,
however, the use of colored warning signals has increased at the
same rate as the increase in the number of new devices fitted into
vehicles. Many of these rely upon a combination of color and
symbol to describe to the driver the system that is faulty, following
which the driver is expected to read the operation manual to find
details of what action should be taken. While this might be
acceptable for non-safety-critical systems, the basic idea of a red
warning symbol is to warn the driver of an imminent danger and the
indication should be clear and unambiguous.

One of the most important impacts that goes alongside the
intelligent transport systems is, of course, the drivers behavior.
Optimizing and increasing the information that the driver gets as a
feedback from the vehicle is crucial. The ergonomics and design of
the vehicle have to offer clear and easy-to-understand information
to the driver, and, at the same time, to avoid creating a distraction.

In the field of control under normal driving condition, it seems
appropriate to base it on the philosophy of the “Driver in the Loop,”
which means that the driver should be involved in driving
operation. There are three main aspects within this philosophy:
presence of driver operation in car driving; transition of control
behavior from system to human driver; and driver override.

A. Intelligent Transport Systems ITS
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As to control under pre-crash condition, it is understood that
such control is effective as damage-mitigation technology in
circumstances where collision is no longer avoidable.

phones, as the most used devices for communication, are commonly
used while driving.

B. Electric and hybrid vehicles
It is very difficult to make a difference by their external
appearance between the vehicles with internal combustion engine
(ICE or conventional vehicles) on one hand, and the electric and
hybrid vehicles on the other hand. Anyhow, the electric and hybrid
vehicles have already placed a significant mark in the world of the
vehicles. Even with a perception of their motion it is hard to notice
any difference between conventional vehicles and electric and
hybrid powered vehicles. The difference is, however, in the powertrain, which is out of site of the vehicle users (Fig. 5).
Although the electric vehicle market is still at a relatively early
stage of development, it has the potential to reshape the everyday
use of vehicles. Having many ways of generating electricity,
electric vehicles as a transformative new technology certainly find
their way to feed the need of cost efficiency and ecological
desirability.

From automotive ergonomics point of view the in-vehicle
information systems (IVIS) made a great progress by offering to the
driver an access to the features such as navigation, voice control,
Bluetooth, touch displays, etc., which satisfy many of the driver’s
needs, but, on the other hand, they entail a number of challenges
and risks.
After the antilock braking system made an entrance in the active
safety systems, vehicle ergonomics provided more attention to the
technologies that work in preventing an accident. With introduction
of the technology named advanced driver assistance systems
(ADAS) it ultimately became an active safety system itself, creating
completely improved driving experience. ADAS is designed to help
drivers to avoid distractions by non-driving related activities, but it
could also contribute to averting other kinds of distraction. ADAS is
an indication that the idea of fully autonomous vehicle is not far
away.
B. Identification of the elements of electric vehicles with an
ergonomic significance
With the introduction of electric vehicles many challenges have
emerged. Looking from the general view of conventional vehicle
users the apparent “range-anxiety” was just one of the questions and
worries that came along. With the rapid developing automotive
industry most of the worries that were existent were put to bed
early.
At-home charging being the only first option for electric
vehicles was quickly accompanied by fast-charging infrastructures.
Wireless charging and even more advanced batteries were
implemented in the newer electric vehicles. However, the
acceptance that comes from potential buyers of electric vehicles just
starts here.

Fig. 5 Fundamental differences between an internal combustion engine
(ICE) vehicle and an electric vehicle (EV)

3. Safety related vehicles ergonomics regarding in
vehicle ITS and electric vehicles
In the last 20 years, the automotive industry experienced a
massive expansion in the applied technology. From the electronics
used in vehicles to the development of completely new systems,
these rapid changes have created new challenges for automotive
ergonomics as well. Modern technologies surround the driver in the
vehicles today, starting from mobile phones, navigation,
entertainment systems, etc., which pose risks of serious distractions,
hence, significantly lowering the driver’s attention. Undoubtedly,
one of the main research challenges in the ergonomics is the
visibility and drivers perception, studies of the visual attention and
possible distractions.

The necessity of “familiarity” while driving such a vehicle is
also present. Therefore, the driver-vehicle interaction is as crucial
here as with every other vehicle. Judging by their external look it is
hard to tell the difference from conventional vehicles, and at the
same time, the approaching interior of the EVs looks equally as
well. When entering an electric vehicle, setting up the driver’s
sitting position, adjusting the steering wheel high, are just few of
the procedures that are the same as the ones in any modern ICE
vehicle.
Users of conventional vehicles with automatic transmission will
find the EVs more familiar than users who drove only conventional
vehicles with manual transmission.
The driver’s behavior during the driving task could be
considered on three mutually connected levels: maneuvering or
control level, tactical level and strategic level [3].
The maneuvering level deals with steering inputs, gear shifting,
operating the wipers and similar controls.

Electric vehicles disclose a lot of new aspects related to the
driver habits as well. Nevertheless, as much as the electric and
conventional vehicles may seem alike from the outside, there are
numerous differences in controls and cock-pit instruments which
inevitably need to be designed in an ergonomic way.
In both cases (vehicles with ITS, and Electric vehicles), due to
technical reasons, and the period they have intensive development,
from ergonomic point of view human machine interface (HMI)
appears to have important role from safety point of view.
A. Identification of the ITS elements with an ergonomic
significance
Globally, the most widespread form of transport is not immune
to the technologies that became a part of everyday life. Mobile

The tactical level (tasks that require some conscious decision
making, often in response to the changing traffic environment) deals
with tasks like deciding which route to take, taking a shortcut or
not, adapting speed with weather driving conditions changes.
The strategic level (highly demanding cognitive tasks, learned
behaviors, attitudes, and even beliefs that precipitate the
relationship with the vehicle, other road users and the road
environment) includes problem-solving mechanisms of plotting a
route in a totally unfamiliar area, general attitudes towards speeding
and risk taking, vehicle preferences, driving style and preferences,
presumptions about other drivers, riders and pedestrians, and so
forth.
Keeping the same three levels approach, it is noticeable that
driver has to deal with changed HMI regarding the in vehicle ITS
and electric vehicles. These changes are mostly related to the
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following aspects: Information Display, Vehicle Control and
Secondary Controls (HVAC, Wipers, Charging Control) [3] as well
as on the tactical and strategic level.
Information Display
Beyond the basic maneuvering level, information plays an
important role to the tactical and the strategic level of driving
(Michon, 1993) [3]. Electric vehicles are known as environment
friendly, but the energy consumption information for the driver is of
a top priority to be sure he or she will reach the destination. This
information is both on the strategic and tactical level. More and
more modern vehicles need to include energy demand prediction
and charging facilities, as well as quickest and shortest routes.
Therefore, many electric vehicles have included energy
consumption information, often combined with eco-driving advice.
The type and contents of information normally are: estimated
range and charging points, both visualized on the area map, instant
flow of energy, battery information, and some form of longitudinal
efficiency feedback based on the trip distance already covered [6].
The driver of an EV should be trained to use the power
indicator instead of a tachometer in the conventional vehicle. This is
very much related to the energy consumption and safety. Since
there is no engine noise, which most of the drivers are used to, there
persists a need of additionally developed driver’s experience in
order to avoid often monitoring of the indicator and the enormous
power consumption.

On tactical level the driver takes some decisions, like deciding
which route to take to the wanted destination, adapting the speed
when the conditions change or making other decisions related to the
changing of traffic environment. Driving an electric vehicle means
that the driver should be aware of the influence of external
temperature to the batteries, the electric engine and other electric
systems, occasional higher quantities of water on the road and so
on. Therefore, there is a necessity of such information which is
normally available in user manuals. Changing the route to the final
destination with electric vehicles, due to the limited possibilities of
the charging, could sometimes lead to the powerless status, for
example - in the case of traffic congestion in the changed route.
HVAC controls in EV allow the driver to input desired internal
temperature. Since this is related to the energy consumption, and
therefore to the vehicle range, there is a need for the driver to take
correct decisions regarding the HVAC controls.
Charging is a new specific of electric vehicles which does not
exist in the conventional vehicles. It includes several aspects, all
related to this level. Those are - planning time and place of
charging. There is one more task for the driver compared to
conventional vehicles - to monitor battery level and to decide when
to cancel the charging.
On strategic level the driver takes high demanding cognitive
tasks. Most of the drivers are familiar with conventional vehicles
and are capable of estimating new vehicles performances based on
previous experiences. That is not a case with the electric vehicles
and the drivers should be very much aware that the electric vehicles
have different performances compared to the similar conventional
vehicles. Without this awareness the drivers could take wrong
decisions, which, having in mind the importance of this level, could
lead to potentially dangerous traffic situations. Also, bad decisions
of the driver could lead to empty batteries where there is no
possibility of recharging.

As for the in vehicle ITS the vehicle’s information display is
enriched with additional symbols, tell-tails and identification of
controls for each separate system or independent state. The driver
needs some time to adapt to this information.
Vehicle Control
Vehicle control consists of longitudinal and lateral control.

HVAC has the similar influence on this level as on the tactical
level. So, the same remarks are valid on this level, as well.

The longitudinal control is realized through the operation of
pedals and the gear level. Conventional vehicles mainly possess a
classical manual gearbox, which means that the driver controls the
clutch by a clutch pedal and the gearbox by a gear lever.

Charging of the vehicle is also related to this level. All aspects
mentioned in tactical level have the same importance on this level
too.

EVs do not need a clutch control because of the characteristics
of electric motor which can start under load. Instead of a gear
selector, EVs require a simple drive selector for the forward,
backward and parking position. Additional driving modes such as
‘eco’ may be included. The drive selector is comparable with the
lever of the conventional vehicle with automatic transmission.
Furthermore, this is very much related to the technical solutions in
the electric vehicles and the driver needs to understand these
differences and to be trained how to handle that lever. It is
necessary in order to avoid improper use of the gear lever and
potential distraction of the driver, or even worse, unwanted
behavior of the vehicle in traffic.
Secondary Controls (HVAC, Wipers, Charging Control)
Most of the secondary controls of the EVs are very similar or
equal to those in the conventional vehicles: control of heating,
ventilation and air-conditioning (HVAC), wipers control, and, in the
case of EVs, charging control.
Control of heating, ventilation and air-conditioning (HVAC) in
the electric vehicles is very much related to the total energy
spending and therefore to the vehicle efficiency, which is related to
the vehicle range.
Charging of electric vehicles, even with application of quickcharging equipment is incomparably longer than the filling of fuel
of conventional vehicles. That empowers the need of management
of the charging process and it’s planning, which puts additional
tasks on the driver on tactical and strategic level. This is a very
important difference between conventional and electric vehicles.
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In vehicle ITS have influence on all levels of drivers behavior
too. Depending on the level of in vehicle ITS, they have safety
related as well as environmental impact. Cruise control system is
probably the most widely used assistance system for lateral control
in normal driving conditions. It is designed to maintain the
preselected speed by the driver, regardless the driving conditions.
This means that the system will maintain the speed on straight
roads, on curves, on uphills and downhils. Pressing the throttle
pedal, the driver can increase the cruising speed. After releasing the
pedal, the vehicle’s speed will decrease but not below the preset
speed. The CC system is overridden with the break control or with
the control on the steering column. During long journeys this
system could contribute towards drivers comfort. The driver could
stretch, slightly change his seating position and rest his legs. On the
other hand this does not mean that the driver could relax on control,
tactical or even on strategic level. On contrary, with the system
active, the driver should increase his awareness on all three levels in
order to maintain the safety level of conventional driving and to
take into account the increased “energy” consumption. In
conventional driving the driver maintains the desired speed mainly
with the position of the throttle pedal. When the necessity for
braking arises, the driver releases the throttle pedal, moves his foot
on the brake pedal which is next to the throttle pedal and presses the
pedal. At the very moment when the driver releases the throttle
pedal, the vehicle loses power and the speed decreases. This process
lasts till the driver presses the brake pedal, when the deceleration of
the vehicle is intensified. When the CC system is active, the braking
distance of the vehicle is longer and the driver has to be aware of
this notion on tactical level. This is because of the increased driver
reaction time and the functionality of the system. Namely, when the

CC system is active, it automatically maintains the vehicle’s speed.
When the necessity for braking arises, the driver moves his right
foot on the brake pedal and presses the pedal. Usually in this case
the driver’s right foot is further away from the brake pedal
compared to the conventional driving. This leads to increased
duration of the motoric reaction of the driver. Even if the motoric
reaction of the driver is the same in both scenarios, the functionality
of the CC system contributes towards increased braking distance.
During the explained motoric action of the driver, the CC system is
active and maintains the desired speed, i.e. during this time the
power is not cut off and the vehicle does not decelerate. The power
cut off and the initial braking come with pressing the brake pedal.
This continuous movement of the vehicle instead of deceleration
due to the external vehicle’s loads and the higher initial vehicle’s
speed at the beginning of the braking process lead to increased
braking distance. If the driver does not adapt his behavior on control
and tactical level this could decrease the overall road safety. On
strategic level, the driver has to be aware that the operation of the
CC system could lead towards high energy demanding situations.

Vehicle control
Volkswagen Up - ICE version

Volkswagen Up - E version

Gear control
Both vehicles have gear control lever
The ICE version has standard 5 gear manual transmission control lever
The EV version has “gear control” lever looking like an automatic
transmission at ICE vehicles. The selectable positions are P – Parking, R –
reverse, N – neutral, D – drive, B – braking which differs from the positions
automatic gear lever of ICE vehicles has
-

4. Comparative analysis of human-machine
interface (HMI) environment between ICE and EV
versions of the same model of a vehicle
A. Approach and operational activities
The general perception from the outside of the conventional and
EV versions of Volkswagen UP confirms the already known fact
that they are not different (Figures 6 and 7).
Although the electric engine seems to be the biggest difference
it is certainly not the only one. The Human-Machine Interface
(HMI) of the EVs differs to some degree from ICEs as well. The
analysis of the differences is based on the operative review of both
versions of Volkswagen Up (ICE and EV). All important aspects of
the Human-Machine Interface (HMI) are checked on the vehicles
and photos have been taken.

Foot control
The ICE model has a standard configuration for manual transmission
(clutch, brake and acceleration pedal)
The EV model doesn’t have clutch pedal and has a wider brake pedal, as
well as an acceleration pedal which makes the configuration the same as the
one used in ICE vehicle models with automatic transmission
Vehicle Secondary Controls (HVAC, Directional Lights, Wipers )
-

Fig. 6 External appearance of ICV Fig. 7 External appearance of EV

Control of heating, ventilation and air-conditioning (HVAC)
Comment:
HVAC (Heating, Ventilation, Air Conditioning) controls take the
central place on the console in both models
The ICE model has a manual classical HVAC controls
The EV model has HVAC control with a digital display
The audio system controls are the same in both models

B. Analysis of findings
Based on the approach described above and on the content of
Table 1, a comparative analysis of Human-Machine Interface
between ICE and EV versions of the same model of vehicle was
done. The analysis was divided on maneuvering, tactical and
strategic level.

Table 1 shows parallel photos of information display, vehicle
control and secondary controls for both vehicles. The table also
contains comments for each important part of Human-Machine
Interface (HMI).
Table 1: Comparison of the controls of the both versions of Volkswagen Up
Information display
Volkswagen Up - ICE version
Volkswagen Up - E version

Maneuvering level
Steering input is performed via the same kind of interface steering wheel. This activity does not differ between the analyzed
vehicles. ICE vehicle possesses a classical manual gearbox. The
electric vehicle does not have a clutch, therefore, the clutch pedal is
missing. Regardless, the gear lever looks like the lever of in the ICE
vehicle with automatic transmission, its function differs and that can
be seen by the marks on the lever. The acceleration pedal is on the
same place in both vehicles and its use is the same. Other controls
on this level, like those for direction indicators and wipers, are the
same in both vehicles.

Combined display
The display is generally with the same configuration
Speedometer in the EV version with lower maximum speed (160 km/h
vs 220 km/h)
The tachometer on the ICE version (left smaller cycle indicator) is
replaced by power indicator on the electric vehicle
Fuel level indicator on the ICE version (smaller right cycle indicator) is
replaced by indicator of battery level
-

Tactical level
The analyzed electric vehicle does not possess additional
indicators which would assist the driver in taking the above
elaborated decisions on tacktical level.
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Strategic level
The analyzed electric vehicle has no interface which could
assist the driver in relation to the activities on this level. There are
no such interfaces in the ICE vehicle as well.

5. Conclusion
The development of the ITS and electric vehicles is in a phase
in which there is a need of complex approach towards instructing
the drivers and other users how to take all the advantages they offer
and avoid potential weaknesses. The ergonomic aspects from that
point of view can be studied through human-machine interfaces.
Such study should consider all three levels of the driver’s activities
on the maneuvering, tactical and strategic level.
The results of the analysis done in this paper show that, besides
the fact that it belongs to a lower class of vehicles, the electric
version of Volkswagen Up, HMI has an influence on all three levels
of driver activities. Due to the lack of experience of the drivers with
electric vehicles there is an obvious need for them to be equipped
with components of advanced driver assistant systems (ADAS)
which could protect the driver from taking wrong decisions on each
level. For the time being that is to be expected in high classes of
conventional end electric vehicles and due to the price limitation
that will not be a case in cheaper electric vehicles. Therefore, there
is a need for a specific training of the new electric vehicle users.

6. References
[1] Bolkovac, I., Horvat, M., Jambrošić, K., Domitrović, H. (2014).
The suitability of internal combustion engine sounds as artificial
warning sounds for electric and hybrid vehicles. Promet Traffic&Transportation, 26(4). doi:10.7307/ptt.v26i4.1453
http://hrcak.srce.hr/130124
[2] Dinesh Mohan (2009), Intelligent Transportation Systems (its)
and the Transportation System, Transportation Research and
Injury Prevention Programme, Indian Institute of Technology
Delhi, India,
[3] Dressler, F., & Sommer, C. (2010), On the impact of human
driver behavior on intelligent transportation systems.
In Vehicular Technology Conference (VTC 2010-Spring), 2010
IEEE 71st (pp. 1-5). IEEE
[4] Intelligent Transport Systems (ITS) FEMA Position Paper,
(2011),
Brussels,
Belgium.
http://www.righttoride.eu
/virtuallibrary/warningcontrolsystems/20110110_FEMA_ITS_
position.pdf
[5] Gkikas, N. (2013), Automotive Ergonomics, Driver-vehicle
interaction, CRC Press, Taylor & Francis Group, , ISBN: 978-14398-9427-9.
[6] O.M.J. Carsten and L. Nilsson, Safety Assessment of Driver
Assistance Systems, Swedish National Road and Transport
Research Institute (VTI) Linköping, Sweden
[7] Tim Smith, Harsha Vardhan, Barnaby Malet and David Mingay,
Are we there yet? Thoughts on in-car HMI, Ustwo experiment
platform, July 2014
[8] European Statement of Principles on Human Machine Interface
for In-Vehicle Information and Communication Systems,
European Commission, 1998
[9] Helena Strömberg, Pontus Andersson, Susanne Almgren, Johan
Ericsson, MariAnne Karlsson and Arne Nåbo, AUI2011
Proceedings, Salzburg, Austria, Nov. 30th – Dec. 2nd 2011
[10]
Tom Wellings, Jackie Binnersley, Duncan Robertson and
Tawhid Khan, Interfaces in Low Carbon Vehicles Market
Trends and User Issues, Low Carbon Vehicle Technology
Project, 2011.

345

ELECTRIC DISCHARGE METHOD OF OBTAINMENT OF TITANIUM CARBIDE
HARD METALS
ЭЛЕКТРОРАЗРЯНЫЙ МЕТОД ПОЛУЧЕНИЯ КАРБДОТИТАНОВЫХ ТВЕРДЫХ СПЛАВОВ
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Abstract: A complex approach to obtainment of titanium carbide hard metals, which consists of utilization of high density energy flows of
high voltage electric discharges (HVED) for dispersion and activation of particles of powders mixture of 80 % Ti + 20 % Fe composition
and synthesis of carbide phase and subsequent consolidation of obtained powders mixture by high density electric current with spark plasma
sintering (SPS) method. Connection between specific cyclic energy of treatment of “kerosene – Ti + Fe powders mixture” disperse system
and changes of dispersity, shape and phase composition of powders and physical and mechanical properties (hydrostatic density, hardness,
thermal conductivity, wear resistance, dynamic strength) of materials consolidated from them is found. Tungstenless titanium carbide hard
metals, which have high specific values of strength and wear resistance, hardness of which is higher than 82 HRA, and thermal conductivity
of such materials is insignificantly lower than thermal conductivity of VK6 alloy, were obtained.
KEYWORDS: HIGH VOLTAGE ELECTRIC DISCHARGE, HARD METAL, TUNGSTENLESS HARD METAL, POWDER, FUNCTIONAL
PROPERTIES, DISPERSION, SYNTHESIS, SPARK PLASMA SINTERING

1. Introduction/Введение
Currently attention of scientists is directed at development and
implementation of hard metals (HM) that do not contain tungsten –
tungstenless hard metals (TLHM), which usually also do not
contain Cobalt, which is substituted by Nickel or Ferrum [1, 4–5].
Development of TLHM is concentrated on the creation of material
based on complex Titanium-Niobium carbide with NickelMolybdenum matrix (TM type), Titanium carbide with NickelMolybdenum matrix (MNT, TN, NTN etc.), Chromium carbide
with Nickel matrix, Titanium carbide and carbonitride with steel
matrix (carbide steels, ferroticars) and HB on non-carbide base
(cermets etc.). For all of the above except case of using Titanium
carbide and carbonitride with steel matrix, complexity and
expensiveness of materials production take place. At the same time,
TLHM if compared to conventional tungsten-containing hard
metals usually have lower elastic modulus, lower thermal
conductivity and toughness, thus they are worse at resisting shock
and thermal loads, elastic and plastic deformations, have lower
high-temperature strength, they suffer more intensive loss of
strength at high temperatures, have increased abrasive wear on back
surface of cutting tool. It is worth noting that usage of TLHM as a
substitution for tungsten-containing HM does not lead to any
significant technic or economic impact [1, 4–6].
There is an approach which allows increasing physicomechanical and performance properties of materials, which can be
applied during preparation of powder mixtures for consolidation
during production of TLHM. It consists in using high voltage
electric discharge (HVED) in liquid which can purposefully impact
phase and disperse composition of powders, Fe–Ti system mixtures
in particular which leads to an increase of functional properties of
material consolidated from them [7–14]. Theoretical evaluation
based on thermodynamic analysis as well as experimental studies
confirmed changes of phase composition of Ferrum and Titanium
powders mixtures under the impact of HVED in hydrocarbon liquid.
In work [14] it is shown that HVED leads to destruction of
hydrocarbon liquid by plasma discharge channel and synthesis of
nanocarbon and hydrogen; also HVED leads to intensification of
passage of reactions between powder mixture components and
products of hydrocarbon liquid decomposition which leads to
synthesis of Titanium ad Ferrum carbides and intermetallic
compounds. Technology of HVED impact on powder mixtures of
Ferrum, Titanium and Boron carbide in hydrocarbon liquid was
successfully applied by authors of present work for obtainment of
powder mixtures for production of carbide steels [15]. Combination
of powders HVED treatment and subsequent spark-plasma sintering
(SPS) of synthesized powder mixtures allowed preservation of fine
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grain structure of compact and ensuring an increase of physicomechanical properties of carbide steel [10, 12].
The goal of present work is the determination of connection
between cyclic specific treatment energy on “kerosene – Ti + Fe
powder mixture” disperse system and changes of dispersity, shape
and phase composition of powders and functional properties of hard
metal materials consolidated by SPS.

2. Preconditions and means for resolving the
problem/Предпосылки и средства для решения
проблемы
Powder mixture of 80 % Ti + 20 % Fe composition was
treated by HVED. Treatment of suspensions of Titanium powders
of PT 6 TU U 14-10-026-98 (ПТ 6 ТУ У 14-10-026-98) brand and
Ferrum
powders
of
PZhR 3.200.26-30
GOST 9849–86
(ПЖР 3.200.26-30 ГОСТ 9849–86) brand in kerosene of TS-1
GOST 1022–86 (ТС-1 ГОСТ 10227–86) brand was performed in
working chamber, scheme and detailed description of which are
given in [7, 12], Parameters of HVED treatment were selected
according to works [7–14], and specific treatment energy Ws of
“kerosene – Ti + Fe powders mixture” disperse system varied in
range from 4.5 to 27 MJ/kg by changing pulses quantity.
Metallographic analysis by digital photographs, made on
optical BIOLAM-I (БИОЛАМ-И) microscope and raster electron
microscope REMMA-102 (РЭММА-102), was used in order to
evaluate the impact of HVED treatment on morphology and
dispersity of particles according to GOST 23402–78 (ГОСТ 23402–
78). Samples of powder for microscopy were taken according to
ISO 3954–77. Differential curve of powder particles diameter
distribution by their quantity Fd (d) = dF/dD was built by
differentiating integral cumulative curve, smoothing was performed
using the method of consecutive application of the moving average
with the window of two points with previous division into intervals
of 0.05 µm size. Studies of powders phase composition were
performed by X-ray diffraction analysis method. Registration of Xray diffractograms was performed using Rigaku Ultima IV X-ray
diffractometer at CuKα radiation. Identification of phases on X-ray
diffractograms was performed using QualX [16] software. Powders
bulk density was determined according to ISO 3923-1–79 using
funnel.
Sintering of powders was performed on “Gefest-10”
experimental SPS complex with maximal amplitude of AC and DC
superposition of 1.1 kA, frequency of AC component of 10 kHz,
input sintering energy during 1 s, which is numerically and
physically equal to sintering process power, of 7.5 kJ/s, temperature
rise rate of 20 °С/s and holding time of 270 s (total time) wile

mechanic pressure of loading was 60 MPa according to works [10,
11].
Density of consolidated specimens was determined by
hydrostatic weighting in ethylene according to ISO 3369–75.
Hardness of specimens was studied according to ISO 3738/1–82 on
ТР 5006 hardness meter. Dynamic strength was studied using
specimens compression diagram on experimental stand for dynamic
tests according to Hopkinson method [17]. Specimens wear
resistance was determined by weighting method on SMC-2 (СМЦ2) friction machine with “roller-block” scheme at dry friction
(without lubricant) [18]. Immobile cylindrical specimen (block) and
counter-body (roller) – movable flat diamond circle of direct profile
of 1А1 F50×16×3×16 АS4 (1А1 Ф50×16×3×16 АС4) brand with
160/80 grain according to GOST 16167–90 (ГОСТ 16167–90) were
the friction pair. Peripheral speed of roller was 0.8 m/s, pressure on
specimen was 0.75 MPa. Pre-grinding of contact surfaces was
performed before the tests. During studies, specimens were
weighted after every 0.5 km of way. Thermal conductivity of “glass
– specimen” system was determined on thermal conductivity meter
IT- λ-400 (ИТ-λ-400) according to [19]. Organic glass according to
GOST 17622–72 (ГОСТ 17622–72) with thickness of 0.8 mm was
used during studies, because thermal conductivity of specimens was
too high for studies on mentioned instrument.

3. Results and discussion / Результаты и их
обсуждение.
Microscopy studies of morphologic characteristics have
shown that initial 80 % Ti + 20 % Fe powder mixture size was from
0.5 to 160 µm (see Fig. 1, curve 1). Median of distribution was ~
43 µm and mean diameter was 37.5 µm.

Further increase of specific treatment energy to 27 MJ/kg
doesn’t lead to any significant dispersity changes if compared to
treatment with Ws=18 MJ/kg (see Fig. 1, curve 5).
It is found out that HVED treatment of 80 % Ti + 20 % Fe
powder mixture impacts not only the dispersity, but also the shape
of particles. Despite the decrease of dispersion dynamics, increase
of specific treatment energy leads to an increase of spherical and
roundish particles quantity. So, for initial powder content of
spherical particles was 15.5 %, content of roundish particles was
61.5 %, content of angular particles was 22.5 % and there was
insignificant quantity of rod shape, and after HVED treatment with
the increase of specific treatment energy from 9 to 18 MJ/kg
content of spherical particles increases from 35 to 46 % due to
decrease of roundish (from 56.5 % to 50 %), angular (from 8.5 to 4
%) and rod shape particles content. It is also worth noting that most
fine particles after HVED treatment have the spherical shape.
X-ray diffractograms, obtained during study of powders (see
Fig. 2) indicate that HVED treatment of powder mixtures leads to
synthesis and increase of contents of Titanium carbide as specific
treatment energy increases due to interaction between powder
mixture components and synthesized nanocarbon.
In case of treatment with minimal considered specific
treatment energy (Ws=4.5 MJ/kg), presence of free Carbon, which
haven’t yet participated in carbidization reactions, is observed (see
Fig. 2, b). In case of treatment with the maximal considered specific
treatment energy (Ws=27 MJ/kg), decomposition of Titanium
carbide inside discharge plasma with formation of Titanium and
Carbon is observed (see Fig. 2, e).

Fd, %µm
a

b
)

c)

d)

e)

d, µm
Fig. 1 Differential curves of quantity distribution of diameter
of 80 % Ti + 20 % Fe powder mixture by size
1 – before HVED treatment; 2 – after HVED treatment with
specific energy of 4.5 MJ/kg;3 – after HVED treatment with specific
energy of 9 MJ/kg; 4 – after HVED treatment with specific energy
of 18 MJ/kg; 5 – after HVED treatment with specific energy of
27 MJ/kg

Fig. 2 X-ray diffractograms of 80 % Ti + 20 % Fe powder
mixture
a – before HVED treatment; b – after HVED treatment with
specific energy of 4.5 MJ/kg; c – after HVED treatment with
specific energy of 9 MJ/kg; d – after HVED treatment with specific
energy of 18 MJ/kg; e – after HVED treatment with specific energy
of 27 MJ/kg

HVED treatment of powders with specific treatment energy of
4.5 MJ/kg leads to significant change of powder mixture dispersity
(see Fig. 1, curve 2), particle size is in range from ~ 0.1 µm to
13.5 µm while median of distribution is 2.2 µm and mean diameter
is 3,2 µm. Peak diameter value is 1 µm and 36 %.
Increase of specific treatment energy to 9 MJ/kg (see Fig. 1,
curve 3) leads to further changes of particles size – their size range
is from ~ 0.1 µm to 12.5 µm, median of distribution is 1.3 µm and
mean diameter is 1.6 µm, Peak diameter value is 0.8 µm and 66 %.
Further two times increase of specific treatment energy to
18 MJ/kg leads to decrease of dispersion dynamics, powder
particles are grinded to sizes from ~ 0.1 µm to 6.5 µm, while
median of distribution is 1.3 µm and mean diameter is 1.56 µm (see
Fig. 1, curve 4). Peak diameter value is 0.75 µm and 69 %.

Presence of free Carbon, which haven’t participated in
carbidization reaction in case of low specific treatment energy
(4.5 MJ/kg) or which is formed as a result of Titanium carbide
decomposition in case of excess specific treatment energy
(27 MJ/kg) leads to a decrease of powder mixture bulk density ρb if
compared to initial (see Fig. 3). Values of bulk density of powder
mixtures after HVED treatment with medium values of specific
treatment energy (9 and 18 MJ/kg) are on the level of value of
initial powder mixture bulk density due to simultaneous synthesis of
Titanium carbide and increase of particles dispersity.
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ρb, g/cm3

For specimens, consolidated from initial powder mixture, loss
of mass during abrasive wear is 4.2 g on 1 km of way (see Fig. 6).
Treatment of powders with specific energy values of 4.5 and 9
MJ/kg leads to an increase of abrasive wear resistance of materials,
consolidated from such powder mixtures – mw = 3,1 g/km. Increase
of specific treatment energy to 18 MJ/kg leads to further decrease of
mass loss of compact to 1.5 g/km. Further increase of specific
treatment energy to 27 MJ/kg leads to sharp decrease of wear
resistance of material, consolidated from such powder mixture, to
mw = 6 g/km.

Ws, MJ/kg
Fig. 3 Bulk density of 80 % Ti + 20 % Fe powder mixture
before and after HVED treatment with different specific energy

mw, kg/km

Presence of free Carbon in powder mixtures, obtained after
HVED treatment with specific energies of 4.5 and 27 MJ/kg also
leads to a decrease of hydrostatic density of compacts, consolidated
by SPS method from these powder mixtures (see Fig. 4). It is worth
noting that all obtained materials have low density (~ 4.8 g/cm3) if
compared to conventional HM according to ISO 513–75 of
Tungsten (from 13.4 to 15.3 g/cm3), Titanium-Tungsten (from 9.5
to 13.1 g/cm3) and Titanium-Tantalum-Tungsten (from 12 to
13.8 g/cm3) groups.
Ws, MJ/kg
ρ, g/cm

3

Fig. 6 Loss of mass during abrasive wear
1 – VK8 (ВК8) brand hard metal; 2 – obtained TLHM
Studies of VK8 (ВК8) brand hard metal specimen showed
that a significant abrasive wear is observed for this industrial hard
metal – loss of mass was 8.5 g for 1 km of way. It is clear that
conditions of studies with the use of steel counter-body are different
from those used in present work (diamond circle is counter-body),
where phenomena of “avulsion” of carbide hardening particles from
metal matrix. In this conditions obtained specimens of Titanium
carbide hard metal are superior to industrial hard metals by their
wear-resistance.
Since thermal conductivity is one of the important
characteristics of HM, studies of thermal conductivity of “organic
glass – hard metal” system for obtained Titanium carbide hard
metals as well as for specimen of industrial VK8 (ВК8) hard metal
were performed. Results of these studies indicate that thermal
conductivity of obtained hard metals decreases as specific treatment
energy of initial powder mixture increases up to 18 MJ/kg (see Fig.
7) due to increase of Titanium carbide content (which has lover
thermal conductivity than Titanium). But in case of treatment of
initial powder mixture with specific energy of 27 MJ/kg, thermal
conductivity of obtained hard metal sharply increases due to
presence of free Carbon in compact.

Fig. 4 Density of sintered TLHM
1 – sintered from initial powder mixture; 2 – sintered from
powder mixture after HVED treatment with specific energy of
4.5 MJ/kg;3 – sintered from powder mixture after HVED treatment
with specific energy of 9 MJ/kg; 4 – sintered from powder mixture
after HVED treatment with specific energy of 18 MJ/kg;
5 – sintered from powder mixture after HVED treatment with
specific energy of 27 MJ/kg
Mean value of hardness of specimen, consolidated from initial
powder mixture, which was not treated by HVED, was 74 HRA.
Mean values of hardness of specimens, consolidated from powder
mixtures, obtained by HVED preparation with the values of specific
treatment energy of 4.5, 9 and 18 MJ/kg, were 82, 83.5 and 84 HRA
respectively (see Fig. 5).

λ, W/(m·K)
and hardness (b) of TLHM,

Ws, MJ/kg
Fig. 5 Hardness of sintered TLHM

Ws, MJ/kg

According to GOST 17359–82 (ГОСТ 17359–82), powder
hard metal is such a powder material, based on metal-like hard
compounds with metallic matrix, which have hardness higher than
80 HRA. Thus, obtained materials belong to hard metals class.
Consolidation of powder mixture, obtained by HVED impact with
Ws=27 MJ/kg, due to formation of excess Carbon, which is formed
during decomposition of Titanium carbide in plasma channels, leads
to significant decrease of sintered material hardness to 56.5 HRA.

Fig. 7 Thermal conductivity
1 – VK8 (ВК8) brand hard metal; 2 – obtained TLHM
Values of thermal conductivity of obtained Titanium carbide
hard metals and industrial VK8 (ВК8) hard metal are close enough
(compare Fig. 7, columns 1 and 2). Tungsten carbide has higher
thermal conductivity than Titanium carbide which impacts the
properties of hard metals that contain them.
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Studies of consolidated materials dynamic ultimate tensile
strength (see Fig. 8) have shown that for the specimen consolidated
from powder mixture treated with specific energy of 4.5 MJ/kg, at
strain rate of ~ 800 s–1, value of dynamic ultimate tensile strength
was ~ 12050 MPa and energy of strain in the moment of destruction
beginning was 50 MJ/m3 (see Fig. 8, a).
–1
σ, MPa vε, s

Es, MJ/m3 σ, MPa vε, s–1

Es, MJ/m3

ε→

ε→

a)

b)
–1
Es, MJ/m3 σ, MPa vε, s

–1
σ, MPa vε, s

Es, MJ/m3

ε→

c)

ε→

d)

Fig. 8 Results of sintered TLHM dynamic ultimate tensile
strength testing
1 – diagram of stress; 2 – diagram of strain rate; 3 – diagram
of strain energy
a– sintered from powder mixture after HVED treatment with
specific energy of 4.5 MJ/kg; b – sintered from powder mixture
after HVED treatment with specific energy of 9 MJ/kg; c – sintered
from powder mixture after HVED treatment with specific energy of
18 MJ/kg; d – sintered from powder mixture after HVED treatment
with specific energy of 27 MJ/kg
Specimens, consolidated from powder mixture, treated with
specific energies of 9 and 18 MJ/kg, at strain rates up to ~ 400 and
~ 800 s–1 respectively, have not suffered destruction while maximal
strain energy was ~ 40 and ~ 70 MJ/m3 respectively (see Fig. 8, b,
c). In case when specimen was consolidated from powder mixture
treated with specific energy of 27 MJ/kg, value of dynamic ultimate
tensile strength sharply decreases to ~ 300 MPa at strain rate of
~ 800 s–1 due to presence of free Carbon in its composition, and
strain energy in the moment of destruction beginning is 10 MJ/m3
(see Fig. 8, d).
Considering complex of obtained materials functional
properties, it can be concluded that TLHM, consolidated from
powder mixture treated by HVED with specific energy in range
from 9 to 18 MJ/kg have the optimal properties among considered
specimens.

4. Conclusion/Заключение
A complex approach to obtainment of Titanium carbide hard
metals, which consists of utilization of high density energy flows of
HVED for dispersion and activation of particles of powder mixtures
of 80 % Ti + 20 % Fe composition, synthesis of carbide phase and
subsequent consolidation of obtained powder mixture by high
density electric current at electric power of sintering process of 7.5
kJ/s by spark plasma sintering method, is proposed.
Regularities of connection between specific treatment energy
of “kerosene – Ti + Fe powders mixture” and changes of dispersity,
shape and phase composition of powders and functional properties
(hardness, dynamic ultimate tensile strength, wear resistance,
thermal conductivity) of TLHM materials, consolidated by SPS,
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which have high values of strength and wear resistance while their
hardness is higher than 82 HRA.
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DEVELOPING THE TECHNOLOGY OF WASTE SULFURIC ACID LEACHING OF
CHRYSOTILE ASBESTOS PRODUCTION
РАЗРАБОТКА ТЕХНОЛОГИИ СЕРНОКИСЛОТНОГО ВЫЩЕЛАЧИВАНИЯ ОТХОДОВ ХРИЗОТИЛАСБЕСТОВОГО ПРОИЗВОДСТВА
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The Republican State enterprise “National center on complex processing of mineral raw materials of the Republic of Kazakhstan”, Almaty,
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Abstract: The conducted experiments with the waste asbestos production of the fraction -0,5÷+0,074 mm at 40-100% changes of
expense of sulfuric acid for magnesium oxide sulfation allowed to control the residual magnesium content in the filter cake and sulfuric acid
in the solution, the degree of magnesium and iron extraction in productive solutions, the speed of lightening productive solutions. The
investigations proved that there is ability to make leaching and two-stage rinsing of the filter cake in one unit.
KEY WORDS: CHRYSOTILE-ASBESTOS WASTE, SERPENTINITE, LEACHING, SULPHURIC ACID, HYDRATE CLEARING,
MAGNESIUM SULFATE, MAGNESIUM OXIDE, METALLIC MAGNESIUM, SULFATION.
such mineral magnesium as dolomite and products of its
processing can be magnesium salts and compounds or metallic
magnesium.
Currently in the world there is a deficit of most raw
materials and metals due to the growth of the world economy.
Even the global crisis just temporarily stopped this process. In
particular it concerns to magnesium. After uncertainty in
prospects of the market of magnesium in the 90-s when the
Chinese producers of magnesium reduced global prices for the
metal to $ 1,600 per ton after 2000 the magnesium production
increased by almost 2 times and exceeded 1 million tons for the
period.
Simultaneously it comes clear that there is a downward
trend in the production of magnesium obtained by electrolysis of
carnallite and increasing the proportion of magnesium produced
by the method of thermal recovery. China became the main
supplier of such magnesium.
In industry magnesium is used for production of light and
ultra-light compounds and alloys. These alloys are widely used in
aircraft and automotive engineering. Storage tanks for oil,
gasoline, binoculars, details of nuclear reactors and other
products are made of magnesium alloys. Due to the fact that
combustion of magnesium produces a large amount of heat and
light it is used in production of various signaling, illumination or
incendiary missiles. The metal is used for production of batteries
since magnesium and its compounds have high rates of discharge
voltage and specific energy characteristics [3-6].
The paper presents the results of research in processing
technology of waste production of asbestos with the aim of
obtaining sulphate, oxide and metal magnesium. The solution of
this problem will allow recycling the waste of existing plants
with
obtaining
import-substituting
products, decrease
environmental burden in areas of businesses and give new
working places.

1. Introduction
1.1. Materials and methods
There are asbestos wastes of JSC “Kostanay minerals” of the
fraction -0,5 mm tailings asbestos mill containing mass %: MgO
– 39,0-42,0; SiO2 – 37,0-41,0; CaO 1.1-1.6; Fe2O3 1,9-5,4; FeO
–1,0-2,7; Al2О3 – 0,8-1,4; NiO – 0,1-0,25 taken as the object of
investigation. In small quantities (amounting to 0.32 %) there are
cobalt, chromium, manganese, sodium, potassium, titanium
and several other metals. For their leaching 98% technical
sulfuric acid was used.
Mineral foundation – serpentine – 3МgО•2ЅіО2•2Н2О
(figure 1, table 1) confirmed by x-ray diffraction
analysis.

Figure 1 – The radiograph of initial asbestos product
Table 1 – The phase composition of initial asbestos
product
The
Mass
Componen
probability Code of
Formula
%
t
of finding
encryption
3MgO∙2Si
Serpentine
38
65
O2∙H2O
01-074-3135
Mg3(Si2O5
Talc
65
27
)(OH)4
01-082-1838
Brucite
Mg(OH)2
46
01-070-9190
6
Oxide
magnesiu
MgNiO2
37
2
m-nickel
00-024-0712

1.3 Rationale research directions
To solve the utilization problem of technogenic wastes of
JSC “Kostanay minerals” we offered sulfuric acid method of
leaching of magnesium from serpentine raw materials to produce
sulfate, oxide – in subsequent metal magnesium.
To substantiate the process of leaching magnesiumbearing waste asbestos production with the solutions of sulphuric
acid the program of thermodynamic calculations of HSC
Chemistry 5.11 Outokumpu Ou was used. The thermodynamic
analysis results of leaching of magnesium and other components
of solution samples showed that the probability of occurrence of
most reactions increases as temperature rises (Table. 2,3).

1.2 Literature review
Since the early 80-s of the last century due to
environmental reasons the demand for fiber asbestos began to go
down (in 1998 it was to only 2.0 million tons). The leading
producers of asbestos are Russia, Canada, China, Brazil,
Zimbabwe, Kazakhstan, South Africa, and also Colombia and
Greece. The percentage of chrysotile asbestos in the overall
volume production exceeds 95%. More toxic amphibole fibre –
crocidolite and amosite are mined in South Africa and
anthophyllite asbestos except Russia is mined in Finland. The
vast majority of fiber is extracted from chrysotile asbestos [1,2].
In serpentinite – waste asbestos production – there is up
to 40% of magnesium oxide that is comparable with its content in
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Table 2 – Standard free energy (ΔG0, kJ) of the reactions
of leaching of components of asbestos waste sulphuric acid
(calculation is done for 1 mole H2SO4)
ΔG0, at
temperature, К
Reaction
313
353
373
3MgO·2SiO2·2H2O+3H2
1 SO4=3MgSO4+2SiO2+5H -104,79
-105,06
105,22
2O (serpentine)
3MgO·4SiO2·H2O+3H2S
2 O4=3MgSO4+4SiO2+4H2
-95,08
-94,97
-94,93
O (тальк)
Mg2SiO4+2
3 H2SO4=2MgSO4+SiO2+2
-107,8
-107,09 -107,0
H2O
Mg(OH)2+
4
-108.97
-109.11
H2SO4=MgSO4+2H2O
109.18
MgO+
5
-115.34
-115.12 -115.0
H2SO4=MgSO4+H2O
Fe2O3+3H2SO4=Fe2(SO4
6
-54,25
-53,659
)3+3H2O
53,339
Cr2O3+3H2SO4=Cr2(SO4)
7
-55,189
-54,036
53,448
3+3H2O
NiO+H2SO4=NiSO4+H2
8
-97,618
-96,634
O
96,125
Al2O3+3H2SO4=Al2(SO4)
9
-52,629
-51,652
51,455
3+3H2O

During the infusion of technical sulfuric acid in the pulp
there happens a strong heating of the bath due to exothermic
reactions up to local effervescence, therefore the operation of
acid feed is necessary to be conducted at doses into the funnel
from the rotation of the stirrer.
Previously 10 kg of finely dispersed chrysotile asbestos
were mixed in the reactor with 34.5 liters of tap water getting the
pulp. While stirring gently they started to pour a concentrated
technical sulfuric acid (1,818 g/cm3) with small stream, the time
of acid infusion is 6 minutes. As a result of exothermic reactions
the temperature of the pulp rose to 90-860С. All boot parameters
are presented in table 4.
Table 4 – The boot options for sulfuric acid leaching of
chrysotile-asbestos waste
Uploaded
L:S СH2SO4 Т,0С Duration
Of
g/l,
of
leaching,
pulp
minutes
AsbesH2SO4 Water
4:1
250
22
180
tos, кg
,л
liter
10,0
5,5
34,5
During the experiments every 15 minutes the temperature
was monitored with immersion alcohol thermometer; every 30
minutes intermediate samples of the pulp were selected with a
measuring cup of 50 ml to determine pH and concentration of
magnesium sulfate. The process intensively proceeds for 35-45
minutes when the pulp is heated up to 85-900С, for this period
90% of magnesium is extracted into a productive solution.
Hydrated cleaning. The second redistribution having high
operating costs is the treatment of productive solutions of
magnesium sulfate from iron, nickel and chromium. We have
developed and patented the most optimal reagent – chemically
reactive magnesium oxide produced by calcination of magnesium
sulfate [8,9]. The forming amorphous hydroxides of iron, nickel
and chromium have a developed surface and during the
separation of precipitate to 15-17 mass % of magnesium salts
they turn from rich, productive solutions into a keck, whose
complete washing on the filter requires significant operating
costs.

The table shows that the oxides of the chrysotileasbestos waste components are sulfatized in the following order:
Mg+2; Ni+2; Cr+3; Fe+3 and Al+3.
When calculating ΔGр sulfation it is necessary to take
into account the presence of oxides in the form of mineral
complexes, that is taking into consideration their activity
according to the formula: ΔG= ΔG0 + RTlgaMeO and the
thermodynamic calculation program HSC Chemistry 5.11 of the
company “Outokumpu Ou”.
Table 3 – Values of thermodynamic quantities of reaction
of the sulfuric acid leaching of serpentine
T, 0C
ΔH, кJ
ΔS, J/К
ΔG, кJ
Log(K)
1
2
3
4
5
10
-310,562
8,382
-312,852
59,832
20
-278,618
125,203
-314,07
57,943
30
-310,024
14,368
-314,237
55,997
40
-309,386
16,509
-314,391
54,176
50
-308,797
18,422
-314,566
52,475
60
-308,252
20,135
-314,759
50,883
70
-307,748
21,673
-314,968
49,388
80
-307,279
23,06
-315,192
47,983
90
-306,841
24,319
-315,429
46,659
100
-306,429
25,468
-315,678
45,41

2. Results and discussion
The pulp for sulfuric acid leaching of chrysotile asbestos
waste was prepared using tap water, mixtures of tap water and
washing solutions and only with wash water. The use of washing
solutions increases the concentration of magnesium sulfate in the
filtrates productive, so we reduce the cost of evaporation and
crystallization of magnesium sulfate.
Also we conducted research of influence of process
temperature on the rate of extraction of magnesium in solution.
The experiments were carried out in the temperature range of 8550°C, and during the first 30-40 minutes the bath temperature
was 85-700C and after 180 minutes went down to 50-550C that
allowed filtering the pulp with no signs of crystallization of
magnesium sulfate on the filter.
Another series of experiments were carried out in a
barrel reactor placed in the insulating casing of asbestos fibers
which thickness was 70mm that allowed us to carry leaching
during the first 120 minutes at temperature of 95-800C.
One of the most important indicators of the technological
process is the rate of filtration of the pulp. When hydrochloric
acid is being leached fine fraction due to transition into a
productive solution silica is very difficult to be filtrated, sand
fraction +1.0 mm is only taken to be opened up. The advantage
of our technology is the possibility of disposal of fine dust
fraction even from a collector of bag filters. Filtering period of
the pulp on a suction filter with a diameter of 400mm in the layer
of wet filter cake of 20-25 mm was not more than 30 minutes.
Lavsan was used as filter cloth of article 86033 of production of
Russian company “Filtroteks” which has breathability of 15
dm3/m2 sec at the pressure of 105 PA.

The values of standard free energy indicate the possibility
of transition of magnesium from the minerals forming serpentine
waste in productive (sulfate) solution during leaching sulfuric
acid. Leaching of magnesium compounds with sulfuric acid is
caused when dissolving material magnesium sulfate is formed
whose potential of formation is most high. The process is
exothermic, there are virtually no toxic emissions, equipment and
components may be made of polypropylene or polyethylene.
The aim of this work is the research, development and
pilot testing of sulfuric acid processing technology of chrysotileasbestos waste JSC “Kostanay minerals”, to improve
environmental conditions in the area of existing enterprises [7].
Leaching. Sulfuric acid leaching was carried out on the
installations simulating industrial units. As a reactor they used
temperature-controlled plastic barrels of 75 liters, stirring was
carried out with a drive machine whose motor power is 0.36 kW.
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In industrial version it is advisable to use drum vacuum
filter which allows combining the operation of filtering and
washing of precipitate in one unit. In our conditions the flushing
of sediment with a thickness of 20-25mm directly on the suction
filter was inefficient due to the high resistivity and keck, that is
why washing was carried out by repulping at a ratio of keck:
water, one, three and ten times followed by filtration. It is
established that the optimum amount of flushing water is 28-30%
by weight of loaded waste leaching, and the resulting volume
rinsing water is fully transferred to the head of the process.
The content of magnesium sulfate in productive solution
with 280-290g/l increases to 320-340g/l, the loss of magnesium
with the filter cake reduces to 5-7%. Partial washing of the filter
cake will occur in the sludge storage where circulating water with
magnesium sulfate is taken for initial formation of the pulp in the
reactor (W:T≈2÷2,5).
The duration of leaching in the temperature range of 90800S is 105-145 minutes, the density of productive solutions
increases uniformly, then lower the pulp temperature occurs
crystallization of magnesium sulfate on the fibers of the keck,
and its content in the pregnant solution is reduced from 360-370
to 320-325g/l. Thus, the decrease in the bath temperature and the
increase in the duration of leaching up to 180 minutes is a need to
intensify the rinsing of the filter cake with the increasing volume
of flushing water.
Industrial experiments fully confirmed the process
parameters. Here they are:
– the leaching process takes place in kinetic regime;
– the intensity of mixing pulp in the range of 300÷400
rpm stirrer has no significant effect on the leaching rate of
magnesium;
– during mixing intensity of more than 400 rpm there
happens the excessive dispersion of solid phase that greatly
makes the subsequent filtration worse;
– filter cake washing in hot water of an amount of 17-18
liters was insufficient, with a depleted filter cake there was lost
10% of magnesium in the form of sulfate; the optimum amount
of the rinsing water is 30-35 liters per 10 kg of waste;
– received rinsing water from the cake filtration of
leaching and hydrolytic treatment were used as working solution
in leaching process that allowed us to increase the concentration
of magnesium sulfate in productive solution from 280-300 g/l to
350 g/l to significantly reduce the cost on the redistribution of
evaporation and crystallization.
The analysis of the results of balance experiments in
sulfuric acid leaching of finely dispersed wastes of chrysotile
asbestos production allows us to draw the following conclusions:
- the process proceeds in an exothermic mode, that is
heating allows us to implement the process in the temperature
range of 90-850С during 90-120 minutes;
- the optimal concentration of magnesium sulfate in
productive solution is in the range of 330-350g/l that allows us to
complete the filtration in the temperature range from 65 to 500 °
C without crystallization of salts in the system of filter units;
- the volume of water for flushing of the filter cake is
200-250% of the mass of waste, in the mode of repulping it is
almost completely washed from the filter cake and the residual
sulfate component, the concentration of magnesium does not
exceed 3.0 mass %;
- the usage of washing solutions instead of water in the
head of the process allowed to increase the content of magnesium
sulfate in pregnant solution to 340-365 g/l at the through
extracting 87-90%;
- reducing the temperature of leaching to the interval of
80-500C leads to a decrease of magnesium extraction into a
productive solution to 70-75% and increase the duration of
leaching up to 120-150 minutes while the contents of magnesium
sulfate in the solution is up to 300-320g/l.

3. Conclusion
Thus, it is shown that the developed technology of
sulfuric acid opening of waste asbestos production will allow us
to utilize moulded products, get quality magnesium sulphate, to
extract valuable components which now are irretrievably lost,
and convert waste into non-toxic mineral formations that is safe
and profitable from the point of view of ecology.
The technological scheme of processing asbestos waste
with receiving magnesium sulfate was tested in laboratory
conditions at the industrial site of JSC “Kostanay minerals” and
is recommended for implementation.
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Abstract: Nano fluids is advantageous with high thermodynamic properties compared to pure fluids. In the last half century, rapid
developments in production technology, which allows high-precision production of the micro heat exchangers and the use of the micro heat
exchangers in different areas. These developments point researchers to enhance new methods in improving the heat transfer. One of these
methods is; to improve fluid's heat transfer by adding different particulates to the fluid. The nano fluids are the new type of heat transfer
fluids that are made by adding nano particulates which has high thermal conductivity to a conventional fluid. Since the solid metal has a
higher thermal conductivity than the basis fluid, the addition of the metallic particulates to the fluid increases the heat transfer of the
mixture. In this study, for analyzing the temperature performance of fluids with Nano particulates; an experimental study was performed
using water to determine the optimum mini channel length and mini channel diameter. Performance parameters are; channel length, tube
mini channel diameter, the flow and the inlet temperature. According to the experimental results, the maximum temperature performance of
the mini channel was found to be at L/D=250/3 (at Selcuk University condition). Therefore, with these results, the optimum mini channel
length and mini channel diameter are determined for the high efficiency that is to be achieved by using nano fluids.
KEYWORDS: MİNİ CHANNEL, TEMPERATURE, PERFORMANCE, NANO FLUİD

1. Introductıon
Nano fluids are formed by mixing metallic or non-metallic
particles smaller than 100 nm into conventional fluids such as
water, biodiesel oil and ethylene glycol. Today, high performance
heat transfer is required for industrial activities. However, due to
their low heat transfer coefficient values, the amount of increase in
heat transfer is limited to a certain point. Nano fluids have higher
heat transfer coefficient values than conventional fluids. For this
reason, it is very advantageous compared to conventional fluids.
Developments in nanotechnology, the nanofluidic word, was
first described by Choi in 1995 as suspensions of solid nanoparticles
suspended in liquid by nanometer size. Choi et al. [1] have shown
that even at very small nanoparticle concentrations, the thermal
conductivity coefficient of the nanofluid increases abnormally. Such
experimental studies have shown that high thermal conductivity can
be obtained with nano fluids [1-5]. The high coefficient of thermal
conductivity in the nanoparticles offers the opportunity to increase
the efficiency of heat transfer equipment. Accordingly, it is possible
to reduce the size of the heat transfer equipment and reduce the
operating expenses of the equipment. Hamilton and Crosser [6]
have proposed a new model of heat transfer coefficient for
nanofluids, taking into account the thermal conduction model and
the effect of the Brownian motion. Corcione [7] made several
experimental results for the nanoparticles in different sizes and at
volume flow ratios in the literature to match the nanofluidic
coefficient of thermal conductivity and viscosity.
In the existing literature, there are many the experimental,
theoretical and analytical studies on nanofluid [8-15].
In this study, an experimental study was conducted using water
to determine the effective mini channel length (L=250 and 350 mm)
and diameter (D=2 and 3 mm) for the analysis of the temperature
performance of nanoparticle fluids. Performance parameters are
determined as mini channel length, mini-channel diameter, volume
flow rate (VFR) and mini-channel inlet temperature. The best
performance was obtained at Tinlet = 40 ° C (ΔTmax = 8.269 oC).

2.Temperature
Channels

Performance

Analysıs

In

Mını

Fig. 1. Experimental system
The collection tank (1), diaphragm pump (2), mini-channel (3),
silicon resistances (4), the reservoir (5), the fan (6), the DC power
supply (7), thermal couples (8), data logger (9), plastic pipe (10),
the valves (11), flow meter (12).
In this study, it is aimed to determine the effective L/D ratio
using water to determine the temperature performance of the fluids
in the mini-channels. Performance parameters are mini channel
length, mini channel diameter, volume flow rate and mini channel
input temperature. In this study, it is 0.2 lt/min (the low volume
flow rate) and 0.7 lt/min (the high volume flow rate). Findings of
this study are presented below.
In the mini channels, the temperature performances are
presented in Fig. 2. for different L/D ratios.
Analysis of Figure 2a;




The experimental system used to determine the temperature
performance of nanoparticulated fluids is presented in Fig. The test
setup equipments are numbered in Fig. 1.
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ΔTmax is 0.99 oC for L/D = 250/2 and the low volume
(LV) flow rate.
ΔTmax is 2.815 oC for L/D = 250/3 and the low volume
flow rate.
ΔTmax is 0.787 oC for L/D = 250/2 and the high volume
(HV) flow rate.
ΔTmax is 1.848 oC for L/D = 250/3 and the high volume
flow rate.
The best performance occurred at L/D = 250/3 and the
low volume flow rate for Figure 2a.

The best performance was obtained at L/D = 350/3 (Fig. 3a).
The best performance was obtained at L/D = 350/3 for Fig. 3b.

Fig. 2a) The temperature performances for L = 250 mm, D=2 mm
2b) The temperature performances for L = 350 mm, D=3 mm
Analysis of Figure 2b;





Fig. 3a) The temperature performances for the low volume flow
rate (L = 250 and 350 mm, D=2 and 3 mm)
b) The temperature performances for the high volume flow
rate (L = 250 and 350 mm, D=2 and 3 mm)

ΔTmax is 1.72 oC for L/D = 350/2 and the low volume flow
rate.
ΔTmax is 4.379 oC for L/D = 350/3 and the low volume
flow rate.
ΔTmax is 0.962 oC for L/D = 350/2 and the high volume
flow rate.
ΔTmax is 2.571 oC for L/D = 350/3 and the high volume
flow rate.

Analysis of Figure 3b;
 ΔTmax is 0.787 oC for L / D = 250/2.
 ΔTmax is 1.848 oC for L / D = 250/3.
 ΔTmax is 0.962 oC for L / D = 350/2.
ΔTmax is 2.571 oC for L / D = 350/3.

The best performance occurred at L/D = 350/3 and the low volume
flow rate (Fig. 2b).

Temperature performance studies were carried out for the mini
channel inlet temperature (Ti) = 35 oC and 40 oC, D= 2 and 3 mm. It
has been observed that performance increases for L=250 mm when
mini channel inlet temperatures are increased. Therefore, studies
were made of L = 250 mm.

In the mini channels, the temperature performances are
presented in Fig. 3. for at the various volume flow rates.
Analysis of Figure 3a;





ΔTmax is 0.99 oC for L / D = 250/2.
ΔTmax is 2.815 oC for L / D = 250/3.
ΔTmax is 1.72 oC for L / D = 350/2.
ΔTmax is 4.379 oC for L / D = 350/3.

In the mini channels, the temperature performances are
presented in Fig. 4. for Ti= 35 oC and 40 oC.
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3. Results
In this study, an experimental study was carried out using
water to determine the effective L and D for the analysis of the
temperature performance of nano fluids. Performance parameters
are L, D, the volume flow rate and the inlet temperature of mini
channel. The best performance was obtained at Ti = 40 ° C (ΔTmax =
8.269 oC) while L/D = 250/3 and the low volume flow rate.
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Fig. 4 a) The temperature performances for the low volume flow
rate (L = 250, D=2 and 3 mm, Ti=35 and 40 oC)
b) The temperature performances for the high volume flow rate
(L = 250, D=2 and 3 mm, Ti=35 and 40 oC)
Analysis of Figure 4a;





ΔTmax is 4.454 oC for Ti = 35 oC for L / D = 250/2.
ΔTmax is 3.217 oC for Ti = 40 oC for L / D = 250/2.
ΔTmax is 6.536 oC for Ti = 35 oC for L / D = 250/3.
ΔTmax is 8.269 oC for Ti = 40 oC for L / D = 250/3.

The best performance was obtained at L/D = 250/3, at the channel
inlet temperature = 40 oC for Fig. 4a.
Analysis of Figure 4b ;





ΔTmax is 4.707 oC oC for Ti = 35 oC for L/D = 250/2.
ΔTmax is 3.217 oC for Ti = 40 oC for L/D = 250/2.
ΔTmax is 3.716 oC for Ti = 35 oC for L / D = 250/3.
ΔTmax is 4.892 oC for Ti = 40 oC for L / D = 250/3.

The best performance was obtained at L/D = 250/3 at the channel
inlet temperature = 40 oC for Fig. 4b.
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Abstract:. In this paper we have presented methodology for development of life prediction model for first order tool during turning of
hardened 42CrMo4 steel at different levels of hardness. It is important to be able to predict and describe the tool life in regards to
manufacturing costs during industrial production. Tool life is defined as the of cutting time that tool can be used. Cutting tools can be used
when they do not reach tool life criteria and can produce parts with desired surface finish and dimensional accuracy. Flank wear of cutting
tools is often selected as the tool life criterion because it determines the diametric accuracy of machining, its stability and reliability. Tool
wear is defined as a gradual loss of tool material at contact zones of workpiece and tool material, resulting the cutting tool to reach its life
limit. This paper investigates the tool wear of TiN coated tungsten carbide inserts under dry cutting, using the central composite design of
experiments method (DoE) with three factors at three levels. By using the multiple linear regression analysis between cutting speed, feed
rate and depth of cut, it determines the effects of cutting conditions on extended Taylor’s tool life equation.
Keywords: CUTTING TOOL, MODEL, LIFE PREDICTION, WEAR, PARAMETER, TURNING, EXPERIMENT, DESIGN

1. Introduction
Cutting tool is one of the critical elements in the machining
process. Tool wear, cutting force, surface roughness and cutting
power are relative responses. Tool wear results in changes in tool
geometry that affect cutting forces, cutting power, and surface
finish. It is the main factor that determines the economics in metal
cutting. A lower rate of tool wear means increased tool life, better
surface finish, reduced tooling cost and lower cost of production
[1].

results concluded that machining of medium hardened steels was
productive with TiCN/Al2O3/TiN coated carbide tools.[3]
In practical situation, the time at which a tool ceases to produce
workpieces with desired size, surface quality and acceptable
dimensional tolerances, usually determines the end of tool life.
Several mechanisms of wear can contributes to the tool life period.
The main objective of tool life testing and wear investigation is
to determine experimentally how wear affect the useful life of
cutting tool. In most cases the tool wears gradually and the work
done by the tool becomes less satisfactory.
For instance, the roughness of the machined surface becomes
too high, cutting forces rise and cause intolerable deflections or
vibrations. As the tool wear rate increases, the dimensional
tolerances cannot be maintained. Various damage and wear of the
cutting tool can be developed during cutting process [4].

2. Tool Life
The tool life (TL) is the duration of actual cutting time after
which the tool is no longer usable. There are many ways of defining
the tool life, and the common way of quantifying the end of a tool
life is by a limit on the maximum acceptable flank wear. the term
‘acceptable’ is however subjective, and can vary from process to
process. For example, the amount of wear acceptable on a rough
milling insert will be more than that on a finish milling insert. [5].

Fig.1. Machinery with the cutting tool
A thorough understanding of the material removal process in
metal cutting is essential in selecting the tool material and in design,
and also in assuring consistent dimensional accuracy and surface
integrity of the finished product. Friction of metal cutting influences
the cutting power, machining quality, tool life and machining cost.
When tool wear reaches a certain value, increasing cutting
force, vibration and cutting temperature cause deteriorated surface
integrity and dimension error greater than tolerance. The life of the
cutting tool comes to an end. Then the cutting tool must be replaced
or ground and the cutting process is interrupted. The cost and time
for tool replacement and adjusting machine tool increase the cost
and decrease the productivity. Hence friction in metal cutting relates
to the economics of machining and prediction of friction is of great
significance for the optimization of cutting process [2].
Significant effect by workpiece hardness, cutting edge
geometry, feed rate and cutting speed was observed on surface
roughness.
Federico et al. [13] performed turning of hardened steel using
TiCN/Al2O3/TiN coated carbide and PCBN tools, respectively. The
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2.1. Tool wear mechanisms
Flank and crater wear are the two main wear mechanisms that
limit a tools performance. Flank wear is caused when the relief face
of the tool rubs against the machined surface. It has an adverse
impact on the finish and dimensional accuracy of products that are
machined (Bukkapatnam et al., 2000). Crater wear on the other
hand occurs on the rake face of the tool and affects the geometry at
the chip tool interface, which in turn affects the cutting force.
The various mechanisms that contribute tool wear process are as
bellow [4, 5, 6]:
• mechanical overload causing micro breakages (attrition),
• abrasion,
• adhesion,
• diffusion.
The above wear mechanisms may occur simultaneously, or one
of them may dominate the process. These mechanisms can lead to
several types of wear; however, two types of them, which called
crater and Flank wear, are most distinguished.

2.2. Flank wear
Flank wear is caused by friction between the flank face of the
tool and the machined workpiece surface. Interference of tool flank
face with machined surface of workpiece causes tool particle adhere
to the workpiece surface and are periodically sheared off.
Adhesion of the tool and workpiece materials increase at
higher temperatures.
Abrasive mechanism of wear occurs when hard inclusion of
work material or scraped tool particle scratch the flank and
workpiece surface as they move across the contact area. Although
adhesive and abrasive mechanisms are predominant in flank wear
[4].
Type of tool wear contains crater wear on rake face and flank
wear on flank face, which is shown in Fig. 2. Crater wear (Fig. 2)
produces a wear crater of the tool rake face.
The depth of the crater KT is selected as the tool life criterion
for carbide tools. The other two parameters, namely, the crater
width KB and the crater center distance KM are important if the
tool undergoes re-sharpening. Flank wear (Fig. 2) results in the
formation of a flank wear land.
For the purpose of wear measurement, the major cutting edge is
considered to be divided into the following three zones: (a) Zone C
is the curved part of the cutting edge at the tool corner; (b) Zone N
is the quarter of the worn cutting edge of length b farthest from the
tool corner; and (c) Zone B is the remaining straight part of the
cutting edge between Zones C and N.
The maximum WBB max and the average WBB width of the
flank wear are measured in Zone B, the notch wear WBN is
measured in Zone N, and the tool corner wear WBC is measured in
Zone C. As such, the following criteria for carbide tools are
normally recommended: (a) the average width of the flank wear
land WBB=0.3 mm, if the flank wear land is considered to be
regularly worn in Zone B; (b) the maximum width of the flank wear
land WBB max=0.6 mm, if the flank wear land is not considered to
be regularly worn in Zone B.
Besides, surface roughness for finish turning and the length of
the wear notch WBN=1 mm can be used. However, these
geometrical characteristics of tool wear are subjective and
insufficient.

- The maximum width of the flank wear land WBB max=0.8 mm,
if the flank wear isn’t regularly worn, scratched or badly grooved.
- The average width of their flank wear land WBB=0.3 mm, if
the flank wear land is considered to be regularly worn.
- Catastrophic failure.
Figure 2 shows the flank wear parameters. Flank wear
typically increases with the time of cutting, as shown in Figure 3. At
the beginning phase 1, there is an initial faster increase that is
followed by a steady increase in proportion to cutting time, phase 2.
When the wear reaches a certain size, it will accelerate and may
lead to a sudden failure of the edge, phase 3.
As it seen in figure 3, there is a linear relationship between
flank wear size and turning time. So, using the experimental data
and by fitting with this figure as a reference line, the tool life time
of experiment can be estimated.

Fig.3. Relationship between flank wear and time [5]
Tool Life Criteria in practice [6]:
- Complete failure of cutting edge
-Visual inspection of flank wear (or crater wear) by the machine
operator
- Fingernail test across cutting edge
- Changes in sound emitted from operation
- Chips become ribbonry, stringy, and difficult to dispose of
- Degradation of surface finish
- Increased power
- Workpiece count
- Cumulative cutting time.

3. Experimental methodology
Machine tool: production lathe PA631P, P = 12 kW, speed
range n = 22 - 2200 rpm, feed rate range f = 0,08 - 2,5 mm/rev,
Max. workpiece diameter dmax = 450 mm, Distance from chuck to
the tail stock L = 2250 mm.
Workpiece material: Hardened 42CrMo4 (EN 10250) steel at
three levels of hardness HRC (35; 45 and 55), with dimensions L x
D =200 x 40 mm. Heat treated at temperature 800-8500 oC, cooled
in the furnace to the temperature 460 oC and complete annealing
the steel in the air. Its chemical composition is as follows:( 0.390.42)% C; (1.04-1.06%) Cr; (0.22-0.24%) Mo; (0.72-0.76)% Mn;
0.2-0.22% Si other components aprox. 98 % Fe. Tensile: strength:
900-1000 N/mm2, Brinell hardness: 260-330 N/mm2,
Cutting inserts: Experiments were performed using
commercially available tungsten based cemented carbide inserts.

Fig. 2. Types of wear parameters according to ISO Standard
3685-1977 (E) Tool Life Testing [6]

2.3. Common Tool Life Criteria for coated tungsten
carbide inserts
The criteria most commonly used for coated tungsten carbide
inserts are as follows [7]:
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WC-Co coated TiN, inserts type SNMM120404, tool holder ISO
PCBNR /L 2020K12.
Measuring equipment is: Microscope Carl Zeiss 15x8 (Fig. 4),
Spectrometer Metorex Arc-met 930, Hardness meter Krautkramermic.10.DL.
Tool life criteria: The tool life criteria is determined using ISO
3685-1977(E) as a guide, the tool wear criterion used were when the
maximum width of the flank wear land, WBmax = 0.2 mm or when
the maximum width of the end clearance wear (WCmax) or nose
wear (NWmax) reached 0.2 mm or the occurrence of the
catastrophic failure [7]. Experimental matrix and results of tool
wear and tool life test are shown in Table 2, 3 and 4.

Entire experiment was carried out in the dry condition, where is
no liquid cooling will apply during the machining process. Tool
wear was measured using Tool Maker Microscope, the method used
to measure the wear on cutting tool is illustrated in figure 1. The
measurements were made on the cutting tool insert which is
contacted on workpiece surface directly every 2-3 minutes.
Table 2. Experimental results of tool war and tool life (35 HRC)
Test
No.

Coded factors
X0

X1

X2

X3

Tool wear

Tool life

WB (mm)

TL (s)

1

1

+1

-1

+1

0.21

3200

2

1

-1

+1

+1

0.205

2300

3

1

+1

+1

-1

0.198

2400

4

1

-1

-1

-1

0.19

6600

5

1

0

0

0

0.215

2900

6

1

0

0

0

0.212

2760

7

1

-1

-1

+1

0.197

3500

8

1

+1

-1

-1

0.22

3100

9

1

+1

+1

+1

0.195

2500

10

1

-1

+1

-1

0.216

3900

11

1

0

0

0

0.19

2500

12

1

0

0

0

0.198

3048

Table 3. Experimental results of tool war and tool life (45 HRC)
Test
No.

Fig. 4. Measurement microscope Carl Zeiss
The parameters (factors) considered in this paper are cutting
speed (Vc), feed rate (f) and depth of cut (a). The cutting tool life
was chosen as a target function (response, output).
Since it is obvious that the effects of factors on the selected
target function are nonlinear, an experiment with factors at three
levels was set up (Table 1).
A design matrix was constructed on the basis of the selected
factors and factor levels (Table 2). The selected design matrix was a
full factorial design N=2k+n0 (k=3 - number of factors, n0 = 4 –
number of additional tests for three factors) consisting of 12 rows of
coded/natural factors, corresponding to the number of trials. This
design provides a uniform distribution of experimental points within
the selected experimental hyper-space and the experiment with high
resolution.
The factor ranges were chosen with different criteria for each
factor, aiming at the widest possible range of values, in order to
have a better utilization of the proposed models. At the same time,
the possibility of the mechanical system and manufacturer's
recommendations are taken into account.
Machining conditions used in the experiment are shown in
Table 2. All of the trials have been conducted on the same machine
tool, with the same tool type and the same cutting conditions.
Table 1. Experimental setup at three level factor.
Cutting factors and their levels
No.

1
2
3

Factors

V, m/s
f, mm/rev
a, mm

Code
level
X1
X2
X3

High
level
1
2.67
0,285
1.5

Middle
level
0
2.22
0,214
0.8,5

Low
level
-1
1.83
0,178
0.5
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Coded factors
X0
X1
X2

Tool wear
WB (mm)

X3

Tool life
TL (s)

1

1

+1

-1

+1

0.192

3000

2

1

-1

+1

+1

0.215

2200

3

1

+1

+1

-1

0.209

2300

4

1

-1

-1

-1

020

6000

5

1

0

0

0

0.205

2800

6

1

0

0

0

0.212

2500

7

1

-1

-1

+1

0.198

3200

8

1

+1

-1

-1

0.208

3000

9

1

+1

+1

+1

0.215

2300

10

1

-1

+1

-1

0.208

3800

11

1

0

0

0

0.196

2300

12

1

0

0

0

0.197

2500

Table 4. Experimental results of tool war and tool life (55 HRC)
Test
No.

Coded factors
X0
X1
X2

Tool wear
WB (mm)

X3

Tool life
TL (s)

1

1

+1

-1

+1

0.198

2500

2

1

-1

+1

+1

0.21

2000

3

1

+1

+1

-1

0.205

2200

4

1

-1

-1

-1

0.199

5500

5

1

0

0

0

0.20

2580

6

1

0

0

0

0.21

2300

7

1

-1

-1

+1

0.195

3000

8

1

+1

-1

-1

0.197

2900

9

1

+1

+1

+1

0.215

2100

10

1

-1

+1

-1

0.208

3400

11

1

0

0

0

0.196

2200

5. Conclusions

12

1

0

0

0

0.199

2540

In this workpaper tool life was studied by applying a full design
of experiments on effective parameters that have effect.
Continuously a regression model between selected factors and tool
life was introduced. Experimental observation indicates that tool
life will decrease with cutting speed, feed rate, depth of cut and
material hardness. The investigations of this study indicates that
cutting speed has maximum effect (-0.825) and depth of cut has
minimum effect (-0.248) at all levels of hardness.

4. Regression based modeling
The main task for regression analysis is to show relationship
between tool life and machining independent variables.
The identification of the relationship between tool wear (and
tool life) and cutting conditions is therefore essential for the
economic utilization of cutting tools. F. W. Taylor (1907) in his
classic paper "On the art of cutting metals" suggested that, for
progressive wear, the relationship between the time to tool failure
for a given wear criterion and cutting velocity was of the form [10]:

V ⋅T

n

=C

(1)

By using analysis of variance for obtain the significant factors, it was
distinguished that all main factors have significant effect on tool life. It is
important to use the right tool for the right cutting condition in order to
reduce tool wear and fracture, increase machining accuracy, and increase
tool life and productivity.

6. References
Where; V-cutting speed, TL- tool life, n,C- Taylor constants
(empirical). The values of both ‘n’ and ‘C’ depend mainly upon the
tool-work materials and the cutting environment (cutting fluid
application). The value of C depends also on the limiting value of
WBB undertaken. This basic relationship was later extended to the
more general form:

TL =

CT

(2)

Vc ⋅ f y ⋅ a z
x

Many authors suggested linear and exponential empirical
models for tool life as functions of machining parameters [1], [2],
[4], [5], by the following : Three parameters were selected for this
study: cutting speed (Vc), feed rate (f) and depth of cut (a),
therefore the Eq.(2) will appear as in the following:

TL = CT ⋅ Vc ⋅ f y ⋅ a
x

z

(3)

Where TL is the tool life in (s), V - cutting speed in m/s, f - feed
rate in mm/rev, a - depth of cut in mm, respectively x, y and z are
constants.
Multiple linear regression models for surface roughness can be
obtained by applying a logarithmic transformation that converts
non-linear form of Eq. (3) into following linear mathematical form:

ln TL = CT + x ln V + y ln f + z ln a

(4)

The linear model of Eq. (4) in term of the estimated response
can be written as:
(5)
Y − ε = p0 X 0 + p1 X 1 + p2 X 2 + p3 X 3
where y is the logarithmic value of the tool life, p0, p1, p2, p3, are
regression coefficients to be estimated, x0 is the unit vector, x1, x2,
x3, are the logarithmic values of cutting speed, feed rate, depth of
cut, angle and ε is the random error.
The regression analysis technique using least squares estimation
was applied to compute the coefficients of the exponential model.
The following exponential model for surface roughness was
determined and is given, respectively:
a)

Tool life model (work material hardness: 35 HRC).

T = 1821.634 ⋅ v
b)

⋅f

-0.769

⋅ a -0.248

(6)

Tool life model (work material hardness: 45 HRC).

T = 1774.598 ⋅ v
c)

-0.825

-0.804

⋅f

-0.724

⋅ a -0.267

(7)

Tool life model (work material hardness: 55 HRC).

T = 1665.6451 ⋅ v

-0.80003

⋅ f

-0.71

⋅ a -0.303

(8)
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ELECTROCHEMICAL TREATMENT OF WASTE
IN THE FORM OF COPPER COATING ON NON-CONDUCTIVE SUBSTRATE
TO OBTAIN MARKETABLE PRODUCTS
Ph.D. Maizelis A.A., Prof., Dr. Sci. Bairachniy B.I.
National Technical University “Kharkiv Polytechnic Institute”, Kharkiv, Ukraine
Abstract: Technology for copper coatings removing from spent parts made of dielectric by anodic dissolution without formation of
secondary waste and with simultaneous copper deposition on the cathode is proposed. The kinetics regularities of copper electrodeposition
and electrodissolution from pyrophosphate, tetrafluoroborate and mixed pyrophosphate-tetrafluoroborate electrolytes are studied.
Electrochemical technologies for copper-containing waste treatment in pyrophosphate-tetrafluoroborate electrolytes to obtain marketable
products are proposed. Technology of high-speed treatment to produce phosphorus-containing copper anodes and method of manufacturing
of copper electrodes with mechanically strong and high electrochemically accessible surface area in the form of dendrite structures, that are
well-coupled with substrate are proposed.
KEYWORDS: COPPER-CONTAINING WASTE, ELECTROCHEMICAL TECHNOLOGY, PHOSPHORUS-CONTAINING COPPER,
PYROPHOSPHATE, TETRAFLUOROBORATE

1. Introduction
Metals extraction from metal-containing waste is essential for both
direct neutralization (in the case of liquid waste), and minimization
the need for more environmentally harmful hydrometallurgical
production of metals from raw ores (in the case of solid waste). The
possibility of payback of treatment processes implementation
depends on the technology used.
Electrochemical technologies are actively used for the
processing of metal-containing wastes, including copper-containing,
as they allow utilization of metals. However, blister copper is a
product of processing, as a rule. Such copper requires additional
processing. In the case of, for example, processing waste in the
form of non-conductive material with copper layer in electrolytes
having low throwing power, a large amount of waste is generated
due to the rupture of the conductive sections of the copper layers.
The aim of the work is to propose a method for processing
copper-containing wastes, including copper coatings on a nonconductive substrate, to obtain marketable products without
secondary wastes.
Copper coatings can be removed from non-conductive
substrate by chemical etching in various solutions, for example, in
solutions for etching printed circuit boards [1]. However, the
secondary waste is obtained in the form of spent solutions. Copper
wastes are processed by electrolysis in sulfate solutions [2].
However electrolyte has low throwing power, i.e., it badly
distributes current along the electrode surface. When removing
coatings from waste products with dielectric substrate, there is a
large amount of solid waste due to the gaps in conductive areas of
coating.
For utilization of copper obtained by electrolysis in the
process of waste processing, it is possible to use the process of
electrodes manufacturing. Thus, for example, it is known that the
copper anodes containing 0,035-0,07 % (mass) of phosphorus are
soluble in sulfate electrolyte with virtually no sludge due to the
formation of rather mechanically stable conductive film on the
surface [3]. Pure copper is melted with ligature containing
phosphorus for anode manufacturing [4]. Anodes can be obtained
electrochemically
in
electrolytes
containing
phosphorus
compounds. However, the coating requires annealing at 600-900 °C
in an inert atmosphere [5], otherwise they are unstable or they have
limited electrolysis performance [2].
Powders, as well as dendrite structures as elements of
electrodes can be obtained in the process of electrolytic treatment of
copper waste. The general disadvantage of electrodes with a porous
developed surface [6, 7] when used in electrochemical processes,
for example, metal electroextraction processes is reducing in their
electrochemical active surface area due to the rapid overgrowing of
micropores and macropores (under prolonged electrolysis), because
in electrochemical processes significant accumulation of reaction
products on the electrode occurs. In the process of electroextraction
without reducing its surface area a thicker metal layer may deposit
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on the electrode obtained by means of cathodic deposition of copper
coatings in the form of spherolithes [8, 9]. However, micropores
that are overgrown with metal still make significant contribution to
the electrode surface area. Moreover, the productivity of the process
of dendrite structures formation using widely accepted dilute sulfate
electrolyte with addition of surfactant is not high enough.

2. Research methodology
Kinetic laws of anodic dissolution of copper and its cathodic
deposition were investigated by the method of analysis of
potentiodynamic voltammogramms using potentiostat PI-50.1. The
potential scan rate was 50 mV/s, and a saturated silver chloride
reference electrode was used. Long-term electrolysis was carried
out using a DC power supply B5-43 under conditions of constant
current and current steps, as well as at constant cell voltage.

3. Results and discussion
3.1. Electrochemical dissolution of copper and
electrodeposition of phosphorus-containing copper in
concentrated acid electrolyte
Electrochemical recovery of copper-containing waste in the
form of a coating on a non-conductive substrate is illustrated by the
example of treatment of off-grade foiled dielectric where the
thickness of a copper layer is 35 μm. The treatment occurs in 3
stages.
For electrochemical dissolution of the copper layer a
pyrophosphate-tetrafluoroborate electrolyte containing 160-180 g/L
Cu(BF4)2, 10-25 g/L Cu2P2O7, 30 g/L H3BO3, 90-120 g/L H4P2O7
[10] was used at the stage I. Such electrolyte has high limit rate of
both cathodic and anodic processes (what is inherent in
tetrafluoroborate electrolyte) and a higher throwing power (what is
inherent in pyrophosphate electrolyte).
The high activity of copper layer dissolution in the region of
waterline of foiled dielectric sheets immersed into the electrolyzer
leads to a very rapid stripping of dielectric in this region and the
termination of electrolysis. After protection of the waterline, it is
possible to remove 70-80% of copper from the foil dielectric at
constant current (Fig. 1 a). The anode potential sharply grows after
disintegration of conductive layer during dissolution process. When
the voltage on the electrolyzer grows up to 10 V, the arcing at the
contacts, heating of the electrode and the electrolyte is observed. In
the process of copper dissolution at a constant voltage on
electrolyzer the drop of current strength is observed with surface
area decreasing of remaining copper layer (Fig. 2, curve 2). Current
load, that spares copper layer waterline allows removing up to 8090% of copper (Fig. 1 b) in this case. Only specially created shunt
allows to continue the electrolyzer work without breaking
conductive layer (Fig. 2, curve 3) and make it possible to remove
copper from surface made of dielectric (Fig. 1 c).

electrolyte. The anodic polarization curves, obtained in a standard
sulfate electrolyte on a copper electrode and on phosphoruscontaining copper electrode, which was obtained in the mixed
tetrafluoborate-pyrophosphate electrolyte, confirm the effectiveness
of the introduction of phosphorus in the cathodic deposit. Curve 1
in Fig. 4 shows limiting current density at which phosphorus anode
dissolves more active by 2 times compared to curve 2 obtained on a
copper electrode without phosphorus.
a
b
c
Fig. 1. Photographs of the samples treated using constant current
(а) and constant voltage on the electrolyzer (b, c) with protection
waterline (а, b) and with special shunt (c)
For this purpose, we protected the waterline with tightly
leaned strip made of off-grade foil dielectric disposed with copper
plated side to the treated surface of the waste or off-grade parts
made of copper coated dielectric.

a

Fig. 2. Amperage change over time when using power supply
in regime of constant amperage (1) and the voltage at the
electrolyzer (2, 3) with protection of the waterline (1, 2) and
special shunt (3)
Comparison of cathodic polarization curves obtained in
tetrafluoroborate, pyrophosphate and mixed tetrafluoroboratepyrophosphate electrolytes (Fig. 3 a) indicate the greater copper
ions overvoltage level in the presence of pyrophosphate ions in
tetrafluoroborate solution and reducing in the value of limiting
current of copper deposition. Anode polarization curves show
higher polarizability of dissolution process compared to
tetrafluoroborate electrolyte and the absence of anode passivation in
the mixed electrolyte inherent pyrophosphate electrolyte (Fig. 3 b).
In the tetrafluoroborate electrolyte, the working anodic current
density is 200-300 mA/cm2.
Increase in cathodic process polarizability in tetrafluoboratepyrophosphate electrolyte compared to tetrafluoborate is beneficial
for throwing power of electrolyte and for the quality of the copper
coatings: coatings obtained in the mixed electrolyte are more finecrystalline. Copper coating containing 0,04-0,06% phosphorus is
obtained on the cathode at a current density of 100-200 mA/cm2
[11].
3.2. Electrodissolution of phosphorus-containing copper
anode in sulfate electrolyte
It is known that phosphorus-containing copper anodes are
better soluble in the electrolyte and lead to the formation of less
amount of sludge. Therefore, the cathode with copper layer
thickness of 2 mm (as a result of copper removing from 60 samples
of foil dielectric) was anodically dissolved in sulfate electrolyte for
copper electrodeposition. This anode was dissolved with the
formation of dark-red film, and the electrolyte is not polluted by
sludge from the anode, indicating the presence of phosphorus in the
copper coatings obtained in mixed tetrafluoborate-pyrophosphate
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b
Fig. 3. Cathodic (a) and anodic (b) polarization curves
obtained in tetrafluoroborate (1), pyrophosphatetetrafluoroborate (2) and pyrophosphate (3) electrolytes

Fig. 4. Anodic voltammogramms in sulfate electrolyte on
copper electrode containing phosphorus (1) and not
containing it (2) and photos of corresponding samples
3.3. Electrochemical dissolution and electrodeposition of
copper in dilute alkaline electrolyte
The heating of the anode with increasing of resistance of a
thin layer of remaining copper and significant increase of sludge

amount is observed at the last stage of copper dissolution from nonconductive substrate at high current density. This adversely affects
the quality of the cathodic deposit. It would be more reasonable to
treat the remaining thin layer in the other electrolyte. The drag-out
bath of the main electrolyte combine the operations of both cathodic
extraction of metal ions from concentrate electrolyte and anodic
dissolution of remaining copper layer from the foil dielectric.
This stage of anodic treatment requires electrolysis
conditions that are different compared to the conditions in the main
bath: the current density in this bath should be much lower than the
current density in the main electrolyte and the throwing power of
electrolyte should be higher. Additionally, it is preferable to use
drag-out bath to reduce the concentration of environmentally
harmful anion (tetrafluoroborate) of main bath. The solution based
on potassium pyrophosphate satisfies such conditions [12], because
potassium cations bind tetrafluoroborate anions into insoluble
potassium tetrafluoroborate precipitate and pyrophosphate
electrolyte has good throwing power and it can be operated at low
current density.
Research of anodic dissolution of copper in the Hull cell
showed that the secondary current distribution in the diluted
pyrophosphate electrolyte is significantly better than the primary
distribution on both cathode and anode (Fig. 5). Addition of
potassium tetrafluoborate in pyrophosphate solution (modeling its
addition with parts from the main electrolyte) leads to the
improvement of throwing power (compare curves 2 and 3, 2' and 3')
as a result of taking off the passivation difficulties of both cathodic
and anodic processes at low current density.

the production of enamels, soldering fluxes for steel and nonferrous
metals, etc.
3.4. Last stage of chemical dissolution of copper
remains from off-grade foil dielectric
Isolated copper islands that cannot be removed
electrochemically from the surface remain on the surface even
under mild anodic treatment at stage II in pyrophosphate electrolyte.
At this stage, it is required to use chemical etching. Etching in a
solution containing 20-70 g/L H4P2O7 and 2-6 g/L H2O2 fits in the
proposed scheme of foil dielectric treatment. The etching rate in this
solution is not very high (about 2 mm/h), but the advantage of the
solution is the possibility of utilization of spent solution in this
scheme by precipitation of insoluble pyrophosphate copper and
dissolving it in a pyrophosphate excess in drag-out bath.
Kinetics of accumulation of copper ions in the solution at
periodic adjustment of the solution by hydrogen peroxide is shown
in Figure 6. The spent solution is utilized in electrolyzers at the
stages I and II. Lifetime of solution is determined by appearance of
white thin layer on the treated foil dielectric sheets.
With the appearance of insoluble copper compounds on
the surface of parts corresponding to the accumulation of about
30 g/L copper ions in a solution, the spent solution is utilized as
both correcting solution for main electrolyte and the solution for
drag-out bath for copper extraction.

Fig. 6. Changing the etching rate with periodic addition
of 0,2-1 g/L Н2О2
Fig. 5. Primary (1) and secondary (2-3) cathode (2, 3)
and the anodic (2', 3') relative changes in mass m/mav of
plates in Hull cell N in pyrophosphate (2, 2') electrolyte and
with the addition of 0.05 M BF4-(3, 3')
Pyrophosphate solution composition provides copper
deposition in long-time electrolysis in a form of fine-grained
coating not contamining hydroxi-compounds at this processing
stage II. Such coating does not require secondary processing and
can be used as a compact coating.
It is reasonable to use cathode with developed surface to
increase the productivity of electrolysis in an electrolyte with a low
concentration of metal ions. Such electrode with a hierarchically
developed electrochemically accessible surface [13] can formed by
cathodic deposition of the dendrite structure at a high speed at the
first stage of copper waste treatment. The thickness of electrode can
be increased at the second stage of treatment.
For the functionality of the electrolyzer that acts as the
drag-out bath of the main electrolyte, 50-100 g/L of K4P2O7 was
added there. Copper ions concentration is accumulated and
maintained in the solution at a level of 2,5-3,5 g/L. The solution
was periodically filtered for potassium tetrafluoroborate precipitate
removal. This ensures reduction of terafluoroborate ion content in
the drag-out bath, and thus it drops down to 20-40 times in the
system of rinse baths. Potassium tetrafluoroborate can be used in
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3.5. Flowsheet of the off-grade foil dielectric treatment
Flowsheet of the off-grade foil dielectric treatment is
proposed as a result of study. The processing can be done in a large
bath, that is divided into sections (Fig. 7).
Stage I. At the first stage, the sheets of off-grade foil
dielectric are treated anodically in concentrated acid pyrophosphatetetrafluoroborate electrolyte 1 at the current density of 200-300
mA/cm2 until the cell voltage rises sharply.
Stage II. After that the sheets are transferred without
washing to electrolyzer 5 with dilute pyrophosphate solution, where
they are treated anodically at a constant voltage corresponding to a
current density of 20-30 mA/cm2 until the current falls sharply.
Stage III. The remaining copper coating or copper traces
on the surface of the dielectric are etched in sections 4 until they
disappear. Than the sheets are washed in the drag-out bath 3, and
after that they pass rinse bath, which is a cooling solution of the
electrolyzer 1 simultaneously.
A phosphorus-containing copper coating is obtained on
the cathode of electrolyzer 1. Depending on the assigned task, it can
be deposited onto different substrate. It can be copper sheet in the
case of anode manufacturing, or it can be a wire billet in the case of
manufacturing the electrode with a developed surface.
An electrode with a developed surface is formed on the
cathode of the electrolyzer 5, using either the original wire billet or
the cathode of the electrolyzer 1 (to increasing the copper layer).

References

1 – electrolyzer; 2 - rinsing section; 3 – second drag-out
bath; 4 – etching section; 5- drag-out bath-electrolyzer
Fig. 7. Bath for treatment of the off-grade foil dielectric

4. Conclusions
Electrochemical technology for copper coatings removing from
spent dielectric parts by anodic dissolution without the formation of
secondary waste and with simultaneous deposition of copper on the
cathode is proposed.
The proposed method can reduce the amount of secondary
waste (both hard and liquid) in the process of copper coating
removing from spent parts made of dielectric by 2-100 times.
Therefore there are no copper traces on the dielectric after
treatment, and spent etching solution is utilized in the baths of main
electrolyte and in the drag-out bath. Additionally, the cost of
copper-containing waste water processing is reduced. It is because
electrolytic copper removing in a drag-out bath is produced without
costs for insoluble anodes, because the treated foil dielectric sheets
are used as semi-soluble anodes, allowing combination of copper
extraction process and target waste treatment. Chemical additional
etching of copper coating residues is taken out in solution utilized at
the first two stages of processing, thus decreasing the costs for
adjustment, as the electrolyte is filled up with components from the
used etch solution. The likeness of the electrolyte composition at
the treatments stages allows to prevent secondary waste and
minimizes the number of operations.
Copper utilization from primary waste is carried out at the
stages I and II. Copper ions removed from electrolyzer at the stage I
on the part surface are recovered at the stage II. Spent solution of
stage III is treated at the stages I and II. KBF4 is precipitated at the
stage II.
It is possible to obtain marketable products of waste processing
on the cathode of electrolyzer: 1) phosphorus-containing copper
anode improving the conditions of electrolysis when used in sulfate
electrolyte; 2) electrode with an electrochemically-accessible
developed surface allowing accumulation of solid products of
electrolysis without a significant reduction of its surface area; 3)
potassium tetrafluoroborate.
The combination of waste treatment and copper utilization
operations can save equipment in time and operation place, reduces
the electricity and materials consumption.
Thus, the proposed scheme has the following advantages over
other schemes of electrochemical treatment of the off-grade foil
dielectric:
1) obtaining of the marketable products;
2) complete utilization of solid and liquid waste;
3) reduction of costs of electricity, chemicals and baths due to
operation combination.
The publication contains the results of studies conducted by
President’s of Ukraine grant for competitive projects
No. F70/18701 of the State Fund for Fundamental Research.
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Abstract: The objective of the present study was to investigate the effect of adhesive type on physical and mechanical properties of
particleboard. Three types of adhesives, urea-formaldehyde, melamine-urea formaldehyde adhesive, and acrylic adhesive, were used in the
production of lab scale particleboards with three layers. The particleboards produced with the acrylic adhesive had the best physical and
mechanical properties, followed by MUF adhesive, and UF adhesive, respectively. The lowest formaldehyde emission was observed for the
acrylic bonded particleboards, followed by MUF, and UF adhesive bonded particleboards, respectively. Based on the findings obtained from
the present study, the acrylic adhesive can be efficiently used in the production of particleboard.
Keywords: PARTICLEBIARD, ADHESIVE, SURFACE QUALITY, TECHNOLOGICAL PROPERTIES

1. Introduction
The demand for particleboard representing 57% of the total
volume of wood-based panels has recently increased dramatically
throughout the world, especially for housing construction and
furniture manufacturing. Worldwide demand for particleboard has
been steadily growing since then at a rate between 2 and 5% per
annum [1].
As known, one of the most successful ways to improve
dimensional stability and mechanical properties of wood-based
panels is to increase adhesive content. Particleboard industry mainly
use urea formaldehyde (UF) adhesives as binding agents due its low
price, easy supply, low curing temperature and duration, colorless,
and good mechanical properties in dry environment. However, UF
adhesives have significant amount of formaldehyde emission
emitted from particleboard as compared to the melamineformaldehyde and phenol-formaldehyde.
A new kind of adhesive for wood based panels is acrylic
based adhesive. These adhesives differ from the standard acrylics
which are final polymers in that they are mixtures of acrylic
monomers usually with a synthetic rubber. They are catalyzed
during the bond formation by means of a peroxide or amine using a
free radical mechanism. They can be produced either as an
emulsion or solvent soluble form. They are used as pressure
sensitive adhesives, and for flooring, paper lamination, textiles,
flocking adhesives etc. These adhesives structurally similar to the
vinyls but have very different properties. Advantages are very fast
bond time, accurate metering of the catalyst is unnecessary, and
their ability to bond a wide variety of substances [2]. The objective
was the present study was to investigate the effect of adhesive type
on physical and mechanical properties of particleboard.

(concentration: 25%) and dibenzoylperoxide were used as adhesive
hardeners for UF and MUF, and AR, respectively, and during the
blending process by about 1% based on the solid amount of
adhesives. No wax or any other additives were used for the panel
manufacture. Mats formed manually in a frame with a size of 55 x
55 cm were pressed in a hot press at a temperature of 150 °C using
a pressure of 25 kg/cm2 for 6 min. All panels were pressed to a
nominal thickness of 12.0 mm and an average target density of 0.65
g/cm3. The four different panel compositions are outlined in Table
1. Two panels were made for each group.
Table 1. The experimental design of the study.
Panel
Type
1
2
3
4

Adhesive Type
Urea Formaldehyde* (UF1)
Urea Formaldehyde ** (UF2)
Melamine Urea Formaldehyde (MUF)
Acrylic adhesive (AR)

* formaldehyde / urea mole ratio :1.09
** formaldehyde / urea mole ratio: 1.20

The panels were kept in a conditioned room with a relative
humidity of 65% and a temperature of °20 C until they reached
equilibrium moisture content. Physical; thickness swelling (TS) and
water absorption (WA) (EN 317, 1993), and mechanical; modulus
of rupture (MOR), modulus of elasticity (MOE) (EN 310, 1993) and
internal bond strength (IB) (EN 319, 1993), formaldehyde emission
(EN 120-1) of particleboards were determined for the produced
particleboards. 20 specimens were tested for each test property.
One-way analysis of variance, ANOVA, was conducted (p≤
0.05) to evaluate the effect of adhesive type on the quality
properties of the panels. Significant differences between the mean
values of the panel types were determined using Newman-Keuls’s
test.

2. Materials and method
Pinus sylvestries L. trees were harvested in Trabzon, Black
Sea Region of Turkey. The bark was removed before chipping.
After the foliage was trimmed, all the trees were chipped using a
ring type flaker before the chips were reduced into smaller particles
using a hammermill. The particles were dried to 3% moisture
content in a dryer. The dried particles were classified into two sizes
using a 3.0-1.5-0.5 mm openings vibrating screen for the core and
face layers. In the next process, adhesives were applied with a
pneumatic spray gun. Based on oven dry weights of particle weight,
9% and 11% urea formaldehyde (UF), melamine urea formaldehyde
(MUF) and acrylic adhesives (AR) with a solid content of 55%
were applied for core and surface particles, respectively. The ratio
of the face thickness to the total thickness of a panel known as the
shelling ratio was 0.40 for all samples. Ammonium chloride
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3. Results and discussion
The physical and mechanical properties of the particleboards
are presented in Table 2. The physical and, mechanical properties of
the particleboards produced with the melamine formaldehyde
adhesive were found to be higher than those of the particleboard
produced with urea-formaldehyde adhesive. The melamin provides
the crosslinking and thus the heat resistance, strength properties and
water stability compared to urea. The incorporation of the
formaldehyde into the melamine is easier than urea. Amino groups
in the melamine adhesive can bond with more than two
formaldehyde molecules, which causes in a decrease in the
formaldehyde emission from particleboard. Melamin solves lower

than urea in water. There are ether bridges apart from methylol
bridges in the cured melamine formaldehyde. This improves the
mechanical properties and water resistance and decreases the
formaldehyde emission from the particleboard. Melamine is a
formaldehyde scavenger because melamine is more reactive than
urea. The difference in the kinetic behavior of melamine and urea is
caused by the effects of nitrogen atoms in two compounds. The
nitrogen of amino methylol group in the methylol urea is less
nucleophilic. MUF adhesives dissolve lower in water, thus they
have higher bond strength and lower formaldehyde emission [3]. In
addition, the MUF has a higher thermal stability at high
temperatures than the UF adhesive.

Urea-formaldehyde had the lowest quality in terms of
physical and mechanical properties. UF adhesives have drawbacks
in terms of low water resistance and bonding and formaldehyde
release. Urea in the cured UF adhesive is easily solved in water. In
particular, this phenomenon is ascribed to the reversibility of the
amino-methylene bond, which also explains the low resistance of
UF against the influence of water and moisture, especially at high
temperatures.

Table 2. The physical and mechanical properties of particleboards.
Panel
Type
1
2
3
4

MOR
MOE
(N/mm2)
(N/mm2)
12.64 (0.34) (a) 1684. 52 (37.33) (a)
13.78 (0.22) (b) 1845.27 (54.62) (b)
14.85 (0.48) (c) 2007.74 (65.33) (c)
16.01(0.56) (d) 2489.96 (44.78) (d)

IB (N/mm2)
0.301 (0.14) (a)
0.417 (0.28) (b)
0.503 (0.18) (c)
0.586 (0.22) (d)

Note: Numbers in the parenthesis are standard deviations. Different letters in
the same line represent statistical differences at 95% confidence level.

Based on EN 312 standard, 12.5 and 13N/mm2 are the
minimum requirements for MOR of particleboard general uses and
interior fitments (including furniture), respectively, while the
minimum MOE for interior fitment is 1800 N/mm2. The panel types
2, 3 and 4 had higher MOR and MOE for general purposes and
furniture manufacturing requirements. The panel type 1 satisfied the
required level of MOR only for general purposes. The IB data
ranged from 0.301 to 0.586 N/mm2. The minimal requirements of
internal bond strength for general purpose and furniture
manufacturing are 0.28 and 0.40 N/mm2, respectively. According to
the test results, while panel type 1 had the required level of IB for
general purposes, 2, 3 and 4 type panels met the required level of IB
for interior fitments. The results showed that test panels did not
have the required level of TS according to EN 312 standard due to
no usage of wax or other water-repellent agents in the
manufacturing of test panels. Average formaldehyde emission
values of the test panels are given in Table 2.

Formaldehyde/urea molar ratio significantly affects the
physical and mechanical properties of particleboard. As the molar
ratio of formaldehyde was increased in the adhesive, all the
properties of the particleboards improved while the formaldehyde
emission increased. The formaldehyde-urea molar ratio
significantly affects the bond performance between the particles in
the particleboard. The main differences between the panels
produced with urea formaldehyde adhesives with high and low
contents of formaldehyde are due to their reactivity as a
consequence of the different free formaldehyde content and their
degree of crosslinking in the cured network. The increased
reactivity and crosslinking of the adhesive and the rate of hardening
in adhesives of higher formaldehyde/urea mole ratio causes tighter
and more compact board structure. For this reason, mechanical
properties increase, thickness swelling and water absorption
decrease and surface roughness improves due to high degree of
crosslinking and of the water into the particleboard is restricted.
There are no ether bridges, no unreacted branch- site methylol
groups and no other free formaldehyde in the adhesive at low mole
ratio [5]. Increasing the formaldehyde /urea mole ratio negatively
affected the formaldehyde emission of the test panels. This is due to
higher content of free formaldehyde in adhesive.

4. Conclusions
This study showed the adhesive type significantly affected the
physical and mechanical properties of particleboard. The
particleboards produced with the acrylic adhesive had the highest
physical and mechanical properties, followed by MUF adhesive,
and UF adhesive, respectively. The lowest formaldehyde emission
was observed for the acrylic bonded particleboards, followed by
MUF, and UF adhesive bonded particleboards, respectively. Based
on the findings obtained from the present study, the acrylic adhesive
can be efficiently used in the production of particleboard.

Table 2. The formaldehyde emission of particleboards.
Panel
Type
1
2
3
4

Thickness
swelling
27.35 (1.12) (a)
25.13 (1.08) (b)
22.45 (0.87) (c)
18.04 (1.32) (d)

Water
Formaldehyde
absorption
emission
82.33 (1.85) (a) 11.12 (0.03) (a)
79.64 (1.02) (b) 7.71 (0.05) (b)
74.28 (1.93) (c) 7.58 (0.04) (c)
68.45(1.22) (d) 0.03 (0.01) (d)
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Abstract: The article deals with the influence of the loading rate in the interval from 1 to 1000 mm/min on the mechanical properties of
drawing steel sheet, used for the manufacture of automotive parts, under tension and bending conditions. It describes the aspects of material
characteristics under tension and bending conditions, while bending tests were made on notched specimens (a modified impact bending test).
With an increasing strain rate up to the critical value, the resistance of material against strain increases and hence the yield point and the
tensile strength increase, the deformation ability, the deformation homogeneity, the structure and the substructure after deformation, etc. are
changed. The paper presents knowledge that using a modified notch toughness test it is possible to achieve the formability characteristics
corresponding to dynamic strain rates even under the static loading.
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1. Introduction
Table 1: Chemical composition of tested steels

The influence of the strain rate on the material characteristics is
systematically observed and the knowledge is generalized. With an
increasing strain rate up to the critical value, the resistance of
material against plastic strain increases and hence the yield point
and the tensile strength increase, the deformation ability, the
deformation homogeneity, the structure and the substructure after
deformation, etc. are changed. At a supercritical strain rate, which is
higher than the maximum dislocation movement rate, a brittle
failure occurs [1-4]. The sensitivity of steel to the strain rate
depends on its structure; therefore it is necessary to assess the
sensitivity of individual steel grades to the strain rate [5]. The
experimental determination of the influence of the strain rate on
mechanical properties, as well as the interpretation of obtained
results, is very demanding even today. Possibilities of replacing the
tensile test at various strain rates with simpler tests are looked for.
The notch toughness test, with a certain modification, can be
included among such tests [6 - 8].

%
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0,008
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Samples were taken from the strip in the rolling direction and
flat test specimens for the tensile test and test specimens for the
modified bending test were made, (see Fig. 2 and Fig. 3).

The increase of the production rate of pressings enables the
productivity increase. This route is the most utilized nowadays and
the strain rates are gradually approaching to rates corresponding to
dynamic loading.

Fig. 2 Shape and dimensions of the modified bending test (modified
notch toughness test) specimen.

2. Material and Experimental procedures
Experiments were made on light-gauge steel strip with the
gauge of 1 mm, made of galvanized microalloyed steel. Such steel
strips have higher strength properties, but also good plasticity even
at a low carbon content, due to microalloying with (Nb<0.008%)
and Ti (Ti<0.01%) combined with controlled hot rolling, and they
are used to manufacture loaded pressings for the automotive
industry Table 1. The microstructure of the tested sheet consists of
the ferritic matrix (see Fig. 1), in which the precipitates of
microalloying elements are uniformly distributed.
Fig. 3 Shape and dimensions of the tensile test specimen.

On the tensile machine INSTRON 1185, which makes it
possible to record the loading diagram on a computer via a
converter, tensile tests were carried out and using a fixture also
modified bending tests (notch toughness test) were carried out (see
Fig. 4). The distance of supports is in the modified. Bending test
was 27 mm; the mandrel shape was identical with the of the Charpy
hammer mandrel. The depth of the V notch was 0.5 x

Fig. 1 Microstructure of microalloyed steel.
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The results show that the strength properties of the tested steel
strip increase with an increasing loading rate (Fig. 5).

The influence of the loading rate on the yield point Re and the
tensile strength Rm in the tensile test can be described using the
following formula (1) [9,10]:

RV = Rvo + k.log v/vo

(1)

Where:
-Rv is the yield point or the tensile strength at the loading rate v

Fig. 4 Modified bending tests (notch toughness test).

-Rvo is the yield point or the tensile strength at the loading rate
vo = 1.67.10-5s-1

specimen height. The tests were carried out at four loading rates,
namely 1, 10, 100 and 1000 mm/min. The following mechanical
properties were evaluated: yield point, tensile strength, yield point
in bending, ultimate bending strength, strain hardening exponent
and stable plastic strain deflection (deflection from the force at the
yield point up to the maximum bending force). These mechanical
properties make it possible to determine basic characteristics for the
assessment of the press ability of the tested sheet at selected loading
rates. Table 2 shows mechanical properties microalloyed steel in
static condition.

-k is a material constant expressing the sensitivity of the tested
steel to the loading rate.

Table 2: Mechanical properties of tested material in static
condition.
Microalloyed
steel
Thickness
[mm]
Yield strength
Rm [MPa]
Proof stress
Rp0,2 [MPa]
Contraction
A5 [%]
Ductility
Z [%]

1
410
340
20
49

3. Results and Discussions
3.1 Mechanical properties

Fig. 6 Dependence of mechanical properties on the loading rate in the
modified bending test.

The experimental results of the influence of the loading rate on
the observed mechanical properties using the tensile test and the

Fig. 6 shows that in the modified bending test the course of the
Reo, Rmo – loading rate relationship is exponential, which means that
the strain rate ε in this test is higher than 1 s-1. Using calculations
and microscopic measurements, the deformed area in the notch was
determined and then the strain rate in the notch was calculated.
The relationship between the loading rate and the yield point in
bending Reo and the ultimate bending strength Rmo in the modified
bending test is different from the tensile test and can be described as
follows formula (2, 3) [9 -11]:
Rε = Rε + k.log (ε/εo)

(2)
-1

at the strain rate up to 1 s , and
Rε = Rε + k.log (ε/εo)n

(3)
2 -1

at the strain rate from 1 to 10 s .
One-way load of the material with a higher mechanical tension
than a certain limit value causes the breakdown of the breakage and
its gradual growth until the cohesion of the material, the parts of
which are separated to form new free surfaces - fracture surfaces
bending test (modified notch toughness test) are shown in Figure 5.

Fig. 5 Dependence of mechanical properties on the loading rate in the
tensile test
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At speeds load 1000 mm/min is visible indication (facets)
intergranular ductile fracture.
The values of strength and plasticity properties determined
using the modified bending test are, when compared with the tensile
test, influenced by the loading method and the notch effect. This
fact was taken into account in such a way that we put into line the
values of the yield point and the strength values. A similar way was
used for the strain hardening exponent n and the stable plastic strain
deflection
On the basis of these considerations, Figure 5 shows the graph
of the influence of the strain rate on the strength properties of the
tested material in the tensile test and the modified bending test and
Figure 7 shows the influence of the strain rate on the Re/Rm ratio,
the strain hardening exponent and the stable plastic strain deflection
hr.

Fig. 7 Dependence Re, Rm, from the load speed at modified bend test

3.2 Fracture Analyses
In the fracture areas, we see a gradual, asynchronous loss of
interatomic bonds under the effect of shear stresses. It is realized by
skid movement of dislocations. The tested microalloyed steel is a
ductile violation that arises from a hollow mechanism. Hole
morphology is the result of a ductile material fracture

4. Conclusions
The paper analyses the influence of the loading rate ranging
from 1 to 1000 mm/min on the mechanical properties of
microalloyed steel under tension and modified bending conditions
(modified notch toughness test). It results from the analysis that:
the strain rate in the modified bending test is 2,3-times
higher than that in the tensile test at the same loading rate, which
means that using this test it is possible to determine material
characteristics corresponding to dynamic strain rates at the static
loading

Fig. 8 Fracture area at a load speed
of 1mm/min 200x

Fig. 9 Fracture area at a load speed
of 1mm/min 2 000x

after making a correction resulting from the different
loading and the notch effect, in the modified bending test it is
possible to obtain the relationship between the material
characteristics and the strain rate, corresponding to the uniaxial
tension conditions
with the increase of the strain rate in the interval from 100
to 1000 mm/min, the yield point and the yield point/strength ratio of
the tested steel significantly increase.

Fig. 10 Fracture area at a load
speed of 100 mm/min 200x

Fig. 11 Fracture area at a load
speed of 100mm/min 2 000x

- At the loading rates monitored, samples were broken by a
ductile fracture, which is performed by a cavity mechanism. The
result is the fracture morphology of the fracture surface. At 1000
mm / min load speeds, a hint of intercrystalline ductile violation is
seen.
Load speed (1 to 1000 mm / min) affects strength and deformation
characteristics only slightly, meaning that steel products can be
formed at a high speed up to 1000 mm / min. This fact means
shortening the production cycle and thus increasing the financial
benefits.

Fig. 12 Fracture area at a load speed
of 1000 mm/min 200x

Fig. 13 Fracture area at a load
speed of 1000mm/min 2 000x

Fig. 8, 9 at speeds 1 mm/min, the ductile fracture is an even
morphological hole where the holes are deep. Cavity coalescence is
visible in small magnifications. The fracture characteristic of (Fig.
10, 11) at a load speed of 100 mm / min is similar to that of 1 mm /
min. More pronounced is the cavity coalescence in the direction
perpendicular to the direction of the tension. At a load speed of 1
000 mm min, the angle of rupture is increased (Fig. 13), a fairly
uneven surface is formed, the wells are smoother. (Fig. 12) we can
see a large particle trap, because it did not manage to pass through
the whole process of ductile morphology with a hole morphology.
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EFFECT OF POWDER MODIFIERS ON STRUCTURE FORMATION OF
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Abstract: Effective modification not by expensive nano-powders but by relatively large ones (up to several microns) and capable to
dissolve when entering into the melt and become additional crystallization centers at its start point was shown. That provides a metal
structure refinement and, consequently, increases the whole complex of mechanical properties. The optimal process parameters of refractory
compounds disperse powders modification were proposed.
Keywords: DISPERSION POWDERS, CRYSTALLIZATION, MODIFICATION, STRUCTURE, MATHEMATICAL MODELING.

One of the main tasks of modern materials science is increase in
both strength and plastic properties [1]. An effective method of
solving it is grain metal structure refinement [2] by dispersible
powders modifying to obtain fine cast structure [3]. This allows not
only improvement of the structure and mechanical properties
characteristics in a cast state, but also to strengthen this action in
subsequent thermomechanical processing [4]. One of the ways to
the structure formation process control is usage of crystallization
modifiers – dispersed solid particles injected into the melt before
solidification [3, 5]. It's known that a significant effect could be
achieved by using nano-sized powders [6], but their production,
storage and input into the melt technology are difficult and
expensive.
Thus, research aimed at efficiency improving of the usage as
modifiers disperse powders of larger fractions capable of when
entering into the melt being dissolved to nano-sized substrates at the
time of the crystallization begining [7 – 11] looks promising. The
use of computer and mathematical modeling allows you to quickly
and cost-effectively identify the optimal parameters modification.
The purpose of this work is to study using mathematical
modeling the structure formation and crystallization of iron-carbon
alloys in the case of modification by disperse powders of refractory
compounds and optimal technological parameters of their entry into
the melt determination.

developed and the corresponding computer program was written for
the calculations execution. The program allows to determine the
proportion of the particles, which will be effective crystallization
centers, how many particles dissolve completely (in this case, there
may be the effect of microscopic inhomogeneities, as well as the
effect of micro-alloying), and how much, being captured by the
solidification front and become relatively large carbide and nitride
inclusions. The calculation results showed that restriction of the
variation around the optimum size range and reduced the melt
temperature when the powder input to the values close to the
liquidus. This substantially (up to 5.0 fold) increases the effective
part (capable of becoming crystallization centers) of the particles.
This effect in the case of input TiN powder shown in table 1.
0.25

Ti, Nb, Zr, %

1. Introduction

0.2

TiN
TiC

One of the main characteristics of the material used as the
modifier, it is stability of the particles suspension in the melt. This
characteristic is related to the equilibrium concentration of the
constituent chemical elements in the melt with the solid particles
which has influences on the diffusion processes. Figure 1 shows
plots obtained on the basis of physico-chemical calculations [9]
which represent equilibrium with the corresponding nitrides and
carbides content of carbide- and nitride-forming elements at 1530
ºC depending on carbon content. The nitrogen content in the steel
was set on the level of 0.006 %.

ZrN
ZrC

0.15
0.1
0.05
0
0

2. Results and discussion

NbN
NbC

1

2

C, %

3

4

Fig. 1. The dependence of equilibrium with the nitride or
carbide content of Ti, Nb, Zr and carbon in Fe-base melt
Table 1
The effect of input temperature and the size of the TiN particles on
the proportion of ones that can become crystallization centers
The melt temperature
when the modifier
entering, ºC

The concept of the proposed modification means that the melt
concentration of carbide and nitride forming elements should lie in
the area below the respective curves [9]. Otherwise, there may be
suspension of dissolution and activation of the particles coagulation
processes. On the other hand, since the concentration of carbide- or
nitride on the surface of the particles is close to the equilibrium
value, too much difference between a current concentration
(occurred due to dissolution of the modifier) and an equilibrium one
(near-surface) leads to too rapid dissolution of the particles and
reduce their effectiveness as a substrate [9].
To evaluate the options of introduced modifier particles
behavior in a melt, the probabilistic model [9, 10] has been
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1550
1535

The particle sizes,
μm

The proportion of
effective particles, %

1,0 – 5,0

0,096 – 0,102

2,1 – 3,9

0,178 – 0,189

1,0 – 3,0

0,183 – 0,246

1,0 – 2,0

0,481 – 0,543

Process of particles dissolution in the melt before and during the
crystallization (taking into account powder size distribution) we
described using our computer model [11]. There was considered an
input of dispersed TiN powder into a low-carbon steel melt. The
simulation results showed that in this case, effective as a modifier is
a fraction ~ 1...3 μm. when injection the melt temperature should be
close to the liquidus temperature, that for such steels is about 1530

ºC. It was shown that by introducing of a larger mass of the
modifier there can lead to increase of the proportion of the effective
particles and significantly prolong its lifetime. In addition, by
varying the type of the original particle size distribution (normal,
log-normal or rectangle) we can affect the dynamics of the particles
dissolve.
The dissolution time of the powder in the case of normal and
rectangle particle size distribution are similar but there is a
difference in the process way. After 10 seconds, in the case of
rectangle initial distribution the melt contains stored 8,18·1011
particles per 1 t, while in the original normal distribution case, their
amount will be 1.87 × 1011 per t, that is 4,4 times less. Thus, a
uniform distribution of particles within the input fraction of the
modifier can significantly increase the number of particles in the
melt which can become additional crystallization centers, compared
to the case of the normal distribution. The simulation results
showed that at the beginning the number of particles in the case of
the original normal distribution will be more, but in about 8
seconds, the amount of particles in the melt will be equivalent.
During the rest period, the number of particles in the melt in the
case of initial rectangle distribution will be larger, and as the course
of the process, this advantage will grow over, after ~ 12 seconds
will be more than 5 times.
The results of theoretical research on the modification of cast
iron and steel have been confirmed in a series pilot scale
experiments on iron and steel.
Cast iron for the molds of K13 type manufacture (transverse
ones, with height 2600 mm, weight 9.5 t) and C8 type (muffled
bottom ones, with height 2060 mm, weight 8.0 t) were treated with
powdered modifier:
modifier expense: 0.5 kg / t;
composition: 40% TiC and 60% SiC;
particle size: TiC 1...3 μm and SiC 2...4 μm;
For preventing of white cast iron parts formation in addition to
the mixing chamber modifier loaded fine powder of ferrosilicon
FS65.
The modification leads to a significant refinement of graphite
inclusions and increases the proportion of pearlite in structure,
which provides a significant improvement in the mechanical and
operational characteristics (Table 2).

150…160 95…110
154
102

56 – 82
71

TiC + SiC

170…180 130…135
176
132

85 – 108
97

3. Conclusions
1. Mathematical models and computer programs to describe the
behavior of dispersed refractory particles in the melt, allowing to
determine the optimal modification parameters were developed.
Identified equilibrium conditions near the liquidus temperature for
the various carbide and nitride phases, depending on the carbon
content in the melt.
2. The concept of effective metal melts modification by
refractory powders dispersed of relatively large fraction (up to
several micrometers) that can be dissolved down to the nano-sizes
at the beginning of solidification and become additional centers
forced bulk crystallization.
3. It is found that a rectangle distribution of particles by their
sizes within the input fraction can increase their number in the melt
during latter stages of dissolution and capable to form additional
crystallization centers up to 2,0...5,0 times compared with the initial
normal distribution. The possibility of increasing to 2.0...4.0 times
of the proportion of effective particles by reducing the range of
variation of their initial sizes and reduce the input temperature to
values close to the liquidus was shown.
4. The optimum process parameters for various steels and cast
irons modifying (particle size and fractional composition, amount of
modifiers, melt temperature when entering), providing a significant
refinement of the metal structure and the increase of the complex
mechanical properties were offered.

Table 2
Effect of modification on the mechanical properties
of cast iron and operational stability of molds*
Hardness, The number of uses
σв,
Metal state
НВ
before wear
MPa
Without
treatment

(during solidification) into solid solution. This secondary effect may
be useful in increasing of steels thermomechanical treatment
processes efficiency because of carbonitride hardening. To optimize
the conditions it is necessary to know the phases formation and
composition data. It was found that the most effective modifiers in
the aspect of precipitation of dispersed carbonitrides in the solid
state are niobium compounds. Carbide and nitride forming elements
(titanium, and to a lesser extent vanadium), carbon and nitrogen
present in the steel, are adsorbed by grain boundaries, followed by
decomposition of the supersaturated solid solution and the
formation of film type precipitates Ti (CN), V (CN), Ti, V (CN) ,
thus weakening the intergranular bond and causing metal
embrittlement. The enrichment of the grain boundaries and Nb,
respectively, the formation of these carbide and nitride precipitates
practically not observed, indicating a preference for the use of
niobium carbonitride hardening carbon steels compared to the
titanium or vanadium.
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EFFECT OF RARE-EARTH METALS (Dy, Tb, Sm, Nd) ON STRUCTURE AND
MECHANICAL PROPERTIES OF THE Mg-Y-Gd-Zr SYSTEM ALLOYS
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Abstract: Kinetics of ageing, structure and the strength characteristics of the Mg-Y-Gd-Zr system alloys of compositions near to that of the
IMV7-1(~5%Y, ~5%Gd, ~0.5%Zr, remainder Mg) alloy were studied. It was established, that alloying of the Mg-Y-Gd-Zr alloys with Dy,
Tb, Sm, Nd results in strengthening of them at room and elevated temperatures both in homogenized and in aged states. Meanwhile, after
addition of samarium or neodymium the ageing time needed for substantial strengthening becomes shorter, after addition of terbium it did
not change actually and after addition of dysprosium it became longer. Therefore, the strengthening ageing for the Mg-Y-Gd-Zr alloys after
addition of Nd, Sm or Dy requires certain corrections.
KEYWORDS: MAGNESIUM ALLOYS, RARE-EARTH METALS, MECHANICAL PROPERTIES, SOLID SOLUTION DECOMPOSITION,
STRUCTURE.

commercial Mg-Zr master-alloy Mg-9.6%Zr. The alloy melts
prepared in crucibles were cast into the steel mould heated up to
750°C, which was immersed slowly then into cold water
(method of the direction solidification). Such a method of
casting enabled to obtain the sound ingots with even structure
and without shrinkage cavities. Dimensions of the obtained
ingots amounted ~100 mm in length and ~25 mm in diameter.
The prepared alloys were investigated by methods of the
optical microscopy, hardness measurements at room and 250°C
temperatures and determination of the tensile mechanical
properties. As far as the studied alloys were the heat treatment
strengthening ones [3], their characteristics were determined in
two states, after homogenization and after additional ageing.
Homogenization of ingots was performed at 515°C for 6 hours
with enough fast cooling resulting in them formation of the
magnesium supersaturated solid solutions. Following ageing was
conducted with the regime 200°C, 24 h. The above mentioned
ageing time was chosen basing on the results obtained in this
work, where the ageing kinetics of the prepared alloys was
specially studied at 200°C with total ageing time up to 128 h.

1. Introduction
Magnesium alloys are attractive as light structural materials
for applications in a number of constructions, where the saving
weight is of a great importance. In connection with this an
improvement of mechanical properties of magnesium alloys is
quite important in practice. One of the ways in this direction is
use of different rare-earth metals as alloying elements (REM)
[1,2]. In this case, for alloying of magnesium alloys can be taken
simultaneously several REM. The examples of such alloys are
those of the Mg-Y-Gd-Zr system ones including the alloy of the
mark IMV7-1, containing about 5%Y, 5%Gd, 0.5%Zr
demonstrating a high level of the strength properties [3]. Two the
rare-earth metals, yttrium and gadolinium are present in this
alloy, but the REM exist always in ores together and, therefore,
it is possible, that some of the other rare-earth metals will be also
present in IMV7-1 as impurities This circumstance makes to be
quite important the knowledge about possible change of
structure and properties of the Mg-Y-Gd-Zr alloys, including the
alloy IMV7-1depending on presence of other rare-earth metals in
them. As a result, this work started with the aim to investigate
effects of such rare-earth metals, as samarium, neodymium,
dysprosium, and terbium on structure and properties of the alloy
IMV7-1.

3. Results and discussion
The kinetics of the supersaturated magnesium solid
solution decomposition is characterized by the results of the
hardness measurements, presented in Fig.1. The indicated curves
of the hardness change with increasing ageing time have the
same form for all alloys, which is typical for the binary
magnesium alloys with the rare-earth metals of the yttrium
subgroup.(Y, Gd, Tb, Dy). The main characteristic feature of
them is existence of the certain incubation stage with slow
hardness increase [3]. However, duration of this stage and onset
time of the next stage with steep hardness increase turned out to
be different for each alloy depending on its composition. In the
case of samarium and neodymium addition into the initial alloy
IMV7-1 duration of the incubation stage of the magnesium solid
solution decomposition shortens from eight to two hours with the
hardness values increasing substantially. Terbium does not
change actually duration of the incubation stage insignificantly
increasing the hardness values. Addition of dysprosium into the
alloy IMV7-1 increases duration of the incubation stage of the
solid solution decomposition up to values being more, than eight
hours.

2. Materials and methods
The investigations were conducted using the cast alloys
containing yttrium, gadolinium and zirconium in quantities
corresponding approximately to their mean contents in the alloy
IMV7-1 (Mg-5%Y-5%Gd-0.5%Zr, mass composition) [3].
Contents of added dysprosium and terbium were near those of
yttrium and gadolinium and amounted 3-7%. Contents of
samarium and neodymium were not more, than their maximal
solubilities in magnesium solid solutions in the binary systems
and amounted 2-5%Sm, 2%Nd [4].
The alloys for investigation were prepared by melting in
the electrical resistance furnace in steel crucibles under Russian
protecting flux of the mark VI2, consisting of 38-46% MgCl2,
32-40% KCl, 3-5% CaF2, 5-8% BaCl2, 1,5% MgO, <8%
(NaCl+CaCl2). The initial metals for the preparation of the
alloys were magnesium MG95 (>99,95%Mg), yttrium ItM-1
(>99,83%Y), gadolinium GdM-1 (>99,85%Gd), dysprosium
DyM-1 (99,83%Dy), samarium SM-1 (>99,83% Sm),
neodymium NM-1 (>99, 83%Nd) (Russian standard marks). All
the mentioned rare-earth metals were added into the Mg melts
during melting as the preliminary prepared master-alloys of the
same initial metals. Zirconium was added into the melts as the
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in it. Additional strengthening of the homogenized alloys after
ageing can be explained by decomposition of the magnesium
supersaturated solid solutions accompanied with precipitation of
the hard particles of the metastable phases consisted of
magnesium and the rare-earth metals [6].
Effects of Dy, Tb, Sm, Nd on properties of the IMV7-1 alloy at
elevated temperatures were estimated basing on the hardness
values obtained at the respective tests at 250°C (Table2).
Table 2. Hardness of magnesium alloys at test temperatures
20°C and 250°C

Fig.1. Hardness change of the magnesium alloys with increasing
time during ageing at 200°С
Using the obtained results of ageing kinetics and taking
into account the necessity of the conjunction of high strength and
acceptable plasticity, the ageing time for the tensile tests with
determination of the mechanical properties of the alloys was
chosen to equal 24 hours at 200°C. Such a time value
corresponded approximately a half of time for achievement of
the maximal strengthening during ageing at the second stage.
Results of the tests with determination of the mechanical
properties of the alloys at room temperature are presented in
Table 1.
Table 1. Mechanical properties of the Mg-Y-Gd-Zr-Dy (Tb, Sm,
Nd) alloys at room temperature in homogenization state and in
ageing after homogenization state

The obtained hardness values indicate, that the alloys
containing additional REM resist more against heating as
compared with the IMV7-1 alloy and the wide spread Russian
cast commercial alloy with the ML5 mark of the Mg-Al-Zn-Mn
system.
Investigations of the alloy structures indicated existence of
white Mg solid solution matrix with enough large grey
inclusions of the second phases in them in state after casting.
These second phases were evidently compounds of Mg with the
REM formed during crystallization without equilibrium. Along
with them the very small dark inclusions of αZr phase were
observed, as well (Fig.2a). After homogenization structures of
the alloys consisted only of the magnesium solid solution grains
with small αZr dark inclusions inside of them (Figs.2b-d). As a
result, the conclusion can be made, that during homogenization
the rare-earth metals dissolve into magnesium solid solution
completely. Disperse precipitates formed during decomposition
of magnesium supersaturated solid solution, which promote
strengthening of the alloys after ageing were not observed using
optical microscopy because of small dimensions of them.

As one can see, all studied alloys demonstrate high level of
the strength properties as compare them with the strength
properties of the Russian standard cast commercial magnesium
alloy ML5 (Russian version of the well-known commercial cast
alloy AZ91) (Mg-Al-Zn-Mn) [5]. Ageing results in additional
increase of the strength properties of the homogenized alloys,
especially tensile yielding stress (TYS), but in significant
decrease of the plasticity. It is reasonable to note, that the partial
replacement of yttrium or gadolinium with dysprosium,
samarium or terbium do not results in deterioration of the
strength properties of the IMV7-1 alloy. The high level of the
strength properties of the alloys in the homogenization state is
ensured by creation of the rich magnesium supersaturated solid
solution with actually complete dissolution of alloying elements
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neodymium addition enables to save energy consumption for
production of them during heat treatment.

4. Conclusion
Existence of dysprosium, terbium, samarium and
neodymium in magnesium alloys of the Mg-Y-Gd-Zr system
with the alloying element contents near those in the alloy IMV71 does not results in change of the general kinetics character for
the magnesium supersaturated solid solution decomposition and
strengthening effect during ageing.
Additional alloying of the magnesium alloys of the Mg-YGd-Zr system of the IMV7-1 type by samarium or neodymium
results in acceleration of the magnesium supersaturated solid
solution decomposition accompanied with strengthening during
ageing. Addition of dysprosium to these alloys increase duration
of the first incubation stage of the decomposition and addition of
terbium does not actually change its duration.
Additions of dysprosium, terbium, samarium and
neodymium increase the strength properties (hardness, tensile
yielding stress, tensile stress) of the Mg-Y-Gd-Zr system alloys.
The high strength of this type alloys retains also at elevated
temperatures.

5.
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Fig. 2 Microstructure of the alloys: Mg-5%Y-5%Gd-3%Sm0.5%Zr (а,b), Mg-5%Y-5%Gd-3%Dy-0.5%Zr (c), Mg-3%Y5%Gd-5%Tb-0.5%Zr (d), in cast (а) and homogenization at
515°С, 6 h (b-d) states
The obtained results of the investigation indicate, that
additives of Dy, Tb, Sm and Nd to the alloys of the IMV7-1 kind
favor their strengthening at room temperature and 250°C.
Shortening of the ageing time for achievement of the highest
strengthening for the IMV7-1 kind alloys by samarium or
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