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FUTURE OF MACHINE-TOOL BUILDING — CORE OF ENGINEERING
TECHNOLOGY
Yu.N. Kuznetsov
Doctor of Sciences, Professor of Machine Tools and Systems Department of the National Technical University of Ukraine “Igor Sikorsky
Kyiv Polytechnic Institute”
Abstract: This article presents the results of scientific research performed by scientists at NTUU Igor Sikorsky Kyiv Polytechnic Institute in
the creation and genetic forecasting of the development of a new generation of machine tools and associated mechanisms using the latest
advances incorporated into an interdisciplinary intellectual field and based on a unified structured and systematic approach. It is suggested
that the revival of the domestic machine-tool building can be done by virtue of an innovation breakthrough and implementation of the
"Overdo without catching up!" strategic goal.
KEYWORDS: MACHINE-TOOL BUILDING, ANTHROPOGENIC SYSTEMS, GENETIC FORECASTING, MASS POINT, ARTIFICIAL
INTELLIGENCE
200 mm, and even with CNC integration, like in 16K20F3S1
model, have never surpassed similar machines of leading foreign
producers). We have always been convinced that we should stay in
the wake of the leading companies and states, closely following
their steps and taking any advances, seen at international
exhibitions, as the basis for development. In the late 80's of the
previous century some attempts have been made to go the other way
(for example, Ivanovo Machine-Tool Building Plant, which began
manufacturing modern multi-purpose machine tools such as IR-500
using modular approach, Kiev Plant Of Computer-Controlled
Machines named after Gorky, which pioneered with CNC
integrated multi-spindle automatic lathe machines). However, the
unexpected happened and Ukraine, which ranked second in the
USSR after the Russian Federation, has lost the lead — many
machine-tool building plants have lost momentum and even stopped
their activity. For example, "Vercon" public company, which was
previously widely know by the production of multispindle
automatic and semi-automatic lathe machines in a full range of sizes
— from the lightest to super heavy [19, 24].
Today there is still an opportunity (if the government changes its
approach) to revive the domestic machine-tool building industry
and other machine building industries (aircraft industry,
shipbuilding, agricultural machinery building, instrument making
industry). To accomplish this, the correct strategic motto "Outdo
without catching up!" should be adopted and innovative
breakthrough (Fig. 1) should be done in science, education and
industry using the latest advances in various sciences (genetics,
cybernetics, informatics, synergetics, socionics and etc.)
incorporated in the interdisciplinary intellectual field and based on a
unified structured and systematic approach (NBIC, as example, —
NANO, BIO, INFO, COGNO technologies) [3, 4, 7, 10, 11, 22].

Introduction
The major tendency of the modern age is the market-orientated
production, which is not possible without the integration of science,
education, manufacturing and service industry, as well as the
achievement of such goals: [2, 8, 21]: 1. Productivity increase. 2.
Product quality improvement. 3. Reduction of production costs due
to energy and resource savings. 4. Improvement of labour
conditions and reduction of physical labour percentage. 5.
Facilitation and reduction of monotonous intellectual (mental)
labour. 6. Expansion of technological and functional capabilities of
the equipment. These goals have defined the world trends of
engineering technology development [2, 13, 19, 21]. In a modern
independent state these goals cannot be achieved without a highly
developed domestic machine-tool building industry — the core of
engineering technology, where main products, being machine tools,
are regarded as machines creating other machines [2, 5]. Machine
tools are the foundation for the production of any process
equipment, as well as other engineering systems (ES) of various
purpose that compose anthropogenic systems (AS) [1], which
change over time in a result of the purposeful human activity.
The goal — proceeding from the analysis of past and present state
of the machine-tool building, to propose ways to overcome the
crisis and predict the development with consideration of latest
achievements in modern science, giving examples of
interdisciplinary structured and systematic approach.
Problem state
From the first years of the Soviet regime, the machine-tool
building has a strategically disastrous slogan — "Catch up and
outdo!" (first lathe machines of Moscow-based "Red Proletarian"
factory were called DIP-200 — DIP being an abbreviation of
"Catch up and outdo!" in Russian, with a height of centres being

Fig. 1. Visual comparison of the improper (left) and proper (right) machine-tool building development ways and mottos (centre)
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and solar), competing with gasoline and gas. This trend identified a
special role of electromechanical science associated with the study
and creation of electromechanical energy converters, which are
directly used in manufacturing processes, transportation,
distribution and consumption of electrical energy. By analogy with
the periodic system of electromagnetic elements (primary
electromagnetic field sources), called electromagnetic genome [18],
which was proposed by Professor V.F Shinkarenko, and relying on
principles of self-organization and the genetic principle "from
simple to complex", the new perspective on the mass point is
proposed, being carrier of genetic information to create "object" and
"process" type ES [13, 17]. This mass point at the genetic level is
conditionally named "mechanical gene" and carries information
about translational and rotational movements, loads and their
directions (Fig. 2).

The proposed scientific approach, which ensures the
innovative breakthrough
The postulate of the new scientific approach — transcending from
living Nature to the creation of anthropogenic systems, which
include static and dynamic machine, electrical, construction ES by
virtue of Human intelligence, that is declared in philosophical ideas
and prophecy of academic V.I. Vernadsky [5]: "With the emergence
of the intellectually gifted living creature, our planet enters a new
stage of its history. The biosphere becomes noosphere (sphere of
mind)... We are just beginning to create an overwhelming power of
scientific thought, the greatest creative power of Homo Sapiens,
human's free personality, the greatest known manifestation of its
cosmic force, which rule is yet to come..." ("noosphere " term was
coined by the French scientists: mathematician and philosopher
Edward Peru, a geologist and paleontologist Teilhard de Chardin).
Creation of new evolving ES is impossible without analysis and
consideration of the accumulated human experience, which is how
the genetic information on a variety of media is transferred from
generation to generation. The history of human society development
and technology evolution has always been connected with
mechanics [9]. However, after the discovery of electricity, any
human activity and ES development without it seem unthinkable
now [1]. Electricity has become the main source of energy for ES,
as well as the primary transducer of alternative sources (water, wind

Fig. 2. Mass point (point O) is a mechanical gene carrying information about
;
) and rotational (
;
) movements and loads with
translational (
indicated direction
Символ
«принципа
различия» по Лейбницу

всеобщего

Leibnitz "universal diversity principle"
symbol

The mass point can be fixed, being the information about static "object" type AS
(tools, structures that house processing equipment systems) and variable, such as the information about dynamic "process" type AS [1, 13,
18].
Fixed mass point together with building up the genetic information and increasing structure complexity is used in geometry of static AS
(Fig. 3). For the first time, the author declared about the mass point in fixing mechanisms' flux forces with of alphanumeric encoding in the
report [15].

Fig. 3. Examples of mass point transfer (a) and object complexity increase with accumulation of genetic information in the context of
image, figure and body creation in one-dimensional (b), two-dimensional (c) and three-dimensional (d) space
Thanks to fruitful cooperation of technicians and electricians using
genetic approaches in electrical engineering and universal genetic
The variable mass point with genetic information accumulation
synthesis operators (replication, inversion, crossing, crossover,
and structure complexity increase is used to transfer information
mutation) [18,22,25,26] fundamentally new mechanisms,
from one point to another, and for point to point interaction.
By analogy with Flynn classification, which first appeared in
assemblies and machine tools were created, which have any
mechanical transmissions replaced with electromagnetic ones:
cybernetics as applied to computers [3] and later in ES theory [16],
motor-driven multispindle heads (Ukrainian Patent No. 110074);
all kinds of information transfer by mass points and their
motor-driven revolving heads (Ukrainian Patent No. 109191);
interactions can be represented by four classes (Fig. 4). Similarly to
machine tool spindle assembly (Ukrainian Patent No. 112234);
the electromagnetic field, in mechanics, we can talk about the field
of forces, which can serve as the initial structure comprising an
device for oscillating drilling of composite materials (Ukrainian
Patent No. 113101); motor-driven spindle carrier [24], multi-axis
ordered set of mechanical genes with a given spatial sequence of
pyramidal arrangement mobile drilling and milling machine
their placement (distribution) within the boundaries of geometrized
(Ukrainian Patent No. 101447).
topological space (surface).
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Fig. 4. Ways of information transfer and mass point interaction according to Flynn classification: a – single input, single output; b – single
input, multiple outputs; c – multiple inputs, single output; d – multiple inputs, multiple outputs
Instead of the conventional multispindle head with gears (present time) (Fig. 5), motor-driven spindle heads (future) (Fig. 6) are proposed.
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Fig. 5. Conventional multispindle head (present time): 1 – casing; 2
– bolts; 3 – spindle-bearing sleeve; 4 – spindle axis; 5 – tool spindles;
6, 7 – front and rear tool spindle bearing sections; 8, 9 – gears; 10 –
drive shaft with bearings 11, 12
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Fig. 6. Motor-driven multispindle heads (future) under the Ukrainian Patent No. 110074 with genetic formulas according to [18]: a –
0.2у ; c – three-spindle
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longitudinal section; b – two-spindle
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Instead of the conventional revolving head with gears connecting to machine spindle (present time) (Fig. 7, a), the motor-driven revolving
head (future) (Fig. 7, b) is suggested, in which the gear rotation mechanism with a separate motor can be replaced by a hybrid
electromechanical system with a conical stator and cylindrical rotors (genetic formula
0.2у х
0.2у [22].
a)
b)
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Fig. 7. Revolving head (present time) (a) and motor-driven revolving head (future) under the Ukrainian Patent No. 109191 with the genetic
0.2у (b): 1 – casing; 2 – bolts; 3 – turning spindle unit; 4 – spindle axis; 5 – casing 1 lower edge; 6 – revolving
formula
0.2у х
faceplate; 7 – tool spindles; 8, 9 – front and rear tool spindle bearing sections; 10 – bevel gears on spindle 7 ends; 11, 18 – central bevel
gears on the drive shaft; 12,13 – drive shaft bearings; 14 – central shaft on bearings 15 and 16; 17, 18 – bevel gears pair; 19 – faceplate
rotation motor; 20, 21 – cylindrical gear pair; 22 – cone-shaped stator; 23 – rotary motion armature with windings 24; 25 – faceplate 6 on
bearings 26, 27
The use of high-speed motor-driven spindles (M-S) in
multispindle automatic and semi-automatic lathe machines
allows to discard gears from the main drive motor (past) (Fig. 8,

a), as well as individual motors with couplings (present) (Fig. 8,
b) and significantly shorten kinematic chains and spindle carrier
(SC) weight (future) (Fig. 8, c, d) [24].
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PAST

PRESENT

FUTURE

Fig. 8. The evolution of the main drive motor (of spindle rotation) in multispindle automatic lathe machine with a revolving spindle carrier
… М
– motor(SC): a – past; b – present; c, d – future (M — main drive motors; М … М – spindle drive motors … ; М
driven spindles;
…
– motor-driven spindle stators; … – motor-driven spindle rotors;
C – common stator for all M-S
When speaking about the future of global and domestic
machine-tool building industry development [13,19,21], we
should resort to the scientific approach, as well as known and
new methods of forecasting and prediction for periods of 50-100
years or more ahead. The following types of forecasting can be

distinguished in engineering: science (engineering) forecasting
[16, 20]; scientific forecasting [3]; genetic forecasting [22, 23]. In
case of scientific forecasting for 20-30 years, the systematic and
morphological approach proves to be effective [14, 20], which is
illustrated by the example of a future machine tool (Fig. 9).
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CL (2.0 × 0.2y)

FL 2.2 (x × y)

FL 2.2 (x × y)

TF 0.2 y

Fig. 9. Mobile multi-axis drilling and the milling machine of the future without mechanical transmission according to the patent for an
invention No. 101447 with genetic formulas of assemblies (mechanisms)
IV.
A building (workshop) with a workpiece placed on the
floor (perhaps, grown with a 3D-printer) and intelligent
Genetic prediction based long-term forecast with 100%
robotic machine tools moving across the walls and
accomplishment probability can be represented as a prediction
pyramid (Fig. 10). As the size (weight) of a part Gp or machine tool
ceiling.
Gm increases, their relationship and machine tool shape changes:
V.
The outdoor area under a canopy with a workpiece placed
I.
Quick-assembly and ultra-precision mini machine tools
on the floor (perhaps, grown with 3D-printers) and
intelligent robotic machines with tools of various purpose
consisting of modules in a case with an integrated
computer control system.
and design moving across and around it.
For all future machine tools when approaching the workpiece
II.
Bench-top machines or 3D-printers with artificial
intelligence, controlled from a computer (smartphone) or
shape to the shape of the finished part, i.e. filmed while
a chip integrated into a human head.
substantially reducing allowances, and cutting forces at high
processing speeds, and with the transition to the frame and
III.
Floor-standing (ground) mobile multi-axis robot car
enveloped carrier system (frame, columns, pillars, etc.) unnecessary
machine tools with frame-shell undercarriage system,
in the bases, from the mini-machine and up to the unique.
which can freely move through the workshop and
machine the workpieces.
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Fig. 10. Geometrical model of evolution prediction for machine tools of different sizes
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2012. – 256 p. (English).
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22.
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Conclusion
1. It becomes evident that Human is not the sole creator of
technological progress, as previously thought, but remains only
Nature's apprentice. All that many generations of professionals
have invented, was long before designed by Nature in its
genetic flows. Nature sets the structural organisation laws,
creates genetic flows of development of complex systems and
dictates strict rules of their composition.
2. The era of the transition from the virtual to the real is coming,
as the manufacturing technologies and means (material and
energy flows) were and always remained the basis for the
material production progress ("more-better-cheaper"), rather
than computers, accustoming to virtual activities that relate to
information flows, which are always only secondary and
auxiliary.
3. New ideas are always faced with an army of routinists, but only
such bold ideas, thanks to the knowledge and respect for the
laws of Nature, lead to the creation of sustainable and
competitive real production objects. It can be expressed in
words by Professor of Bauman MSTU L.I. Volchkevich [3]:
"Confrontation of the new and nominally-promising, which is
not yet practised and risky in comparison with well-known and
thoroughly familiar, cannot proceed without a conflict, without
breaking the psychological stereotypes, without understanding
and compromise...".
4. Also, it is good to keep in mind the words of academician
Konstantin Skryabin: "Who possesses the genetic information,
will own the world!".
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EULER BERNOULLI THEORY FOR A 3-DIMENSIONAL,VARIABLE-CURVETURE
BEAM
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Abstract: The linear theory including the effects of bending-torsion coupling and rotatory inertia is used to derive the equations of
motion for a space beam with variable curvature. The governing differential equations of motion are derived based on Euler-Bernoulli beam
theory via Hamilton’s principle. The full, coupled system of governing partial differential equations has a total order of 12.
Keywords: EULER BERNOULLI THEORY, VARIABLE-CURVETURE BEAM

the orientation of the cross-section with respect to z. The
principal normal (N) and the binormal (B) at any point on the
wire axis are within the cross-section, however, they do not
coincide with x and y axes, in general. We denote the angle
between N and y as γ. The change in γ as one moves along
the main helix axis, d γ / ds is termed the torsional twist,
where s is the arclength along z. The unit tangent along z is
denoted T. These are related by the Frenet equations:

1. Introduction
While many of the curved elements used in engineering
structures are very common shapes like circular arcs and
helixes, arbitrarily shaped elements also find usage which
may be expected to expand with the ever increasing
complexity of mechanisms, aerospace and civil structures.
The general equations for the small vibrations of an
arbitrarily-shaped space beam were derived long ago; the
definitive reference for this (and many other problems) is
Love (1944) [1] according to whom the general formulation
for arbitrarily-curved space beams is due to Clebsch (1862)
[2].

𝑑𝑑𝑻𝑻
𝑑𝑑𝑑𝑑

𝑑𝑑𝑵𝑵
𝑑𝑑𝑑𝑑

𝑑𝑑𝑩𝑩

2. Governing Equations

𝑑𝑑𝑑𝑑

Following Love [1], we denote the axis along the arc
length of the spatial curve formed by the centroids of the
cross-sections (which will be called the wire axis) as z. X
and y axes are chosen to be the principal axes of the crosssection (Fig. 1).

= 𝜟𝜟 × 𝑻𝑻

= 𝜟𝜟 × 𝑵𝑵

= 𝜟𝜟 × 𝑩𝑩

(1a)
(1b)
(1c)

where is the principal curvature and τ is the torsion of
the wire axis and

𝜟𝜟 = 𝜏𝜏 𝑻𝑻 + 𝜅𝜅𝑩𝑩

(2)

is the Frenet vector. It is the angular velocity of the TNB
system as its origin moves with unit velocity along the wire
axis. The xyz system differs from the TNB system by a
rotation around T (z axis) through the angle γ between N and
y; therefore

i = sin γ N − cos γ B

(3a)

j = cos γ N + sin γ B

(3b)

k =T

(3c)

where 𝒊𝒊 , 𝒋𝒋 , 𝒌𝒌 are the unit vectors along xyz. The changes
in these can be expressed as
𝑑𝑑𝒊𝒊

𝑑𝑑𝑑𝑑

𝑑𝑑𝒋𝒋

𝑑𝑑𝑑𝑑

𝑑𝑑𝒌𝒌
𝑑𝑑𝑑𝑑

= 𝝎𝝎 × 𝒊𝒊 = 𝜆𝜆 𝒋𝒋 − 𝜅𝜅𝑦𝑦 𝒌𝒌

(4a)

= 𝝎𝝎 × 𝒌𝒌 = 𝜅𝜅𝑦𝑦 𝒊𝒊 − 𝜅𝜅𝑥𝑥 𝒋𝒋

(4c)

= 𝝎𝝎 × 𝒋𝒋 = −𝜆𝜆 𝒊𝒊 − 𝜅𝜅𝑥𝑥 𝒌𝒌

(4b)

Fig. 1 Frenet vectors and coordinate system attached to beam axis

where
The xyz system is therefore attached to the wire axis with
z denoting the tangent direction while x and y representing

𝑑𝑑𝑑𝑑

155

𝝎𝝎 = 𝜟𝜟 + 𝑑𝑑𝑑𝑑 𝒌𝒌

(5)

N3 = 1

is the angular velocity of the xyz system as its origin moves
with unit velocity along the wire axis; it differs from the
Frenet vector by torsional twist. In the xyz system

ω = κ xi + κ y j + λ k

and to

𝜅𝜅𝑥𝑥 = −𝜅𝜅 cos 𝛾𝛾

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(7a)

𝜅𝜅𝑦𝑦 = 𝜅𝜅 sin 𝛾𝛾

(7b)

𝜆𝜆 =

(8)

+ 𝜏𝜏

( k0 → k )

L1 = 1

(10)

where

(11)

𝑑𝑑𝑑𝑑

k = dr / ds , k 0 = dR / ds .

j = L2 i 0 + M 2 j 0 + N 2 k 0

(12b)

k = L3 i 0 + M 3 j0 + N 3 k 0

(12c)

𝑀𝑀3 =

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

− 𝜏𝜏0 𝑉𝑉 + 𝜅𝜅𝑦𝑦0 𝑊𝑊

− 𝜅𝜅𝑥𝑥0 𝑊𝑊 + 𝜏𝜏0 𝑈𝑈

𝑁𝑁3 = 1 +

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

− 𝜅𝜅𝑦𝑦0 𝑈𝑈 + 𝜅𝜅𝑥𝑥0 𝑉𝑉

O( U ) terms,

(17e)

(18a)

(18b)
(18c)

where 𝐿𝐿3 and 𝑀𝑀3 are given by Eqs. (13a) - (13b).

Using these in Eq. (4) we find the relations between
curvatures and twist before and after the deformation:

𝜅𝜅𝑥𝑥 = 𝜅𝜅𝑥𝑥0 + 𝜅𝜅𝑦𝑦0 𝛽𝛽 −

(13a)
(13b)

3.Conclusion

𝜏𝜏 = 𝜏𝜏0 +

𝑑𝑑 Ɓ
𝑑𝑑𝑑𝑑

𝑑𝑑 𝑀𝑀3
𝑑𝑑𝑑𝑑

𝑑𝑑 𝐿𝐿3
𝑑𝑑𝑑𝑑

− 𝜏𝜏0 𝐿𝐿3

− 𝜏𝜏0 𝑀𝑀3

− 𝜅𝜅𝑥𝑥0 𝐿𝐿3 − 𝜅𝜅𝑦𝑦0 𝑀𝑀3

(19a)
(19b)
(19c)

The equations of motion for an arbitrary three
dimensional beam, including bending-torsion coupling were
derived.

(13c)
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from Eq. (A.16) and ignoring

N 2 = −M 3

𝑘𝑘 = 𝐿𝐿3 𝑖𝑖0 + 𝑀𝑀3 𝑗𝑗0 − 𝑘𝑘0
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assumed to be unextended, it does not matter what arclength
is meant by s. The relation between the base vectors of
undeformed and deformed coordinate systems is written as
(12a)

(17b)

Therefore, the complete transformation of base vectors
during deformation is given in terms of u, v, w, 𝛽𝛽 as

Since the bar is

i = L1 i 0 + M 1 j0 + N 1 k 0

(17a)

N 1 = − L3

Differentiating this expression with respect to the arclength

𝑘𝑘 = 𝑘𝑘0 +

(16)

The other entries in the transformation matrix Eq. (12) are
found by requiring that the matrix is orthonormal; ignoring
nonlinear terms,

(9)

𝑑𝑑𝑼𝑼

expressed in Eqs. (13a), (13b) and Eq. (14). To

𝑀𝑀1 = 𝛽𝛽

Let 𝒊𝒊𝟎𝟎 , 𝒋𝒋𝟎𝟎 , 𝒌𝒌𝟎𝟎 denote the base vectors attached to a
point on the wire axis before the deformation as explained
before. After the deformation, the point moves to a new
The
location and base vectors change to 𝒊𝒊 , 𝒋𝒋 , 𝒌𝒌 .
deformation vector is denoted as

r =R+U

(15)

complete the transformation, we need another parameter.
Love [1] takes the angle between x axes before and after the
deformation and denotes the sine of this angle as , i.e.,

is the total twist with first term showing the torsional and the
second the geometric twist.
Also relations between
geometric quantities are needed, i.e., between curvatures and
twist of wire axis, before and after the loading.

𝐔𝐔 = 𝑈𝑈𝒊𝒊0 + 𝑉𝑉𝒋𝒋0 + 𝑊𝑊𝒌𝒌0
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− 𝜅𝜅𝑦𝑦0 𝑈𝑈 + 𝜅𝜅𝑥𝑥0 𝑉𝑉 = 0

which expresses that the wire axis is not extended. Thus, we
have found how the tangent to the wire axis changes

are the curvatures around x and y directions, and
𝑑𝑑𝑑𝑑

O( u ) ,

(6)

where

𝑑𝑑𝑑𝑑

(14)
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Abstract: Researchs of the influence of the soil particles were perfomed on the powder loamy soil to powder clay texture. Standard and
welded ploughshares were tested. The standard ploughshares are made of steel 50Mn7. The welded ploughshares are made by applying CCr-Co-Ni-Si additional material on the steel 50Mn7. The ploughshares are tested on the plough roller machine. Researches were perfomed
in periods of 120, 240 and 360 hours of ploughing, or 60, 120 and 180 work hours of each ploughshare. After 180 hours of work at least
average reduction of the ploughshares lenght was at welded ploughshares and it amounted to 8,27 % of the initial length. At the same time
reduced the average length of the top of the ploughshares with standard ploughshares amounted to 19,65 % of the initial length. It was
concluded that the application of welded ploughshares can contribute to increased of the productivity.
Keywords: PLOUGHING, SOIL PARTICLES, WEAR OF PLOUGHSHARES, PRODUCTIVITY

sample mark „A“, 2. own welded ploughshares, an optional
protective layer on the base material C-Cr-Co-Ni-Si on the basic
material of manganese steel 50Mn7, test sample mark „B“.

1. Introduction
While ploughing the soil certain parts of the plough wear,
mostly ploughshares. The most weared parts of the surface are
the top and blade. They dull during the work, causing the loss of
the mass and dimension changes of the ploughshares. Standard
ploughshares which are supplied while buying ploughs do not
meet the requirements of sustainability. Delays which are caused
by wear and dull of the ploughshares require some time to
replace with new ones. It increases the costs and reduces the
efficiency of the tractor. One of the possible solutions to the wear
problem of the ploughshares is the surfacing hard layers to the
top of the blade. Wear problems of the tools for the soil
ploughing was among the first engaged by the scientist
Richardson [1]. He found that the soils contain abrasive particles
with a hardness greater than the hardness of ploughshares.
Further examinations of the ploughshares different hardnesses
author notes that the surface hardness is one of the most
important characteristics of resistance to wear during operation.
In the nineteen seventies experiments with the application of the
hard layers of the additional material on the blades for the soil
ploughing began [2]. Conclusion was that on the sustainability
and wear, significant influence has humidity and mechanical
composition of the soil during ploughing. Natsis and colleagues
[3] investigated the influence of type and soil moisture and the
sharpening of ploughshares on power consumption, performance
and quality of ploughing. They conclude that on the clay and
loamy soils ploughshares wear decreases with increasing soil
moisture, and that on the sandy soils wear increases with
increasing moisture content. They note that during the work with
the worn-dull blade of the ploughshares comes to increasing the
necessary traction force for 62 %, and consequently to reduce the
effect of efficiency for 30 %. Banaj and colleagues [4] analyzed
the arrangement of the moisture in depth and found out that,
depending of the soil type, the difference between the layer of 0
to 10 cm and 20 to 30 cm is around 5 %. Top of the ploughshares
first dulls, and then other cutting surfaces [4, 5]. Aim of this
research is, based on the comparision of the results of the welded
and standard ploughshares, to find: change the basic dimensions
of ploughshares, weight loss, and that based on these parameters
define which of the tested ploughshares showed the best results.

2.1. Types of soil
Research on the influence of soil to wear of the standard and
welded ploughshares was performed on silty loamy and silty clay
soil. Research was performed from september to december. Precrop on plots on which was performed research were wheat and
corn. Those pre-crops, due to the much larger soil compaction
than after eg. turnip, affecting soil that has a higher resistance
when ploughing [6]. The soil composition and the level of current
humidity were tested, middle value on the depth from 0 to 30 cm,
Table 1.
Table 1: Composition, humidity and textural mark of the soil.
Mechanical composition of the soil, % particle, mm

Sample
number

2. Ploughshares materials and research methods

Moisture
content,
%

Big
sand

Small
sand

Total
sand

Dust

2
÷
0,2
mm

0,2
÷
0,05
mm

2
÷
0,05
mm

0,5
÷
0,02
mm

<
0,02
mm

Clay
Texture
mark
of soil*

1

19,32

0,25

0,93

1,17

67,95

30,88

PrGI

2

26,72

0,98

1,69

2,67

74,67

22,65

PrI

3

26,28

0,80

1,40

2,20

70,84

26,96

PrI

4

35,39

0,46

1,28

1,74

67,78

30,48

PrGI

5

26,13

0,89

1,64

2,53

69,51

27,96

PrGI

6

25,72

1,08

1,39

2,47

66,46

31,07

PrGI

7

23,99

0,37

1,08

1,45

65,06

33,49

PrGI

8

24,28

1,01

1,67

2,68

68,95

28,37

PrGI

9

32,37

0,70

1,13

1,83

66,50

31,67

PrGI

10

24,25

1,09

1,28

2,36

67,77

29,86

PrGI

11

21,41

0,92

1,70

2,61

71,24

26,18

PrI

12

24,76

1,35

1,64

2,99

71,67

25,34

PrI

13

21,24

0,34

2,05

2,39

69,35

28,26

PrGI

14

23,61

0,49

2,02

2,51

70,83

26,66

PrI

15

25,08

1,16

2,00

3,16

71,90

24,94

PrI

*

Soil mark: PrI - silty loam; PrGI - silty clay loam.

Research was performed with two tractors (W1 and W2 )
power of 129 kW with drive to all four wheels and two rotational
ploughs with working width of 120 cm. Two characteristic soil
types were selected for the analysis.

The smallest share of the current humidity is established on
the land no. 1 (19,32 %), while the highest was on the no. 4
(35,39 %). It was found that the proportion of clay particles is in
the range of 22,65 % on the land 2 to 33,49 % on the land. 7. On

For the analysis for the wear resistance during ploughing are
selected: 1. standard ploughshares, manganese steel 50Mn7, test
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this lands soil is silty loam (41,17 %) to sily clay loam texture
(58,83 %). Percentage of particles of clay with silty loam soil
texture ranged 22,65 % on the land 2 to 26,96 % on the land 3. In
silty clay soil texture percentage of clay particles ranged from
27,96 % on the land 5 to 33,49 % on the land 7. Increased share
of clay particles affects a range of chemical and physical
properties of soil. The main characteristic of the clay is swellable,
and when the soil is dry, it is shrinking and decreasing volume.
Clay particles are impermeable to water, have very high plasticity
and stickiness when wet and compact and hard when dry.

Figure 1 The characteristic of ploughshares dimensional control: a - the
length of the top of the ploughshare; b - hight of the
ploughshare on front part ; c - hight of the ploughshare on
middle part; d - hight of the ploughshare on back part; l1 lenght of back part of blade; l2 - lenght of upper part of
ploughshare.

2.2. Material of the ploughshare
Standard ploughs, mark „A“ are made of the manganese steel
50Mn7. On experimental steels, standard ploughs and for making
your own ploughshares chemical analysis was performed.
Composition of both steel meets the requirements, Table 2.

2.3. Making of test ploughshares
For the purposes of this research are purchased/constructed
two sets of ploughshares, 8 ploughshares on every plough. Total
of 16 ploughshares. One set of standard ploughshares was
purchased (mark „A“) and one set of own ploughshares with the
surface layer of the additional material „B“ was made, with same
dimensional characteristics like standard one. Standard
ploughshares are purchased from suppliers and on them were
performed tests of the chemical composition, hardness,
dimensional and mass control. With hand arc procedure top of
the ploughshare was welded, and with inductive melting powder
procedure back part of the ploughshare was surfaced. Surface
preparation was performed before welding procedure. In arc
welding process: sanding and degreasing, and in inductive
process: milling of the surface prior to welding. For inductive
welding of the ploughshare metal powder was used, and for arc
welding the diameter of the electrode was ø 4,5 mm. Thickness
of the additional material is around 3 mm. Average surface
hardness of the standard ploughshares „A“ is 44 HRC, while on
the welded ploughshares „B“ average hardness is around 46
HRC. The characteristic appearance of standard ploughshares
„A“ is showed in Figure 2, own welded „B“ in Figure 3.

Table 2: Chemical composition of the basic material and standard and
own ploughshares.
Steel mark
50Mn7
EN 10025-2:
2004

Chemical composition of the basic material, %
C

Si

Mn

S

P

Cr

Ni

Mo

Cu

N

Standard
ploughshares
„A“

0,
45

0,
33

1,
78

0,
029

0,
024

0,
22

0,
13

0,
04

0,
02

0,
007

Own welded
ploughshares
„B“

0,
55

0,
25

1,
63

0,
027

0,
030

0,
29

0,
12

0,
09

0,
03

0,
008

Top of the ploughshare is part of plough is most exposed to
reducing the dimensions during ploughing [6]. Except top, wear
is exposed to the back part of the ploughshare blade. For the
continuation of studies were selected: - to weld the top of the
ploughshare with electrode C-Cr-Co-Ni-Si, with hand-arc
process, - to secure back part with inductive melted powder CCr-Co-Ni-Si. Hand-arc process is chosen because of complicated
"the pointed" shape top of ploughshares (top triangle should be
welded from the back side). The outer pard of the ploughshare is
welded first, shaped in the letter „V“, and then fills the top of the
triangle (dimensions ≈ 150 mm down part, b ≈ 120 mm upper
part in shape of „V“). Back part of the ploughshare blade is
welded with the inductive melted powder. Weld width is 20 mm,
thickness is 3 mm. First, inductive device is welding the blade,
and then with the hand-arc procedure is welded top from the front
and the back side. The length of both sides of the top of
ploughshares has the shape of a triangle side (≈ 50 mm).
Inductive procedure is selected because of the possibility of
achieving evenly distributed layer, evenly thickness and the
speed of the melting procedure on such large lenghts (over 500
mm). Chemical composition of the additional material is shown
in Table 3.

Upper side

Down side
Figure 2 Standard ploughshares „A“ before ploughing.

Upper side

Down side

Table 3: Chemical composition of the electrode and metal powder of the
additional material.
Chemical composition, %
C
Si
Mn
Cr
Ni
Mo
Co
3,30
1,49
0,43
24,32
3,13
0,10
3,20

Figure 3 Welded ploughshares „B“ with basic material 50Mn7, before
ploughing.

3. Test results
Researchs were performed on both sets of the ploughshares, 8
ploughshares on every plough. During the reasearch roller
ploughs were used. Average start lenght of the top „a“ of
standard ploughshares „A“ was 198,50 mm, width „b“ 142,13
mm, „c“ 127,63 mm, „d“ 121,25 mm, while the average lenght of
the top „a“ of welded ploughshares „B“ was 199,63 mm, width
„b“ 143,75 mm, „c“ 132,13 mm and „d“ 125,63 mm. Control of
dimension change and mass loss of the ploughshare „A“ and „B“
was performed in three periods: 120, 240 and 360 working hours.

Analysis is performed with spectrometric method on the
device SPECTRUMAT - 750 GDS. Characteristic dimensions of
ploughshares are marked on Figure 1. By controlling the
dimensions before, during and after the ploughing their wear will
be followed. Measuring of the ploughshares „a“, „b“, „c“ and „d“
was performed with the caliper, measuring range 0 ÷ 200 mm
with the accuracy of measurement (± 0,01 mm).
Mass of the tested ploughshares will be determined by
weighing on an electronic scale with measuring range to 6000 g
and accuracy ± 1 g.

So, the roller plough was used, every ploughshare is
controlled after 60, 120 and 180 hours of work. Before starting
and in any defined time of the research measurement was
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Table 6: Size of treated surface and work hours of tractor.
Time of tractors
Treated surface, ha
clean work, h
Work time, h
Standard ploughshares „A“
120
119,23
120
240
110,23
120
360
101,79
120
Welded ploughshares „B“
120
127,36
120
240
113,92
120
360
107,60
120

performed in order to determine size and weight. Results of
change of characteristic dimension are shown in Table 4, and
results of weight loss in Table 5. Figure 4 and 5 show
ploughshares after testing/ploughing.
Upper side

Down side
Figure 4 Standard ploughshares „A“ after ploughing.

Plough depth (ho) was determined with depth sonar, while the
plough width (bo) was determined with measure tape, Table 7.
Measures are in both cases performed 30 times with 3 repeats
(total of 90), and it determined the average of depth and width of
plough.

Upper side

Down side

Table 7: Middle values of the depth and width of ploughing.
Depth and width of plough, cm
Tractor’s
Standard
Welded
work time, h
ploughshares “A”
ploughshares “B”
ho
bo
ho
bo
120
29,17
163,68
29,67
163,90
240
29,11
163,43
29,57
163,30
360
29,03
163,41
29,93
163,09

Figure 5 Welded ploughshares „B“ on basic material 50Mn7, after
ploughing.
Table 4: Average dimension reduce of 8 ploughshares during ploughing.
Average reduction of characteristic dimensions
After 60 hours of
work
Ploughshares
type

After 120 hours of
work

After 180hours of
work

Nominal dimension a
Wear

Wear

mm

%

mm

Standard „A“
Welded „B“

16,13
6,25

8,12
3,14

Standard „A“
Welded „B“

5,63
3,13

3,97
2,18

Standard „A“
Welded „B“

6,88
5,75

5,39
4,35

Standard „A“
Welded „B“

6,13
5,13

5,04
4,08

4. Analysis of the results and conclusion

Wear
%

27,38
13,79
12,13
6,07
Nominal dimension b
9,25
6,51
6
4,18
Nominal dimension c
10,5
8,23
8,75
6,63
Nominal dimension d
10,25
8,35
8,25
6,57

mm

%

39
16,5

19,65
8,27

13,63
8,13

9,59
5,66

14,13
10,75

11,07
8,14

14,38
10

11,85
7,95

Average depth of plough with the standard ploughshares is
29,10 cm. For welded ploughshares „B" average depth of
ploughing was 29,71 cm. Analysis of the average reduction of
ploughshares on characteristic parts (Table 4) determined
significantly higher reduction of average dimension of standard
ploughshares „A“ in comparision with the welded ploughshares
„B“. The average weight of standard ploughshares „A“ before
starting the work was 3.927,50 g, and welded ploughshares „B“
4.330,00 g. Average reduction of weight on standard
ploughshares „A“ and welded ploughshares „B“ after 60, 120 and
180 hours was shown in Table 5. On welded ploughshares „B“
whose surfaces were welded with combined technique of
welding, there was less wear compared with the standard
ploughshares „A“. Wear of ploughshares in sandy clay PrI is
higher than in silty clay loam PrGI. This is consistent with the
results [7] where is stated that the weight reduction of
ploughshares in sandy soil was 30 to 150 g/ha, while the weight
loss of ploughshares in clay soil was 5 to 30 g/ha. The intensity
of the wear of ploughshares during ploughing increases with
increasing the share of sand in the soil and ranges from 90 to 210
g/ha [8, 9].

Table 5: Average weight reduce of standard and welded ploughshares.
After
After
After
60 hours
120 hours
180 hours
Ploughshares
Weight loss
Weight loss
Weight loss
type
g

%

Standard „A“

355

9,04

Welded „B“

381,
25

8,82

g
678,
75
708,
75

%
17,
29
16,
39

g
1.
032,50
971,25

%
26,29
22,45

Table 8: Treated surface, working time and coefficient of utilization of
working time.
Time of
Loss of
Utilization
Tractor's Treated
Total
tractors
tractor's
working surface,
working of working
clean
working
ha
time, %
time, h
time, h
work, h
time, h
Standard ploughshares „A“
120
119,23
120
78,39
198,39
0,60
240
110,23
120
74,70
194,70
0,62
360
101,79
120
93,10
213,10
0,56
Welded ploughshares „B“
120
127,36
120
50,17
170,17
0,71
240
113,29
120
47,54
167,54
0,72
360
107,60
120
51,74
171,74
0,70

During research average speed of all tractors was monitored
with chronometer in lenght of 100 m. In all tests the speed of the
tractor is set to 7 km/h. The optimal speed is selected to obtain a
good turn of the furrows. („that the ridges along as sheets of the
book“), and to obtain appropriate tempo of ploughing. In the
event of an increase in the occurrence of resistance of soil sensor
in the transmission registers it. The automatic transmission shifts
gears in the lower level of the movement, and has avoided the
manual gear changes. The monitoring has found that during the
experiment speed of tractors ranged from 6,8 to 7,2 km/h. The
controller of high pressure pump adjusts engine speed and in
terms of the major resistance it increased to a maximum of 200
r/min. Size of treated surface is measured with the measuring
tape, and work hours of tractor are measured with the
chronometer, Table 6.

Natsis and colleagues [3] indicate that the ploughing
performance is decreased for 30 % when the thickness of the
ploughshare on blade during wear increases from 1 mm to 6 mm.
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Longer life of ploughing tools increases the performance and
the productivity. One of the reasons is less loss of work time due
to frequent changes of the ploughshares [10]. Coefficient of
utilization of working time with standard ploughshares „A“ was
0,60 %, 0,62 % and 0,56 %. When ploughing with welded
ploughshares „B“ coefficient of utilization of working time (at all
measures 120, 240 and 360 hours) was 0,71 %, 0,72 %, 0,70 %,
Table 8. Based on these preliminary results, an advantage in the
application should be given to the welded ploughshares.
Continuation of research through analysis of relations of
influence of the structure of surface layers of ploughshares
should point out the ratio of carbide in dull core, in order to get
higher performance. We should not leave out either the economic
effects that include not only the direct costs of
development/acquisition of new ploughshares, but also possible
indirect tribological "losses".
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EXPERIMENTAL STUDY TO THE MACHINE FOR DRESSING OF WATER
HOLDING MATERIALS INTO THE SOIL
Mitev. G.V., Kr. Bratoev
“Angel Kanchev” University of Ruse
Abstract: We examined a machine for depositing the water storage materials layer by layer while in subsoil soil. As a result of this
activity, improve physical and chemical properties of the soil, and yields have tended to increase sustainable. The article justified basic
technological parameters of the machine to achieve the best results. The inclusion of such a machine technology for growing crops tasked
along with higher yields reduce the negative impact of the processes that lead to soil degradation.
KEYWORDS: SOIL PRODUCTIVITY, WATER HOLDING MATERIALS, AGRICULTURAL MACHINES
Introduction
Soil degradation is due to a combination of factors. One of them is
their annual deep plowing. By this way the soil leave for several
months exposed to the vagaries of nature. Rainfall represented by
raindrops and their energy, destroying the structure and by
activating anthropogenic erosion.
In intensive tillage to reverse the plow layer mobilize a number of
other processes in which oxidizes and burns organic matter and
organic matter content in the soil is constantly decreasing. The use
of large quantities of fertilizers has an indirect negative impact as
mineral nutrition is not powered soil and direct food plants.
Additional commercialization of crop rotation (their deliberate
distortion to produce crops that have higher purchase prices), also
lead to negative effects, one of the main signs is destroying the
structure of soil aggregates.
It has been found that the application of fertilizers and water into
the subsoil layers contributes to the enhanced development of the
root system of the plants, which is a factor for sustainable
development, especially in case of strong drying soil. This is mainly
due to the accumulated in soil layers deep the productive moisture,
whereby the roots of the plants easily derive nutrients from the soil.
Thereby avoiding stress on the development of plants during the dry
period, and it provides resistance yields.
The purpose of this study is to justify and determine the values of
the main technical parameters of the machine for laying deep the
water storage materials (VSM).
In relation to the target are resolved following tasks:
• Experimental study of a machine for applying VSM soil
• Optimization of the process parameters of a machine for applying
VSM soil
Decision examined problem
To carry out the experimental studies using presented in Figure 1
test machine for laying the water storage substances in the depth of
tillage.

By three-point lifting mechanism experimental machine is
aggregated with a tractor with a power of 260 kW, which is
equipped with autopilot and navigation system. On the machine
frame symmetrically there are three working stations. The width of
the machine is equal to 1,4 m, while its working width is equal to
2,1 m. Working sections are composed of three located one behind
the other subloil working tools. Each of them worked at various
depths, which from the first to the last amended in × 0.10 m,
starting of 0.40 m and up to 0.60 m. The tines are of the type with a
subsurface structure, which allows after each of them in the soil to
form a channel which is filled with a water storage material fed
from the metering apparatus. A metering unit feeds material only
those who work at the same depth. The appliances are of grooved
type, whose dose can be changed by modifying the volume of the
grooves therein. The relationship between dosing apparatus and
subsoilers authorities by means hose diameter ∅50 mm. The length
of the hose coming out of a machine is the same for all three
working bodies that are powered by the given system.
With the above described test machine is intended uniformly laying
the water storage substances in the root layer of soil in which the
plants to be secured with the necessary moisture during the growing
season.
Tillage without turning the plow layer it is known and applied in
cases where its subsoil layer is sealed over acceptable values and
the water erosion is strong and yields progressively reduced. The
potential of this type of treatment, combined with innovative
technical solutions and appropriate technology can be used to solve
many problems relating to maintaining and increasing soil fertility.
In accordance with the tasks conducted active experiment. By its
nature, it is a multifactor regression analysis conducted during the
field operations.
To carry out the regression experiment as control factors are
involved: the speed of the machine and the soil moisture. It is
known that the nature of the phenomena that occur in the process of
deformation of soil affect multiple and elusive factors, but selected
two have a strong influence on them. Accepted levels of control
factors are consistent with the recommended values that are given to
them in the literature.
The task in the conduct of these trials is to assess the quality of the
effort in soil water storage materials and on this basis to optimize
machine operation. Performance (optimization parameters), which
was performed this assessment are: 𝑌𝑌1 - depth of water retention
groove; 𝑌𝑌2 −maintain the set norm.
The study used the cyber approach. This approach allows to study
and manage an object only in its effects arising from the exercise on
it called externalities factors - steered ( x1 , x2 ,...xm ) and unmanaged
(( w1 , w2 ,...wq ).). In the fixed values of control factors xi (i = 1,2 ...,
m), by the action of the unguided (disturbing) factors Wk (k = 1,2
..., q) each of the parameters (responses) Yj (j = 1 2 ..., p) the output
will be random in nature. If controllable factors are quantitative
(measurable) general appearance of the relationship between
parameters Yj (j = 1,2 ..., p) and control factors is represented by the
so-called. "Function response":

Figure 1. Experimental machine
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[

]

E Y j / x1 ,..., x m = ϕ (x1 , x 2 ,...x m ) ,

[

(1)

]

where E Y j / x1 , x 2 ,...x m is the conditional mean value of the
parameter Yj.
The equation (1) is called the regression equation, and the
surface that it describes the - surface of the response. The type of
function ϕ ( x1 , x2 ,...xm ) depends on the nature of change of the
parameter

Y j in the selected area of climate factors x1 , x2 ,...xm . In

carrying out the multi-factor experiments, which are in the nature of
the optimization problems for obtaining the type of the equation (1)
using a polynomial model of the second level which, when the m
factor has the form:
m

m

m

i =0

i ,k =1

i =1

~
y = ∑ β i xi + ∑ β ik xi xk + ∑ β ii xi2 ,

ϕ (x , x ,...x

)

1 2
m
approximated with some accuracy the function
in a relatively not big range of variation of control factors. One of
the major tasks of any experimental research is the search for a
zoom function response based on the received experimental data.
To make good this approximation should attempts be held under a
special scheme - run the experiment.
With many good properties are the plans of type Bm. In order to
simplify recording the conditions of the experiment and to ease
processing of the experimental data for the planning of experiment
plans using the encoded values of the factors. If the factor xj, j = 1,
2, ..., m varies at three levels - lower, middle and upper encoded
have the value of these levels will be respectively -1, 0, and + 1s.
Since the selected control factors are quantitative in finding a
mathematical model of the processes studied using regression
analysis, [11].
In conducting multi-factor experiment was monitored climate
parameters optimization (Y1 и Y2 ) in case and two controllable
factors (х1 and х2 ) and the second in changing only the speed of
the machine and the depth of processing.
Because of the possibility of error in experimental data and because
of their finite number are determined not true β 0 , β1 ,....β m model

parameters and their estimates Therefore, to describe the area of
optimum parameters optimization separately for each expression is
represented in the form:
m

0

i =1

m

∑b

i , k =1

i ,k

limit of the limit is 75%, which provide the necessary dimensions
shaped by the machine grooves. In the indicator Y2 lower limit of
the limit is 31,5 m3 ⁄ha and 38,5 m3 ⁄ha, which are a prerequisite
for even applying the water storage materials in depth. The
summary function of desirability is determined for two series of
experiments. Thus, from the values obtained for her look the most
and determine the optimum values of factors. The possible values
for summary function of desirability are listed in Table 1.
Table 1. Values on the scale of desirability
Desirability

Values on the scale of
desirability

Excellent
Very good
Good
Satisfied
Not satisfied
Bad
Very bad

1,00
1,00-0,8
0,8-0,63
0,63-0,4
0,4-0,3
0,3-0
0

(2)

Where: β 0 , β1 ,....β m the parameters of the model.
It should be borne in mind that the polynomial model simply

ˆ = b0 + ∑ bi xi +
y

In determining the function of desirability are used restrictions such
as: Yi ≥ Ymin and Ymin ≤ Yi ≤ Ymax . For the indicator Y1 lower

m

0

0
0
xi xk + ∑ bii xi2 ,

(2)

i =1

where b0 , bi , bi ,k , and bii are experimental coefficients of the
equation. For finding a polynomial of the type (2) related to the
series of experiments used term of the second order B2 [2.4], which
is recorded in Table 2. The use of such compositional plans to study
the test machine allows you to search and optimal operation.
To determine the optimal operation of the machine using the
methods of optimization by using the function of desirability. For
this purpose, the target functions Y1 and Y2 are represented by
generalized function of desirability that parameter is Y1 type:

D = d1.d 2 ,

For each of the two generalized functions of desirability seek
appropriate regression model and using it are optimum values of
control factors. With the resulting optimal values of the factors are
calculated each indicator.
The processing of all results of experiments and numerical
determination of the required characteristics of the studied
parameters was carried out with the help of specialized software
"Statistica" 10 [11].
Essential to the reliability of the test results is the exclusion of
conflicting mode of study experienced machine. Such a regime at
the trials is the process of scratching ripening tools working to a
depth of 0.60 m. Determine the length of this section are the way of
the detachable machine to the linkage of the tractor and constructive
set back corner of the working bodies of the last row of the
machine. This mode is removed in the region corresponding to the
path of scratching of ripening tools not conducting measurements.
The duration in various attempts multifactor experiment at a
constant length of the test section is amended in the range of
95÷150s depending on the set speed of the unit. Within this interval,
the experimental installation process strips right have 142.8 m
length of which in 5 m is done through reporting parameters such as
initial 5 m are not involved in measurements due to the above
mentioned reasons.
Experiments were carried out in areas of the field from which it is
retracted and no previous culture performed after this treatment of
the soil. Using a simulator for intense rainfall are handled certain
parts of the field so that the absolute humidity of the soil in them to
reach the required attempts upper level. Reporting humidity is
performed with moisture to soil. For reached the upper level of the
absolute humidity is assumed that its value corresponds to about
70% of FC soil type in the box. Determining the type of soil is done
according to its mechanical composition [43].
By using a device whose principle use is shown in Figure 3 is
taken into account the distance from the "notional line" to the soil
surface -h (t).

(3)

Where d1
are private functions desirability defined by the
and d 2
equation:

[

( )]

`
d = exp − exp − Yi ,

And for the parameter Y2 is as follow:
n
d = exp �−�−Yi` � �

(4)
(5)

Figure 3. Principle of the notional line
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Reporting h(t) is carried out in two points of the profile of the right
of each of the parallel trials. One point is at the bottom of the open
groove and the second is at the cutting edge of the furrow. In the
reported results are calculated, their coefficient of variation from
which to judge the depth of the open groove.
In the hopper of the machine is mounted a device for monitoring the
level of material therein. It consists of a tube, graduated divisions
over 0.01 m, in which slide "cap" (horizontal plane), located in
constant contact with the material. Upon reaching the point of
parallel experiments in a series of rock pipe into account the
thickness of the layer material leaked from the bunker. The result is
then used to calculate the volume of imported soil VSM.
The results for both parameters optimization (Y1 and Y2 ) at the
respective levels of the factors and output matrix of the experiment
are shown in Table 2. The graphical representation of these results
include relevant surfaces of response and lines at the same level
shown in Figure 2.
Table. 2.
Levels of factors matrix experiment and results of research
conducted by B2 plan to process with software "Statistics"

Working
speed
x1 – кm/h

Soil
moisture
x2 -%

Down (-1)

6

16

Average (0)

7

18

Upper (+1)

8

20

T a b l e 4 . R e g r e s s i o n a n a l y s i s f o r 𝑌𝑌2

N=9
Intercept
x1
x2
x12
x11
x22

Factors
Levels

N=9
Intercept
x1
x2
x12
x11
x22

T a b l e 3 . R e g r e s s i o n a n a l y s i s f o r 𝑌𝑌1
Regression Summary for Dependent Variable: Y1 (пла
R= ,83405766 R?= ,69565217 Adjusted R?= ,1884058
F(5,3)=1,3714 p<,42278 Std.Error of estimate: ,01018
b*
Std.Err.
b
Std.Err.
t(3)
of b*
of b
0,151111 0,007590 19,90836
0,000000 0,318511 0,000000 0,004157 0,00000
-0,510754 0,318511 -0,006667 0,004157 -1,60357
-0,000000 0,318511 -0,000000 0,005092 -0,00000
0,589768 0,318511 0,013333 0,007201 1,85164
-0,294884 0,318511 -0,006667 0,007201 -0,92582

Regression Summary for Dependent Variable: Y2 (пла
R= ,91936420 R?= ,84523053 Adjusted R?= ,5872814
F(5,3)=3,2767 p<,17875 Std.Error of estimate: ,67902
b*
Std.Err.
b
Std.Err.
t(3)
of b*
of b
4,488889 0,506114 8,86932
-0,767464 0,227134 -0,936667 0,277210 -3,37890
0,035505 0,227134 0,043333 0,277210 0,15632
-0,128783 0,227134 -0,192500 0,339512 -0,56699
-0,162416 0,227134 -0,343333 0,480142 -0,71507
-0,460441 0,227134 -0,973333 0,480142 -2,02718
y

y

y y

1,0
0,8

Factors in code

Indicator

х0

х1

х2

1

1

+1

+1

Y1 , %

0,6
0,4

3

Y2 , m da

0,2

x2

№

Y

0,15

0,0

1,86
-0,2

2

1

-1

+1

0,15

4,27

-0,4

3

1

+1

-1

0,17

2,08

-0,6

4

1

-1

-1

0,17

3,72

5

1

+1

0

0,16

3,74

6

1

-1

0

0,16

5,31

7

1

0

+1

0,14

3,86

8

1

0

-1

0,14

3,93

9

1

0

0

0,16

3,73

-0,8
-1,0
-1,0

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

x1

1,0

4,6
4,1
3,6
3,1
2,6
2,1

Figure. 4. Lines with equal level for Y2

After treatment the results with the software product "Statistika" -10
for regression equations is obtained:
Y1 = 0,151 + 0. x1 − 0,0067. x2 − 0. x1 . x2 + 0,013. x12
− 0,0067. x22
Y2 = 4,489 − 0,937. x1 + 0,043. x2 − 0,193. x1 . x2 − 0,343. x12 −
0,973. x22
(2)
With so received by the program coefficients for the model Y1 is
inadequate and that for Y2 is considered adequate. This is confirmed
by those in Table 3 and Table 4 data.
The model for the regression parameterY1 shows that none of the
controllable factors, it does not affect the depth of the furrow. This
is confirmed by the value of the coefficient of determination (R2 )
which model is equal to 0.7 from which it is clear that only 70% of
climate parameters was due to controllable factors. Therefore, the
size of the furrow is not determined by the selection of
technological factors, by appropriate design parameters of the
working bodies which they formed.
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However, the depth of the groove formed in the experiments is
close to the desired, indicating that the structure of the tools is
suitable. In terms of quantity imported VSM speed impact, as 85%
R2 = 0.85) of Y2 change is due to it. The linear nature of this
change can be seen when at a fixed level of insignificant factor x2
with increasing speed, reducing the amount of imported materials.
This is mainly due to the fact that with increasing speed deteriorates
the filling of the grooves in the wheels of the metering devices.
In this series of experiments desired rate of VSM is 35 m3 ⁄ha with
tolerances of ± 10%. In the test machine, these requirements are
covered in the range of coded speed levels of 0.7 to 0.8, which
correspond to 7,7 km/h and 7,8 km/h in natural values . Maintaining
these levels ensures optimum operation of the machine, both in
terms of the parameter Y2 , and the machine as a whole. The test
results reject the need to seek aggregate function of desirability,
which indicate the optimum in the experiment.

Conclusion
The justification of technological parameters of the machine for
introducing VSM is made from two aspects: the degree of loosening
the soil and depositing the required amount of material at a certain
depth in the soil. For this purpose are established appropriate
regression models show that the selected control factors do not
affect the terms of the depth of the furrow, but in terms of the
quantity imported VSM influenced only the speed of the machine.

At a speed of 7,7 km/h to 7,8 km/h ensures optimum operation of
the machine in terms of the parameter Y2 .
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OPTIMIZATION OF GEOMETRIC PARAMETERS OF HARD METAL MICRO DRILS
TO INCREASE TOOL LIFE AND PERFORMANCE OF DRILLING PACKAGE OF
PRINTED CIRCUIT BOARDS, DETAILS AND THE UNITS OF MECHATRONIC
SYSTEM
Doctor of science, Prof. Turmanidze R.1(*), Master Popkhadze G.2
Faculty of Transportation and Mechanical Engineering 1, 2 – Georgian Technical University (GTU) – Georgia 1, 2,
inform@gtu.ge 1, popxadzegiorgi@gmail.com 2

Abstract: In the presented work investigated the changes of power characteristics of deep drilling package of printed
circuit board’s hard metal micro drills depending on the drilling depth, cutting data and geometry of the drill. In
particular studied the nature of changes in axial efforts and torque depending on the drilling depth drill with different
inclinations of the spiral grooves using specially designed highly sensitive devices, enabling direct measurement
method. Based on the analysis of the results of the study, changes in the geometry of existing standard drills. Proposed
new construction of micro drills vary-angle spiral grooves in such a way that the angle is the maximum value at the top
of the drill and uniformly decreases towards the end of the working parts. The drills are manufactured with different
inclinations of the spiral grooves. Based on the experiments of them chosen more for its near standing power rates to
the standard drill bit and its comparative test with a standard drill bit, bringing them up to the breakage, thanks to
which the proven advantages of drills new design. Taking into account the results of the experiments proposed drill
elongated structures to improve performance by increasing the processing drilling depth and accordingly the number
of plates in the package of printed circuit boards.
Key words: Drill, Gradient of spiral groove, Variable angle, Device.
held in the laboratory precision micro instrumental
Department
“Industrial
Technologies
Engineering
Mechanics”, Georgian Technical University in close
cooperation with specialists of the Institute of
Manufacturing Technology and Quality Management (IFQ)
Magdeburg University Otto-von-Guericke (Germany).
Studies were initiated the study of the nature of the
change of power indicators-torque and axial reinforcement
depending on the depth of cutting and drilling printed
circuit board package from fiberglass.
To measure the axial effort was the appliance is made
on the basis of known methods and existing analogs,
measuring element, which is the system of strain gauges
mounted on the elastic casing (see fig. 1).
As for measurement of a torque, in our case the
existing indirect method at which measurement is carried
out by means of measurement of power of process of
cutting is unsuitable as we deal with very low
indicators. That is why it is necessary to use this method,
which will make it possible to measure directly the torque
with high precision. To this end, we have designed and
manufactured a special device (see fig. 2), in which table
for drilling is equipped with rotating lever mechanism. As
the measuring element, elastic element applies here too
with the system of load cells, only the higher strain measure
(0.2 g).

1. INTRODUCTION
It is impossible to imagine modern equipment without
electronic knots, starting from household and ending with
space equipment. Printed circuit board’s production, basic
parts of electronic equipment associated with drilling
process vast quantities of small diameter holes (about 1mm
or less). Carry out drilling of micro carbide drill geometry,
which has multiple experiments an experiences relevant
production. In particular: the optimum cutting angle and
spiral angle grooves respectively is 300, and the rear angle
180. They are refaced through each hole and 1000 are
designed for 3-4 regrinding costs.
Production of printed circuit boards is mass
production, where performance is carried out with the aim
of increasing the drilling package, composed of several
plates, it has a place of deep-hole drilling, where the drill
depth exceeds the diameter of 8-10 times.
Downtimes of expensive technological equipment,
especially in mass production are associated with
significant economic losses. In the production of printed
circuit boards easy connected not only with the replacement
of the tool with the aim of reshaping, but unexpected,
caused by fragile destruction even before the first
reshaping. Probability of brittle fracture grows significantly
during deep drilling package of printed circuit boards.
When this zone is located in the near destruction of the end
of the spiral grooves.
Providing the best mass production processes for
manufacture of printed circuit boards, at least a slight
increase in resistance, including fragile resistance micro
drills and consequently increasing productivity processes,
can provide significant economic benefits.

2. THE MAIN PART
Research work with a view to enhancing the resistance
of tungsten carbide micro drills and deep hole drilling
process performance package of printed circuit boards were
Fig. 1. Instrument for measuring axial efforts.
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Fig. 2. The device for measurement of torque.

Experiments were conducted with drills from solid
alloy VK60M diameter φ 0,9mm long spiral groove
l=10mm. Rake angle and spiral angle grooves respectively
ω=300, rear angle was 180.
Drilling was carried out a package of printed circuit
boards of fiberglass thickness 1.6mm composed of 5 plates
with a total thickness of 8mm (see fig. 3).
Drilling of blanks is carried out on different modes of
cutting depth up to 7 mm and 1 mm the depth of the
recorded testimony every depth controlled readings.
Experimental results are shown in fig. 4 and 5.
From this results, clearly shows that the load power
with increasing depth progressively increasing. If the axial
thrust is growing, approximately 1.5 times the amount of
torque is increased 3-4 times.
1

Fig. 5. The chart of axial efforts for standard drill ω = 30 0.

Question, what caused this increase in power? Cutting
conditions at the cutting edge of drills with increasing depth
does not change. The only reason for this could be the
increased contact area abrasive chips with the surface of the
hole and emerged from it frictional forces.
You need to note that the sharp fall in axial efforts on
areas of depth 2-3 and 5-6 (see fig. 5.) on these sites due to
the lack of the work piece (fig. 3.) the copper layer.
The main factor increase the likelihood of brittle
fracture of the cutting tool of these two power indicators
may not increase the axial effort and more progressive
increase in torque because the strength properties of carbide
materials on the compression significantly exceed
indicators of torsion.
Accelerating the process of chips from the cutting zone
would contribute to the reduction of the force of friction
and, consequently, improve the reliability of the drilling
process. The problem of removal of chips when drilling
deep hole in different cases decide in different ways. For
example, when drilling drills dimensions solid this exercise
method of leaching using a coolant, which is supplied, into
the hole through, done in the body of the drill. In other
cases, when the drill bit sizes do not give possibility of
coolant above method to remove shavings used drilling
method intermittent, where after a certain depth drilling is
carried out periodically by the disqualification of drills
from holes fast running.
The application of these techniques in our case
nepriemlim. In the first case we have with micro drills. The
use of coolant in the manufacture of printed circuit boards
is not allowed. Design and method of intermittent drilling,
because it led to the strong performance. When processing
deep eyelet micro drills accelerating factor could be an
increase in chip removal step spiral grooves, i.e. reducing
the angle, but it would have led to a deterioration of the
cutting conditions, so-as will decrease the cutting angle
drills.
In the design of the drills carried out in a way that at
the top of the save the desired cutting angle, and toward the
end of the spiral grooves reduce its angle, IE a spiral
groove cut into a vary-angle [1, 3, 4, 5, 6] and gradually
increase its step, it would accelerate the process of chip and
facilitate conditions for drilling.
Fig. 6 shows the scheme of drills with vary-angle spiral
grooves where the angle of the grooves at the top of the
drill ω0, and at the end of the working part of ω1. The width

2

0
1
2
3
8

3

4
5
6
7

Fig. 3. Package diagram printed circuit boards of 5 plates.
1-copper foil, 2-fiber, 3-double layer of copper foil.

Fig. 4. The chart for standard drills

ω = 300.
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size ω = ω 0 − ω1 (see figs. 7), or motionless to leave an
axis of a spindle of preparation and to turn an axis of a
grinding spindle (see figs. 8) [4, 5].

of the grooves in the normal section Bn on all length does
not change, but the change in the front section and at the
top is BTo =

BT 1 =

Bn
, and at the end of the working parts
cos ω0

Bn .
cos ω1

Changing and useful mechanical drill section. Useful
2
section at the top: S o = πd − 2 S n , and at the end of the
4
cos ω0
working parts: S1 =

2S n
πd 2
−
, where S n - square
4
cos ω1

grooves in the normal section, d - is the diameter of the
drill.
If you take into account that ω0 > ω1, it turns out that
toward the end of the working part of the useful crosssection drills intensifies. Then there are drills compared to
standard must withstand stress.

Fig. 7. Schemes of change of orientation of axes of a
spindle of preparation of a drill and grinding spindle.
Method of turn of an axis of a spindle of preparation.

BT1
n
ω1
n
Bn
n
ω0
Bn
n
BT0
Fig. 6. Drill scheme with vari-angle spiral grooves.

Production of such drills associated with certain
difficulties. At production of standard drills with a constant
tilt angle of a spiral flute the special adaptation carries out
the mutually agreement two movement – rotations of
preparation of a drill and its movement in the axial
direction at a size of a step of a spiral flute. Thus, this
interrelation is defined by linear function. In case of a
variable step, this interrelation is defined by difficult
tangential function. Because of it was necessary to
modernize the equipment and its mechanism of axial giving
of an element with the Archimedean spiral to replace
elements with a tangential spiral, made by our special
calculations [2, 3].
Besides, because of a variable tilt angle of a spiral
flute, at you - polishing of these flutes should change
orientation of a grinding wheel relatively to an axis of
preparation of a drill respectively to change of a tilt angle
of a flute. It can be carried out in two ways: at a motionless
axis of a grinding spindle to turn a preparation spindle axis
round a point of intersection of these axes at a corner

Fig. 8. Schemes of change of orientation of axes of a
spindle of preparation of a drill and grinding spindle.
Method of turn of a grinding spindle.

Proceeding from constructive reasons the preference
was given by us to the first option (figs. 7) and in the
course of modernization of the equipment it was equipped
with the additional mechanism of turn providing when
cutting spiral flutes, turn of an axis of preparation of a drill
relatively to an axis of a grinding spindle at a corner

size ω = ω 0 − ω1 thus depending on are long the cutting
part of a drill turn is carried out by the linear
law:

ω х =  х ⋅ К ω , where ω х - the current size of an angle

of rotation of an axis of preparation,

х-

the current

coordinate of length of the cutting part of a drill,
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К ω - the

We have designed constructed prototypes of drills with
vary-angle ω = 30 − 17 0 , ω = 35 − 20 0 , ω = 40 − 22 0 and

size of change of a tilt angle of a spiral flute per unit length
the cutting part of a drill.
Schematic diagram of the upgraded device with a lever
turning mechanism shown in Fig. 9. It should be noted that
with the purpose to achieve higher precision in return lever
mechanism can be used rack and pinion pair.
Device for polishing spiral grooves in the side of the
work piece 1 is mounted on the drill axis of rotation 2,
mounted on a grinding machine table - 3D642. In this case,
the axis of rotation adaptation must take place at the point
"O" crossing the axis of the drill blanks and the vertical
axis of symmetry of the grinding wheel 3. The other end of
the device is based on a circular guide 4. Rotate lever
mechanism is carried out, the reference axis 5 which is
fixedly mounted on the basis of 6 devices . When the axial
movement of the upper slide 7 and, accordingly, drill
blanks rigidly associated finger 8 turns right shoulder of the
lever 9. The left lever arm is connected to finger 10 fixedly
mounted on the machine table. Thus, the rotation of the
lever causes the whole structure adjustment. Thus, the
linkage elements are designed so that the axial feeding
blanks on a drill length value helical cutting tool is rotated
by the movement of the spiral groove inclination angle

ω = 43 − 230.
All of these included circuit boards same experiments
the standard. Experimental results for drills
ω = 30 − 17 0 and ω = 35 − 20 0 are shown on fig. 10 – 13.
Analysis of these graphs shows the following: for drills

as

ω = 30 − 17 0 performance of axial efforts almost
0
indistinguishable from a standard drill bit ω = 30 , so, it
was expected, because these same drill front angle and
cutting conditions respectively at the cutting edge. With
regard to indicators of torque, they drill ω = 30 − 17 0
depending on the cutting was understated by 12-16%.

∆ω = ω0 − ω1.

For this calculated distance between the left finger and
fixedly pivot device formula: R = l ⋅

L л 360
⋅
L п 2π∆ω

Where: l - the length of the spiral cutting drill, mm;

Lл - left lever arm length;
Lп - the right lever arm length;
Fig.10. The chart of change of a torque for drills ω = 30 − 17 0.

∆ω - amount of change in the angle of the spiral
grooves of the drill

Fig. 9. Schematic diagram of the rotation axis of the drill
mechanism workpiece relative to the plane of the grinding
wheel at Grinding of helical grooves with a variable tilt
angle.

Fig. 11. The chart of changes of axial efforts for drills

ω = 30 − 17 0.
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further operation causes increase in intensity of wear, and
they without repoint reach only 600-800 openings.

Fig. 12. The chart of torque for drills

ω = 35 − 20 0.
Fig. 14. The chart of change of a torque for a drill

ω = 40 − 22 0.
For drills ω = 35 − 20 0 performance of axial efforts
relatively understated, as rake angle increased by 5% and
this facilitated the process of cutting, but indicators of
torque with increasing depth drilling grows more
intensively and exceed indicators of both previous designs.
It is clear that the understatement of torque to drills
ω = 30 − 17 0 compared with standard drills ω = 30 0 , due
to the gradual increase in step spiral grooves and
accordingly reduced contact area formed by chips with
processed apertures. Increasing the angle of inclination and
therefore a decrease in pitch of spiral drills ω = 35 − 20 0
again causes the reverse-torque figures intensively
promoted.

Fig. 15. The chart of change of axial effort for drills

ω = 40 − 22 0.

Fig. 13. The chart of changes of axial efforts for drills

ω = 35 − 20 0.
When drilling by drills of

ω = 40 − 22 0 and

ω = 43 − 230

these power indicators are rather
underestimated (see figs. 13-16) that is explained by
improvement of conditions of cutting because of
considerable (5-80) increases in a forward corner at the
cutting edge. However, reduction of a corner of a point at
Fig. 16. The chart of change of a torque for drills
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ω = 43 − 230.

3. CONCLUSIONS
Solid Carbide micro drills with vary-angle spiral
grooves in deep drilling package provides improved chip
control process intensity of hole, promoting this
underestimates the force of friction and consequently the
torque on the axis of the drill.
Implementation of the spiral grooves with a gradual
lowering of the ω-angle from the top of the drill toward the
end of the working part provides useful cross-section
reinforcement drills, increasing the reliability of the brittle.
On the basis of the foregoing, it becomes possible to
manufacture drills with elongated working part at 2-2, 5mm
and in the package circuit boards add another plate, which
will make it possible to improve the performance of drilling
process on 20%.
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METHOD OF PREPARATION OF BLEND FOR ALUMINIUM MATRIX COMPOSITES BY
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Аbstract. Changes of dispersity, form factor and phase composition of powder mixtures of 75 % Ti + 25 % Al, 50 % Ti + 50 %
Al, and 25 % Ti + 75 % Al mass compositions after treatment by high voltage electric discharge in kerosene are experimentally studied.
Regularities of their dispersion and synthesis of TiC, AlTi3, AlTi, Al2Ti, Al3Ti, double carbide Ti3AlC, МАХ-phases Ti3AlC2 and Ti2AlC,
Lonsdaleite are found.
KEY WORDS: HIGH VOLTAGE ELECTRIC DISCHARGE, POWDER METALLURGY, BLEND PREPARATION,
ALUMIMIUM MATRIX COMPOSITES, PHASE COMPOSITION, SYNTHESIS, DISPERSION

1. Introduction

Two main types of electrode systems, namely point –
plane and multipoint anode – plane in two variations (3 points
and 15 points), were used during experiments (see Fig. 1). As it
was shown in work [7], changing construction of electrode
system (ES) from point – plane to multipoint – plane allows
controlling distribution of plasma formation in the volume of
processed powder, which promotes intensification of erosion and
hydrodynamic dispersion processes and synthesis of chemical
compounds during HVED treatment.

Creation of new highly wear-resistant dispersionhardened by nanoparticles composite materials, based on Ti – Al
system, which have increased physical, mechanical and
performance characteristics for work at extreme conditions, is
necessary for development of aerospace industry. Such
composites can only be created by the usage of prospective
methods of powder metallurgy.

2. Preconditions and means for resolving
the problem

b

a

Properties of materials, obtained by methods of powder
metallurgy, are highly dependent on dispersity and phase
composition of initial powders blend [1]. It is known that
mechanical and physical methods are used for preparation of
blend for metal matrix composites (MMC). But mechanical
methods of blend preparation have serious drawbacks, including
oxidation and contamination of powder by milling bodies
material. High voltage electric discharge (HVED) is one of
physical methods of blend preparation [2, 3] which doesn’t lead
to contamination of powder. HVED in “hydrocarbon liquid –
powder” disperse systems excludes oxidation and leads to
destruction of hydrocarbons molecules inside HVED channel and
microplasma channels between powder particles. Synthesized
nanocarbon particles interact with particles of processed powder
which leads to synthesis of dispersion-hardening carbide phases
[4, 5].
The goal of present work is to study the changes of
morphology and phase composition of Al – Ti powder mixtures
of different mass composition after HVED treatment.

c

2.1 Methods of studies
Powder mixtures of Ti – Al system of such mass
compositions: 75 % Ti + 25 % Al, 50 % Ti + 50 % Al, and 25 %
Ti + 75 % Al, were treated by HVED in kerosene. Selection of Ti
and Al percentage was justified by the necessity of preparation of
blend for aluminum-matrix composites 50 % Ti + 50 % Al and
25 % Ti + 75 % Al as well as of synthesis of Titanium
nanolaminates (MAX-compounds) 75 % Ti + 25 % Al. Studies
were conducted on experimental stand, described in detail in
work [2]. Treatment of all considered powder mixtures was
performed at single discharge energy W1 = 0,5 kJ and variation of
specific treatment energy which ensure synthesis of nanocarbon
in quantity necessary for synthesis of high-modulus fillers and
MAX-phases according to [2, 3, 4, 5, 6]. Value of specific energy
was 3.33 MJ/kg for 25 % Ti + 75 % Al composition, 6.66 MJ/kg
for 50 % Ti + 50 % Al composition, and 10 MJ/kg for 75 % Ti +
25 % Al composition.

Fig. 1 – Exchangeable anodes of ES, used during
studies: a – point – plane; b – 3 points variation of ES; c – 15
points variation of ES
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Oscillograms of discharge current and voltage were
registered during studies and transferred on personal computer,
where electric and hydrodynamic characteristics of discharge
(including current rise rate and pressure wave amplitude) were
evaluated with MathCAD 14 software basing on methods,
described in [2]. Value of current rise rate in selected treatment
regimes was in range from 8 up to 14 GA/s, and amplitude of
pressure wave on the wall of discharge chamber was around
100 MPa.
Powders were studied before and after HVED
treatment. Methods of studying size and morphology of powders
are described in detail in work [2]. Following software and
equipment was used in studies: BIOLAM-I optical microscope
with × 1350 maximal magnification, REMMA-102 raster
electron microscope with magnifications range from × 10 up to
× 250000, scanning electron microscope EVO-50 (Carl Zeiss,
Germany) with magnifications range from × 10 up to × 1000000,
Canon digital photo camera. After obtainment of sharp picture of
studied powders on optical microscope, magnification was fixed
and photos were made, which were subsequently processed on
Adobe Photoshop CS3 software for further analysis with ImagePro Plus 6.0 software. Basing on this analysis, differential
distributions of powder particles by size were plotted. X-ray
diffraction analysis of powders before and after treatment was
conducted on X-ray diffractometers Bruker D8 DISCOVER,
Rigaku Ultima IV and DRON-3 in Cu-Kα radiation. Bruker:
EVA software was used for phases identification.

а

b

3. Results and discussion
HVED treatment in all studied regimes and impact
schemes leads to dispersion of treated mixtures particles (see Fig.
2). Distribution of particles by size from initially bimodal
becomes monomodal after treatment. Usage of 3 points ES for
HVED treatment of mixtures of 25 % Ti + 75 % Al composition
with specific energy of 3.33 MJ/kg and of 50 % Ti + 50 % Al
composition with specific energy increased to 6.66 MJ/kg allows
obtainment of better results in terms of dispersion than usage of
single point and 15 points ES (see Fig. 2, a, b).
Main peak of size distributions of 25 % Ti + 75 % and
50 % Ti + 50 % Al powder mixtures in this case moves to point
of ~ 3 µm and is ~ 64 %, while about 30 % of particles have sizes
less than 1 µm. In case of treatment of mixture of 75 % Ti +
25 % Al composition with specific energy of 10 MJ/kg main
peak of distribution moves to point of ~ 3 µm, ~ 51 %, while
about 20 % of particles have size less than 1 µm.
The largest portion of initial particles (~ 40 %) for all
studied Ti – Al system mixtures had sponge-like shape. HVED
treatment with the use of single point electrode system leads to
the increase of fragment shape particles content and to the
decrease of spherical shape particles contents for all considered
mixtures. In our opinion, this is connected to predominant
hydrodynamic impact of HVED.
Use of 3 points ES in all considered cases leads to the
increase of spherical shape particles by ~ 5 %, which can be
explained by the intensification of electric current processes that
leads to electric erosion of particles during HVED treatment. Use
of 15 points ES doesn’t have significant impact on particles
shape.

c

Fig. 2 – Distributions of particles of Ti – Al system
powder mixtures by size: 1 – initial mixture;
2 – single point ES; 3 – 3 points ES; 4 – 15 points ES; a - 25 %
Ti + 75 % Al (3.33 MJ/kg); b – 50 % Ti + 50 % Al (6.66 MJ/kg);
c – 75 % Ti + 25 % Al (10 MJ/kg)
X-ray diffraction studies of all initial mixtures indicated
the presence of titanium and aluminum peaks (see Fig. 3, a).
Changes of dispersion and shape of particles after HVED
treatment is accompanied by changes of their phase composition.
HVED treatment of 75 % Ti + 25 % Al powders mixture with 3
points ES, in particular, leads to the synthesis of such compounds
as TiC, AlTi3, AlTi, Al2Ti, Al3Ti, Ti3AlC double carbide,
Ti3AlC2 and Ti2AlC, Lonsdaleite (see Fig. 3, b).
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Fig. 3
–
X-ray
diffraction
specters
of
75 %Ti + 25 % Al; a – initial powder mixtures; b – after HVED
treatment with Wsp= 10 MJ/kg, 3 points electrode system
Blend, treated with the use of 15 points ES, contains
less intermetallic compounds, titanium carbide and MAX-phases.
Powder mixtures, treated with the use of single point electrode
system has the least quantity of new-formed compounds and is
the closest in composition to the initial blend.

4. Conclusions
It is experimentally found out, that HVED treatment of
Ti – Al powder systems of 75 % Ti + 25 % Al, 50 % Ti + 50 %
Al and mass composition 25 % Ti + 75 % Al in kerosene leads to
their dispersion, while main peak of size distribution moves to
point of ~ 3 µm and no less than 20 % of particles have size less
than 1 µm.
The possibility of efficient control of the impact of
different factors of HVED treatment on Ti – Al powders system
aimed at directed synthesis of dispersion-hardening components
(titanium carbide TiC, intermetallic compounds AlTi3, AlTi,
Al2Ti, Al3Ti, Ti3AlC, МАХ-phases Ti3AlC2 and Ti2AlC, and
Lonsdaleite) by changing the configuration of electric field due to
usage of different ES types, is shown.
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METHOD FOR TECHNOLOGY PROCESS CONTROL OF ALIGNMENT TO
MACHINING CENTER WITH TWO SPINDLES
МЕТОД ЗА ТЕХНОЛОГИЧЕН КОНТРОЛ НА СЪОСНОСТТА ПРИ ДВУВРЕТЕНЕН
ОБРАБОТВАЩ ЦЕНТЪР
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Abstract: Processing of thin-walled parts with large dimensions in conditions of wide range production poses a number of technological
problems. One of the most important among them is the provision of alignment on both sides of the hole who passing through the opposite
walls of the part. Is essential the alignment of the spindles while processing of the hole , if used for this purpose machining center with two
horizontal spindles . In the publication is presented research about possibilities to solve the problem by controlling of spindles alignment.
For this purpose are carried out contact coordinate measurements of the hole in one spindle using 3D touch probe which is fixed in the other
spindle.
Keywords MECHANICAL PROCESSING, MACHINING CENTER, ALIGNMENT

1. Introduction
When machining of cross holes in the large-sized prismatic
thin-walled beams and columns (e.g console cranes) is important
and difficult at the same time ensuring their quality. In the
publication [] was presented conceptual design of machining center
(OC) with two opposite horizontal spindles and total fixed table,
that is appropriate solution under certain production conditions.

Fig.1. Machining center with two spindles and a CNC system

Provided an opportunity for independent control of the spindles
has a number of advantages when necessary to achieve
effectiveness in combination with the flexibility and versatility in
small and large series in the production. The use of such a machine
gives solve some specific problems. Among them is the requirement
for achieving coaxiality in processing both ends of a one transverse
hole in the crane's console. Naturally, this coaxiality largely depend
on the non-coaxiality, which can have two spindles at positioning
them in the same point in the XY plane of the machine's coordinate
system. At the same time coaxiality of spindles after the initial setup
of the machine does not remain constant in hers exploitation
because of the influence of power or heat deformation and wear.
This necessitates the application of appropriate method for the
production conditions and procedures for control the coaxiality of
spindles.

enough precision and versatility satisfying performance and cost,
and also the ability to automate. The latter is particularly important
because it has a significant impact on accuracy, productivity,
versatility and reliability.
Listed here advantages are sufficient grounds as to consider the
possibility for control the coaxiality of spindles through contact
measurements with TTP. The effective implementation of this
approach involves the implementation of several important stages.
First need to be created and to minimize confounding factors that
are expected to impact negatively on the accuracy of control. The
reporting of this indicator suggests the inspection may be conducted
in the positions of holes, that are to be processed The inspection
itself can be seen as part of the control activities and in setting
technological system (machine appliance, tool, workpiece). From
the analysis of the system can be concluded that the realization of
this approach has the great possibilities immediately prior to the
actual processing. This means, that the part to be set on the table of
the machine and the cutting tools to be in the spindles. With settings
must achieve their coaxiality and position of the hole. Then it
remains to be fulfilled only the working movements of both servo
drives along the Z axis for machining the hole.
Control of the coaxiality of spindles by contact coordinate
measurement provides one of them to establish TTP. The other
spindle is free and there are not stocked tool. This is necessary to
provide access into the hole in the spindle for the tip of the stylus of
TTP (Fig.2). The presence of detail will prevent the possibility of
controle. The reason is that the piece is in place, where would be
the spindles in the XY plane to process the hole. The compromise
solution which is offer, consists and of two stages of verification.
The first stage takes place before fixing of the console of the
working table of the machine. By thus providing access to the entire

2. Exhibition
Theoretical investigation. It is known that the machining
centers can operate as coordinate measuring machines using the
contact coordinate measuring head. This option has been applied
successfully to solve a number of tasks to ensure accuracy in
processing. This is proven and already common practice in modern
engineering production. Important hers positive sides are high
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Fig. 2. Measuring with TTP to determine the axis of spindle 2

working area of the machine. Perform two similar checks.
The first is at a position in the plane XY, corresponding to the
position of the hole axis, which will be processed. Second,
depending on the location of the hole upon console is shifted
minimally in X axis or axis Y.The goal is the offset to allow
inspection in presence of fixed console.
The condition is that it must be performed as close as possible
to the position of the hole. In second stage console is attached to
machine and perform its machining. In these conditions it is
intended to perform only second check. The above explained why
in this case can not be performed first check.
The results of the second examination in two stages are
compared. If difference is big,possible to automatically make the
appropriate adjustment in the positioning of spindles to ensure their
coaxiality at processing of the hole. The management of coaxiality
of spindles when is processed holes, is based on indirect (indirect)
control. This is acceptable if it is assumed the hypothesis that under
the influence of systemic factors the deviation of position of the
spindle in processing of the hole (first inspection) is the same or
proportional to the deviation, which will occur in the positioning for
the second check.
Experimental study. The aim is through research to determine
the possible existence of a proportional relationship between
variation in the accuracy of positioning and coaxiality of spindles in
two checks. In this case, significant influence can have only the
deviations caused by the impact of systemic factors, for example.
thermal deformation. That would confirm above the described
hypothesis . The experiment was carried out in described below
conditions and consistency with the technological equipment in the
company SPARKY AD in the town Rousse.
For the experiment used a machine with a similar structure of
design. It consists of two CNC machine with horizontal spindles
equipped with TTP and utilizing a common working table. The
main difference with the designed machine is in use two CNC
SIEMENS 840 systems and a lack of synchronization in the work of
spindles. Construction and characteristics, the carriage are with
sliding guides, propulsion is DC motors associated with ball-screw
couples. The 3D trigger touch probe is HEXAGON (Pre Travel
Variance ± 2.00 μm Repeatability 2 Sigma 0,65 μm) and is supplied
with the machine.
The sequence of operation is as follows:
1. On the table is not apparent preparation.
2. Playing the first stage (the two checks TTP).
3. The first stage is performed again and indicating device
for finding the center of the circle.
4. The machine performs the whole measurement cycle
mode accelerated simulation program to the second stage.
5. Playing the second stage (the two checks TTP).
6. The second stage is performed again and indicating
device for finding the center of the circle.
7. All points 2 to 6 are repeated during 15min.
Indicating device for finding the center of the circle is a
Bernardo with constant 0.01mm. For all measurements is using the
reporting system of the machine.
To limit the influence of radial runout of spindles, any of the
checks with TTP runs in two angular positions (0⁰ and 180⁰) on
both spindles. Checking with an indicating device for finding the
center of the circle (Figure 3) is also performed at two angular
positions (0⁰ and 180⁰) of the inspected spindle. The fixed angular
positions may be achieved using a command to stop the spindle in
the presence of such an option for the machine. The measurement is
carried out by TTP repeated 4 times at 3 points (section A-A in Fig.
4) of the inner conical surface of the spindle. The points are evenly
spaced through 2 / 3πrad. With such arrangement of the points
necessary directions of measurement are characterized by
approximately the same size of the deadband of TTP (valid for TTP
kinematic resistive working principle) [].The resulting measurement
coordinates are used in the equations of two lines (chords),
constructed in three points. Outlines the equations of symmetry

through chords. The decision of the system of equations of
symmetry (their point of intersection) are the coordinates along the
X and Y of the circle center, built in three points. The end result of
each check is the average of the coordinates on two axes obtained in
different angular positions.

Fig.3. Determination the axis of spindle 2 with indicators

Fig. 4. Measurements with TTP to determine the coaxiality

The resulting coordinates are used to compare the set position
and calculating deviations (non-coaxiality) along the X and Y.
In indications Y1V1 indications and Y1V2 are positions on the
Y axis of the first and second spindle in the first stage of the
investigation. In indications Y2V1 and Y2V2 having a similar
effect, but the second stage.
The minimum necessary move on the axis Y to permit control

Fig. 5. Schematic of measurements with TTP to determine non-coaxiality
of the spindles in two positions on the Y axis
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outside part is marked with H.
The dimensions ΔY1 and ΔY2 are non-coaxiality calculated
between spindles in two positions at each measurement. For
calculation is used below expressions:

part of the screw and substantially greater mechanical and heat
loads of the servo drive of the spindle 2.
4) After the first hour, ΔY1 and ΔY2 remain fairly stable the
reached values . Very likely to accept, that this is the result of the
coming thermal equilibrium.
In Table 2 presents the results from the next experiment. In its
measurements are combined with simulation normal operation of
both spindles. This is accomplished by multiple repetitions with
greater speed of the working movements of the carriage and a
higher speed of the spindles.
Fig. 7 are shown graphically, only the results obtained after the
measurement with TTP. The analysis confirmed the outline of the
observations and the conclusions obtained in the first experiment.
More significant than the differences and new elements are:

±∆𝑌𝑌1 = 𝑌𝑌1В1 − 𝑌𝑌1В2

±∆𝑌𝑌2 = 𝑌𝑌2В1 − 𝑌𝑌2В2

To evaluate the changing ΔH of size H is used the following
calculation:
∆𝐻𝐻 =/𝛥𝛥𝛥𝛥1/+/𝛥𝛥𝑌𝑌1/

In Table 1 presents the results of the experiment in simulation
of normal operation only spindle 2. This is achieved through
multiple iterations with greater speed work movements of the
carriage and higher rpm spindle. As an indication of the load is used
reported power consumption. The spindle nomber 1 remains in a
waiting state between measuring cycles.
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Fig.7 Non- coaxiality during a simulated cycle with spindles 1 and 2

1) The growth of ΔY1 longer by about 40% (instead of 4 times)
greater than the increase of ΔY2. This is achieved despite uniform
simulated load of both servo drives.
It turns out that in this case due to the greater firmness and
higher frictional forces in the servo drive. In the result is given
greater amount of heat, which causes larger thermal deformation in
the drive screw of the servo drive.
2) obtained in the second experiment values ΔY1 and ΔY2 have
approximately the same breadth and distraction.
3) Changing the size "H "and fluctuation of ΔH is within narrow
limits.
4) The results and conclusions confirm the relevance of the
chosen method of controlling the coaxiality of spindles.
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Fig.6. Non- coaxiality during a simulated cycle with spindle 2

Fig. 6 illustrates graphically the results of Table 1 only, which
are obtained after the measurement with TTP. Their analysis shows
the following:
1) The measurement values with TTP and indicating device for
finding the center of a circle having a close range. The application
of automatic measurements with TTP can be a successful solution
for measuring coaxiality .
2) In the first hour of the experiment, an increase of ΔY1 and
ΔY2. The most probable reason for this are the thermal deformation
in the servo drive .
3) The growth of ΔY1 is about 4 times larger compared to the
growth of ΔY2. This result is probably due to the larger working
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- Made experimental studies have shown the ability to carry
out technological control of the coaxiality of the machining centers
with two opposite horizontal spindles through contact coordinate
measurements with TTP.
- For the implementation of the method does not require
additional investments.
- The control can be automated to varying degrees, according to
the objectives and capabilities of CNC system.
- The method and received by control results can be used also
for solutions, representing the development of the ideas proposed by
[5,6,7,8,9].
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INFLUENCE OF TEMPERATURE ON DIELECTRIC BREAKDOWN OF
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Abstract: The paper deal with heat pipe technology which is often used in electronic cooling from small voltage microchips to the high
voltage electric elements. In case of cooling the high voltage electric elements have to be evaporator part and condenser part of heat pipe a
separated by electrical nonconductive material, because the heat pipes are most often made of metallic materials, and thus, are electrically
conductive. As a working fluids in this applications are used dielectric fluids such as fluorinert liquids. But there is still risk of the dielectric
breakdown between evaporator and condenser of heat pipe. The task of the experiment is to find how the ambient temperature effect on
dielectric breakdown of vapour phase of working fluid in heat pipe. In experiment was investigated dielectric breakdown between copper
pipes inserted in to glass heat pipe in distance of 70 and 65 mm and temperature range -10 to -40°C. This distance simulate electric
insulator distance of heat pipe used for real application of high voltage electric element cooling. For this experiment was used glass heat
pipe with working fluid Fluorinert FC 72. The choice of this fluid is mainly due its excellent dielectric properties and unique combination of
the thermodynamic and others properties, which makes the Fluorinert FC - 72 ideal fluid for electronic cooling used in many electronic
applications.
Keywords: HEAT TRANSFER, ELECTRICITY, HEAT PIPE, DIELECTRIC BREAKDOWN

1. Introduction

2. Working fluids selection

The cooling problems solution are currently still difficult,
especially when in cases of cooling the electrical and electronic
equipment, because their size are still reducing, performance
characteristics are still increasing so this create still more
demanding requirements to cooling them and therefore are new
types of the cooling possibility in electronic cooling still
developing. The heat pipe technology seems to be a one from the
new cooling possibility. The heat pipe technology is mainly used to
heat removal from a heat sources where common cooling
technologies cannot be used from various reasons (e.g. small space
or difficult access) to the places, wherein the waste heat can be
dissipated to surrounding. The heat pipes are develop with
electronic devices developing and today are known many kinds
with various shapes and design considering to the intended use [1].

This part deal about selection of the working fluid used for
experiment. There are described characteristics of various fluids
commonly used in heat pipes for electronic cooling and compared
its properties.

The basic type of heat pipe is a hermetic sealed pipe with
working medium inside (water, alcohol, freon, mercury, ammonia,
helium, ethanol, toluene, sodium ...) at a given pressure. It is
divided into three parts - evaporation, condensation and adiabatic
(isothermal) part. The heat loaded to the evaporation section of the
heat pipe causes the working medium in the liquid phase start
evaporate due effects of increasing temperature at corresponding
pressure. Vapor flows through the adiabatic part into the
condensation part, where condenses to a liquid and release latent
heat. Then the condensed liquid is returned to the evaporation part
by gravity, capillary or centrifugal force, depending on heat pipe
type. Thus is created a closed cycle flowing the working fluid in
conjunction with the heat transfer. Since the heat pipe is mostly
made from one piece of metal material, it becomes the good heat
conductor as well as electrical conductor. If the heat pipe is used to
heat remove from electric elements plugged to high electric voltage
there is in case of electric short danger. If the evaporator is not
electrically separated from the rest heat pipe parts by insulated
material, the electric voltage can pass through the heat pipe
container to the condensation part and this is undesirable in view of
safety at work. In addition at heat pipes the electric voltage can pass
through the working fluid. Therefore heat pipes used to heat remove
from electric elements plugged to high electric voltage has
evaporator separated from the rest parts by the insulator and as a
working fluid are used dielectric substances. But there is still risk of
the dielectric breakdown inside heat pipe container between
evaporation and condensation part. This work deal about influence
of ambient temperature and insulator length on dielectric
breakdown through the vapor phase of working fluid inside heat
pipe [2].

3. Chemical properties (flammability and explosiveness,
stability, effects on construction materials and oil)

Selection of a suitable working fluid depends mainly on the
type of application in which is used. In general, there are two cases,
if the phase change in the application occur or does not.
Requirements that determine the intended use of the fluids:
1. Thermodynamic properties (density, pressure, specific heat
capacity, thermal conductivity, latent heat of evaporation)
2. Physical properties (electrical properties, solubility in water
and oils)

178

4. Physiological effects on the human body
5. Price
These requirements on substances potentially useful in
application of cooling electrical and electronic equipment by heat
pipes reduce substance selection to few substances with suitable
parameters such as acetone, methanol, ethanol and fluorinert
liquids.
Acetone
Acetone (systematically named propanone) is the organic
compound with the formula (CH3)2CO. It is a colourless, volatile,
flammable liquid, and is the simplest ketone. Acetone is miscible
with water and serves as an important solvent in its own right,
typically for cleaning purposes in the laboratory. It is a common
building block in organic chemistry. Familiar household uses of
acetone are as the active ingredient in nail polish remover and as
paint thinner.
Acetone is produced directly or indirectly from propylene.
Approximately 83% of acetone is produced via the cumene process
as a result, acetone production is tied to phenol production. In the
cumene process, benzene is alkylated with propylene to produce
cumene, which is oxidized by air to produce phenol and acetone.
Acetone is a good solvent for many plastics and some synthetic
fibers. It is used for thinning polyester resin, cleaning tools used
with it, and dissolving two-part epoxies and superglue before they
harden. It is used as one of the volatile components of some paints
and varnishes. As a heavy-duty degreaser, it is useful in the

preparation of metal prior to painting. It is also useful for high
reliability soldering applications to remove rosin flux after soldering
is complete; this helps to prevent the rusty bolt effect. Acetone is
used as a solvent by the pharmaceutical industry and as a denaturant
in denatured alcohol. Acetone is also present as an excipient in
some pharmaceutical drugs [3].

Working fluid properties
In the figures 1, 2, 3 and 4 are compared main thermodynamic
and physical properties of selected substances.
In the figure 1 are shown latent heat potential working fluids of
heat pipe. Latent heat is thermodynamic properties which indicates
the amount of heat that the substance is able to accept at the boiling
or transmit at the condensation. Higher value means that the
substance is able transmit more heat. This substance properties
occur only at the phase change [7].

Methanol
Methanol, also known as methyl alcohol among others, is a
chemical with the formula CH3OH (often abbreviated MeOH).
Methanol acquired the name "wood alcohol" because it was once
produced chiefly as a byproduct of the destructive distillation of
wood. Today, industrial methanol is produced in a catalytic process
directly from carbon monoxide, carbon dioxide, and hydrogen.
Methanol is the simplest alcohol, being only a methyl group
linked to a hydroxyl group. It is a light, volatile, colorless,
flammable liquid with a distinctive odor very similar to that of
ethanol. At room temperature, it is a polar liquid, and is used as an
antifreeze, solvent, fuel, and as a denaturant for ethanol. It is also
used for producing biodiesel via transesterification reaction.
Methanol is produced naturally in the anaerobic metabolism of
many varieties of bacteria, and is commonly present in small
amounts in the environment. As a result, the atmosphere contains a
small amount of methanol vapor. But in only a few days,
atmospheric methanol is oxidized by sunlight to produce carbon
dioxide and water.
Methanol is also found in abundant quantities in star forming
regions of space, and is used in astronomy as a marker for such
regions. It is detected through its spectral emission lines [4].
Ethanol
Ethanol is a volatile, flammable, colorless liquid with a slight
chemical odor. It is used as an antiseptic, a solvent, a fuel, and due
to its low freezing point, the active fluid in many alcohol
thermometers. The molecule is a simple one, being an ethyl group
linked to a hydroxyl group. Its structural formula, CH3CH2OH, is
often abbreviated as C2H5OH, C2H6O or EtOH. Ethanol is slightly
more refractive than water, having a refractive index of 1.36242 (at
λ=589.3 nm and 18.35 °C or 65.03 °F). The triple point for ethanol
is 150 K at a pressure of 4.3 × 10−4 Pa. It burns with a smokeless
blue flame that is not always visible in normal light.

Fig. 1 Latent heat potential working fluids of heat pipe

In the figure 2 are shown specific thermal capacity potential
working fluids of heat pipe. The specific thermal capacity is
thermodynamic properties which indicate the amount of heat, which
is necessary add to 1 kg of the substance to increase its temperature
by 1 °C. The lower value mean that the substance is able absorb less
heat [8].

Ethanol is produced both as a petrochemical, through the
hydration of ethylene and, via biological processes, by fermenting
sugars with yeast. Which process is more economical depends on
prevailing prices of petroleum and grain feed stocks.
Ethanol is an important industrial ingredient. Ethanol is used
extensively as a solvent in the manufacture of varnishes and
perfumes; as a preservative for biological specimens; in the
preparation of essences and flavorings; in many medicines and
drugs; as a disinfectant and in tinctures; and as a fuel and gasoline
additive [5].

Fig. 2 Specific thermal capacity potential working fluids of heat pipe

In the figure 3 are shown boiling points potential working fluids
of heat pipe. The boiling point of the substance is the temperature at
which the vapour pressure of the liquid equals the pressure of the
surrounding atmosphere and phase change from liquid to vapour
occur [9].

Fluorinert
Fluorinert is the trademarked brand name for the line of
electronics coolant liquids sold commercially by 3M. It is an
electrically insulating, stable fluorocarbon-based fluid, which is
used in various cooling applications. It is mainly used for cooling
electronics. Different molecular formulations are available with a
variety of boiling points, allowing it to be used in "single-phase"
applications, where it remains a liquid, or for "two-phase"
applications, where the liquid boils to remove additional heat by
evaporative cooling. An example of one of the compounds 3M uses
is FC-72 (perfluorohexane, C6F14). Perfluorohexane is used for
low-temperature heat-transfer applications due to its 56 °C (133 °F)
boiling point. Another example is FC-75, perfluoro (2-butyltetrahydrofurane). There are 3M fluids that can handle up to 215 °C
(419 °F), such as FC-70 (perfluorotripentylamine) [6].

Fig. 3 Boiling point potential working fluids of heat pipe
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In the figure 4 are shown dielectric constants potential working
fluids of heat pipe. This constant indicate the ability of substance to
create electrical bonds with other molecules, which means that it is
capable eliminate the gravity of opposite charged surrounding ions.

Than was continuously increasing electric voltage on the
laboratory supply till the value when occur dielectric breakdown
between evaporator and condenser. Dielectric breakdown was
indicated by electric current fail on the laboratory supply and by
flash between evaporator and condenser. The same measurement
was performance at temperature -40, -30, -20 and -10°C.

4. Results
In the figure 7 are interpreted results of the experiment
dielectric breakdown of vapour phase of working fluid in heat pipe
depending on ambient temperature and insulator distance. There is
seen that with the increasing temperature increase value of electric
voltage which inducted the dielectric breakdown at booth insulator
distances 75 and 60 mm. Investigation dependence of ambient
temperature was limiting by voltage range on the laboratory supply,
because the dielectric breakdown inducted by maximal electric
voltage 60 kV of the laboratory supply occur already at the
temperature – 10 °C.

Fig. 4 Dielectric constant potential working fluid of heat pipe

3. Experiment
The experiment dielectric breakdown of vapour phase of
working fluid in heat pipe was performance on specific designed
heat pipe shown in figure 5. It is gravity heat pipe made of a copper
pipe, wherein the evaporation and the condensation sections are
separated by glass tube of length L, which substitute electrical
insulator. According above working fluid selection was the
Fluorinert FC 72 choose as a working fluid. The choice of this fluid
is mainly due its excellent dielectric properties and unique
combination of the thermodynamic and others properties, which
makes the Fluorinert FC - 72 ideal fluid for electronic cooling used
in many electronic applications.
The experiment investigate influence of ambient temperature
and insulator distance on dielectric breakdown of vapour phase of
working fluid in heat pipe. There was choose two distances of
electric insulator 70 and 65 mm and ambient temperature range
from – 40 °C to – 10 °C.

Fig. 7 Dielectric breakdown of vapor phase of working fluid in heat pipe
depending on ambient temperature and insulator distance

5. Conclusion
Based on the results obtained from the experiment it can be
concluded that the heat pipe with electric insulator length approx.
60 - 75 mm and working fluid Fluorinert FC 72 is a suitable device
to heat remove from the power electronic components works at high
electric voltage and adverse (-40 to -10 °C) ambient temperature
conditions.
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Fig. 5 Model of gravity heat pipe with electric insulator

The real experimental heat pipe and dielectric breakdown
measurement is shown in figure 6. The measurements were carried
out in a thermostatic chamber with temperature regulation. To
electric breakdown induction inside heat pipe was evaporator part
plugged on the positive pole and condenser part plugged on the
negative pole of the laboratory high voltage supply with operating
range of 0 to 60 kV.
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Abstract: We study the problem of maximizing the volume of three-dimensional body bounded by the surface, which can be transformed
submetricaly. In this paper we are proposed the reduction of this problem to the optimal control problem.
KEYWORDS: THE VOLUME OF THREE-DIMENSIONAL BODIES, SUBMETRIC TRANSFORMATION, OPTIMAL CONTROL

And the conditions of inextensible distance are:

Introduction
This study focuses on increasing the volume of three-dimensional
bodies under submetric transformations. Submetric transformation
is a transformation that does not increase the distance between any
pair of points on the surface bounding the considered body. The
decreasing of this distance, generally speaking, is possible. The
concept submetric transformation is generalizing the notion of
isoperimetric transformation. And distances in submetric
transformations are preserved. There are examples which show that
the space generated by the isoperimetric transformation is not
complete. For submetric transformations the property of
completeness is realised.
The volume changes that occur during isometric and submetric
transformations dedicated to a lot of works. Isometric
transformations are investigated in works [1,2,3]. Submatrices
transformation devoted to the work of [4,5,6]. Problems of strength
and stability of shells dedicated to the book [7].

The problem maximizing the volume of threedimensional bodies on the basis submetric
transformation
The classical problem of maximizing the volume of threedimensional bodies on the basis submetric transformation is
reduces to the of optimal control problem by the following way:
Constrains on the problem variables is caused by prescribing the
conditions of inextensible distance.
The problem variables in cylindrical coordinates are:

The maximizing volume of the deformed body
is:

So, we have an optimal control problem: to maximize 4
under conditions 1, 2, 3.

A few words about strength.
Physically, maximization the bounded volume of a given
surfaces is equivalent to the inflation of the surfaces. This
means that the tension force in all points of the surface is
one and the same. So if to fix some parts of the structure,
bounded by some free surface and then "inflate" this
structure, then not only its volume will increase, but,
apparently, the strength of the structure too.
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Abstract: Pipe from the boiler of thermo power plant with diameter φ45was ruptured in exploitation conditions. In order to determine
the reasons for this accident, very complex investigations of the pipe were performed.
As first chemical composition was determined. Ovality and visual inspection of pipe were performed. Mechanical testing include tensile test
at ambient and increased temperature of 350 0C. Thickness measurement of the wall pipe was made too. As technological testing flattening
test of pipe segments was done. Metallographic investigations consist of determination of non-metallic inclusions, analyse of microstructure
and grain size determination. Performed investigations didn’t indicate to defects in material and its processing. So, it can be concluded that
working conditions in the boiler mainly overheating temperature caused damage of pipe.
Keywords: MICROCTRUCTURE PIPE BOILER THERMO POWER PLANT MECHANICAL PROPERTIE FAILURE ANALYSIS

1.

Introduction

It is well known that designed operational life time of power plant
components may decrease due to activation of different failure
mechanisms. There are five main reasons for components:
1) Design: operational conditions have not been considered
properly during design;
2) Ageing: the decrease of efficiency occurs slowly and can be
missed during service and no needed refurbishment actions are
carried out;
3) Use: the devices are used inappropriately;
4) Service conditions: the conditions are not optimized or
changed;
5) Expertise: the skills of operators and maintenance personnel
are too narrow [1-3].
Damage can be provoked by a number of mechanisms. Frequently,
two or more mechanisms are at work simultaneously on a
component. Since damage is dependent upon factors specific to a
generating unit (design, operating modes, and fuel characteristics),
it is necessary to treat each unit and its components individually in
order to obtain realistic state concerning component materials, and
as a final knowledge a realistic life assessments. Also, it is
necessary having in mind that particular components will manifest
damage in unique ways. Unfortunately, the initial stages of
damaging and thereby of failures are usually unobservable and
therefore any preventive action of further damage propagation or
spreading is practically impossible. In the most cases, failures of
power plant components at elevated temperatures propagate
gradually. Primary and secondary stage of failure, i.e. initiation and
first stage of propagation are latent, and then, after a certain period
of time, some indications of failure can be observed [4, 5].
It is very important to note that when the component is submitted to
the failure in general sense (damaging, fracture, loss of
functioning), a full assessment of the failure mechanisms is required
to prevent further failures due to the same causes [6-8].
13 CrMo 4-5 is high-temperature constructional steel. Its material
number is 1.7335 it is delivered to customer in the normalized and
tempered condition. These steel grades are characterized by a good
weldability. 13CrMo4-5 steel grade is a kind of steel which is
alloyed with Cr, Mo or Cr-Mo an is mainly applied for high
temperature and pressure vessels They are used above all for
manufacturing boilers, pressure vessels and pipes transporting hot
liquids. The user of these steel grades must make sure that his
calculation, design and processing methods are appropriate for the
material. The grades of this series offer good cold and hot-forming
properties. They are used above all for manufacturing boilers,
pressure vessels and pipes transporting hot liquids. The user of
these steel grades must make sure that his calculation, design and
processing methods are appropriate for the material. The grades of
this series offer good cold and hot-forming properties [9,10].
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Knowing the properties of this type of steel, and working conditions
of the pipe, the basic idea in this research work was to analyze and
detect the reasons for rupture of the pipe made of 13CrMo4-5 in the
thermo power plant boiler.
2.

Material and investigations

Ruptured pipe from the boiler in thermo power plant was brought
for investigation in order to be found the reasons for occurred
accident. The view of ruptured pipe is shown in the figure 1.

Figure 1 Ruptured pipe

Investigations of the pipe started with the visual inspection. Visual
inspection showed that the rupture of pipe is so called “fish mouth”.
Inner side of pipe is flat with dark brown color. On the outer side
was detected thin dark coating probably grime.
Chemical composition was determined on spectrometer type
Spectro. The obtained values for chemical composition of the pipe
are given in table 1.
Table 1 Chemical composition of investigated pipe

Chemical composition
Element
%
C
0.127
Si
0.230
Mn
0.493
P
0.0136
S
0.003
Cu
0.140
Al
0.0062
Cr
0.874
Ni
0.130
Mo
0.486
It was confirmed information obtained from purchaser that pipe is
produced from 13CrMo4-5 steel.
Ovality test was made at two different positions on the pipe. It was
showed that measured difference in pipe diameters is max 1.5%,
and allowed difference is 8.0%
Mechanical testing was performed on the prepared tensile
specimens which were cut from investigated pipe. Testing was
performed at ambient temperature and at temperature of 350 0C
(figure 2). Measuring results are given in the table 2.

2
3
4

4.5
4.4
4.5

Hardness measurement (table 4) was performed on segments of
the pipe, at difference distances from rupture. Measuring positions
are given at figure 3b. Rockwell method (HRB) was used.
Table 4 Hardness of pipe measured at different distances from rupture

Speci
men
1
2
3
4

a

Meas.
posit.
1; 2; 3; 4;
1; 2; 3; 4;
1; 2; 3; 4;
1; 2; 3; 4;

Values (HRB)
84
82
82
75

84
86
86
78

85
86
85
79

93
91
95
78

Flattening test was performed on the cut segments of the pipe.
Tested specimens are shown at figure 4 and all segments satisfy
standard requirement.
b
Figure 2 Stress strain diagrams of investigated pipe
a. testing at ambient temperature b. testing at 350 0C
Figure 4 Tested specimens – flattening test

Table 3 Results of tensile testing at ambient and elevated temperature

Spec.
1
2

Reh, MPa
510
302

Rm, Mpa
571
350

A,%

0

R, C
+20
+350

Determination of non metallic inclusions (type and distribution)
microstructure, grain size distribution has to be analyzed trough
metallographic investigation as is presented in the figures 5-7.
Metallographic analyze was performed from the inner, outer and
middle of the pipe wall in order to check presence of typical defects
at elevated temperatures, figure 8.

Measurement of pipe wall thickness was performed too. It was was
realized at different segments of pipe. Results of thickness
measurement are given in table 3.

a

b

Figure 3 Measuring segments (a) and positions for pipe wall thickness
measurement (b)
Table 3 Measured values of wall thickness

Number of
segments
1

2

3

4

5

6

7

Meas.
points
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1

Wall
thickness
3.3
4.2
4.4
4.4
2.8
4.2
4.2
4.3
2.7
4.4
4.2
4.5
1,9
4.0
4.0
4.2
2.9
4.2
4.1
4.4
3.3
4.4
4.2
4.5
3.6

Figure 5 Nonmetallic inclusion, type and distribution

Figure 6 Microstructure of investigated pipe and distribution of phases

Figure 7 Grain size distributions
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6. Literature

a

b

c
Figure 8 Microstructure of pipe from inner (a), outer (b) and in the
middle of the pipe wall (c)

4. Discussion
Performed investigations showed that chemical composition,
mechanical properties of the investigated pipes are in accordance
with standard requirement. It has to be point out that mechanical
properties are much over than minimal values required.
Microstructural investigation showed that material is very clean
concerning nonmetallic inclusions. Mainly fine oxide inclusions
randomly distributed were found. Microstructure of the pipe is
ferritic-prlitic with about 80% ferrite. It consists of very fine grains.
There are no some difference in the microstructure on the edges and
in the middle of the pipe, Some typical defects like decarburation,
cracks or corrosion were not found.
Possible reason for this accident could be very high temperature i.e.
overheating of pipe. Temperature of the fluid (steam) inside of pipe
should be 350 0C. But location of pipe is very close to burner. It
means that could be some overheating from the outer side of pipe.
The shape of rupture i.e. fish mouth is typical rupture from the
overheating. And another notice is that one side of the pipe is very
thin. The reason could be abrasion of pipe from the coal which
contains much sand.
5. Conclusion
Chemical composition, mechanical and microstructural properties
of steel pipe correspond with the prescribed standard for the pipe
quality. So the main reason for occurred accident is overheating of
the pipe in the boiler.
Mechanical properties of the pipe at elevated temperature (350 0C)
fulfill standard requirement. It means that the temperature in the
neighborhood is much higher than predicted.
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Abstract: Modelling and prediction of cutting forces in metal cutting is very important, due to their significant impacts on quality of
machined surface, tool wear, self-excited vibrations, etc. However, accurate modelling of the cutting forces in high pressure jet assisted
machining is not a simply task due to complex relations between many highly interlinked variables of cutting process influencing these
forces. The objective of this study is to utilize two artificial intelligence methods, namely particle swarm optimization (PSO) and simulated
annealing (SA), for prediction of the cutting forces components in high pressure jet assisted turning of carbon steel Ck45E. A study of effect
of various process parameters including feed, cutting speed and depth of cut on the cutting forces was carried out. The results obtained from
the PSO and SA based models were compared with experimental results for their performance. The analysis reveals that developed models
are able to make accurate prediction of cutting forces by utilizing small sized training and testing datasets.
Keywords: CUTTING FORCES, PARTICLE SWARM OPTIMIZATION, SIMULATED ANNEALING

1. Introduction
The knowledge of cutting forces developing in the machining
processes under given cutting conditions is of great importance due
to their significant impacts on tool wear, quality of machined
surface, self-excited vibrations, power requirements of the machine
tools, etc. There are various machining parameters affecting cutting
forces, such as cutting speed, feed, depth of cut, cutting tool
material, tool geometry, etc. This means it is extremely difficult to
develop appropriate models for their estimation. The most
frequently used predictive models are mathematical models based
on the physics of the cutting process, the multiple regression
technique and artificial intelligence (AI) techniques. Among them,
methods based on AI have become the preferred trend as an
accurate and powerful tool for prediction of different parameters of
machining process, including cutting forces.
Szecsi [1] presented an artificial neural networks (ANN) based
approach for estimation of cutting forces, where physical properties
of machined material, cutting tool geometry, cutting speed, and
cutting feed were used as input parameters for training ANN. Lin et
al. [2] developed an ANN model for prediction of cutting force and
surface roughness using depth of cut, feed and cutting speed as
input parameters. Luong and Spedding [3] developed ANN model
for the prediction of machining performance in terms of cutting
forces, surface finish, and tool life using the data from handbooks.
Sharma et al. [4] analyzed cutting forces and surface roughness
during turning at different cutting parameters such as approaching
angle, speed, feed and depth of cut. The data obtained by
experimentation was used construct model using ANN. Liu and
Wang [5] developed ANN model for prediction of cutting forces in
milling as a function of feed. Zuperl and Cus [6] proposed
supervised ANN approach for on-line modelling of cutting forces in
ball-end milling. Aykut and al. [7] developed ANN model for
modeling cutting forces with three axes where ANN training has
been performed using scaled conjugate gradient feed-forward backpropagation algorithm. Amamou et al. [8] proposed improved ANN
model for accurate prediction of specific normal and tangential
grinding forces. Cica et al. [9] analyze the effects of three methods
of cooling and lubricating: conventional (flooded), high pressure jet
assisted machining, and minimal quantity lubrication on cutting
forces and formulate ANN and ANFIS models for their estimation.

performance. Among other methods of cooling and lubricating,
HPJAM allows a better penetration of the fluid into the chip-tool
and workpiece-tool interfaces, thus providing a better cooling effect
and decreasing tool wear through lubrication of the contact areas
[10-15]. The objective of this study is to analyze the effect
machining parameters on cutting forces in high pressure jet assisted
turning and formulate model for their estimation using two artificial
intelligence methods, namely particle swarm optimization (PSO)
and simulated annealing (SA).

2. Experimental details
Machining experiments have been carried out on the universal
Boehringer lathe, fitted with a Hammelmann high pressure plunger
pump for dosing of cooling and lubrication fluid in the cutting zone
(Fig. 1). The pressure was set at p = 50 MPa and the flow rate at Q
= 2 l/min. A standard sapphire orifice commonly used in water jet
cutting applications with a diameter of d = 0.4 mm was installed at a
distance of h = 30 mm from the tool cutting edge in order to assure
its use in the core zone of the jet and to avoid variations in the
diameter of the jet and the radial distribution of the pressure. The jet
was directed normal to the cutting edge (ν = 90°), and ψ = 30° from
clearance face at a low angle (about 5 to 6°) with the tool rake face.
All experiments were carried out using cutting fluid with a 3%
emulsion of vegetable oil.

Fig. 1 High pressure cooling system (left) and jet set-up (right).

The literature reveals that not much work is reported by
modeling cutting forces in different cooling and lubricating
conditions which have been applied in order to increase
productivity of the machining process. Furthermore, a review of the
literature shows that most work is reported on estimation of cutting
forces using ANN. During the past two decades, high pressure jet
assisted machining (HPJAM) technique is starting to be established
as a method for improving the overall machining process

The experiments were performed on machining carbon steel
Ck45E. The tensile straight of this material is σ = 820 N/mm2, the
modulus of elasticity is E = 2·105 MPa, and the hardness is 45
HRC. The cylindrical bar specimen that is utilized in these
experiments has dimensions 150x250 mm and is placed with its
longitudinal axis aligned with the direction of feed. Cutting tool was
SUMITOMO with carbide insert SNMG 1204 08 NMX with rake
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angle 𝛾𝛾 = 10⁰, angle of inclination 𝜅𝜅 = 45⁰, and corner radius r = 0.8
mm with a simple chip breaker. A PSDN 2525 M12 tool holder
with an inclination angle of 45° was chosen.

feed forces, similar value changes in the passive forces were
observed.

In this study, three levels of depth of cut (ap), four levels of feed
(f), and three levels of cutting speed (vc) were used as the variables
for cutting forces modeling (Table 1). In order to achieve an
effective material removal process, the cutting speeds and feeds
were set higher than recommended. With the machining parameters
defined and according to their levels, in total 36 experiments were
realized.
Table 1: Design factors and their levels.
Turning factor
Depth of cut [mm]
Feed [mm/rev]
Cutting speed [m/min]

I
1.5
0.224
210

Levels
II
III
2.0
2.5
0.280
0.355
320
400

IV
0.400
-

The cutting force components (main cutting force Fc, feed force
Ff and passive force Fp) were measured with a three-component
dynamometer (Kistler 9259A) which was rigidly mounted on the
lathe via a custom designed adapter for the tool holder so that
cutting forces components could be accurately measured. The
measurement chain further includes a charge amplifier (Kistler
5001), a spectrum analyzer (HP3567A), and a PC for data
acquisition and analysis. The schematic layout of the experimental
setup is shown in Fig. 2.

Fig. 2 Schematic layout of experimental setup.

3. Analysis and discussion
In this section the results of experimental research were
presented in the appropriate format for making conclusions on the
cutting process in conventional and high pressure cooling
conditions. In order to studying in detail the effects of HPJAM
method on machining performance, flows at conventional and
HPJAM methods were selected to be equal (q = 2 l/min). Fig. 3
shows the effect of the cutting speed, feed and depth of cut on
cutting force components. The presented results are based on the
cutting speed vc = 210 m/min. Fig. 3(a) indicate that method of
cooling and lubricating has no significant influence on main cutting
force, except for depth of cut ap = 1.5 mm. For this depth of cut, the
largest values of main cutting forces were observed for
conventional method of cooling and lubricating, except for feed f =
0.4 mm/rev. Thus, it can be concluded that method of cooling and
lubricating has a limited influence on the main cutting force and its
impact depends on the used cutting parameters. From Fig. 3(b) it is
obvious that HPJAM method in a certain percentage affect the value
of feed force in all combinations of cutting parameters. Lower feed
forces were generated for HPJAM method compared to
conventional cooling and lubricating conditions. This can be
explained by the reason that the access of the cutting fluid to the
cutting area is easier, and therefore cooling and lubrication effect is
much better through substantial reduction of the temperature in
cutting zone. Thus, the friction coefficient between the tool and chip
becomes lower in HPJAM method as compared to conventional
machining. Finally, as it can be seen in Fig. 3(c), HPJAM method
have certain impact on passive forces. As with the analysis of the

Fig. 3 Effect of HPJAM and conventional method of cooling and lubricating
on main cutting force (a), feed force (b), and passive force (c).

4. PSO and SA based cutting force components
modeling
The particle swarm otpimization algorithm falls into the
category of swarm intelligence algorithms and is a relatively new
optimization technique originally introduced by Kennedy and
Eberhart [16]. It was inspired by the social behaviour (i.e. collective
behaviour) of bird flocking or fish schooling. The optimization
process of a PSO algorithm begins with an initial population of
random candidate solutions called particles which change their
positions by moving around in the solutions space and searches for
optima by updating various properties of the individuals in each
generation. Each particle in the swarm is represented by the position
vector of the particle, the velocity vector of the particle and the
personal best position of the particle. In every iteration, the position
of each particle is updated by following the two “best” values. The
first one is the best solution (fitness) it has achieved so far (the
fitness value is stored) and the second one is “best” value obtained
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so far by any other particle in the population. In this way all the
particles fly through search space toward personal and global best
position a navigated way, at the same time exploring new areas by
the stochastic mechanism in order to escape from local optima.

5. Results and discussion
Estimated values of coefficients C1, C2, C3, C4, C5, and C6, for
main cutting force, feed force and passive force obtained using PSO
and SA algorithm are given in Table 2.

Simulated annealing, initially presented by Kirkpatrick et al.
[17], is one of the mostly studied random search technique for
global optimization problem. As the name implies, basic idea of the
technique originate from the analogy with the physical annealing
process of metals. In this process a metal is heated up to the melting
point and then slowly decreasing the temperature till the metal
reaches its lowest energy state. The algorithm starts with an initial
point (starting temperature), which should be high enough to allow
movement to almost any neighborhoods, hence reducing the
possibility of acceptance of the worse point which in turn helps
avoiding local minima. At each iteration of the SA algorithm, a new
points are randomly generated in the neighborhood of the current
point. The objective function of SA is energy of the system, and in
general the aim of this algorithm is to find a minimum energy for a
given system. The change of the objective function value between
the new (adjacent) and the current state is computed. If the
objective function value of the new state is smaller, then new
solution is better than the old, and this solution becomes the current
solution from which the search continues. Moreover, in order to
increase the objective function and avoid the local minimum,
algorithm might with a certain probability accept the point that raise
the objective function. As the annealing process proceeds, the
temperature is reduced and with temperature decrease, the
algorithm reduces the extent of its search to converge to optimal
solution.

Table 2: Estimated values of coefficients for main cutting force, feed force
and passive force obtained by PSO and SA.
Cutting force component
Fc
Ff
Fp
Fc
Ff
Fp
356.104
343.512
460.326
489.446
448.931
329.563
C1
C2 -2557.177 -1404.190 -1208.256 -2306.413 -1643.268 -1105.011
-0.153
-0.023
-0.115
-0.158
-0.198
-0.023
C3
77.736
-4.667
47.099
71.223
58.333
-8.850
C4
445.371
433.629
1765.262
485.369
457.297
C5 1692.790
1801.994
C6 4371.285 1900.001 2029.079 3808.352 1993.955

In order to estimate the prediction capability of the developed
PSO and SA models, or how well these models based on the given
input values provides output parameters, errors were analyzed
within the independent data set called testing dataset and results are
shown in Fig. 4.

In the last two decades, PSO and SA have been frequently used
as an optimization algorithm and has been successfully applied to a
wide range of applications, such as the scheduling of a flexible
manufacturing systems, ANN training, supplier selection and
ordering problem, etc. The focus of this study is to employ these
two AI methods for prediction of the cutting forces components in
turning carbon steel Ck45E under high pressure cooling conditions.
For modelling purposes 29 instances were used, while
remaining 7 were used for evaluation of model. As a modelled
function, linear regression model for main cutting force (Eq. 1),
feed force (Eq. 2) and passive force (Eq. 3) will be used.
Fc = C1 + C2 ⋅ f + C3 ⋅ vc + C4 ⋅ a p + C5 ⋅ f ⋅ a + C6 ⋅ f 2

(1)

Ff = C1 + C2 ⋅ f + C3 ⋅ vc + C4 ⋅ a p + C5 ⋅ f ⋅ a + C6 ⋅ f 2

(2)

Fp = C1 + C2 ⋅ f + C3 ⋅ vc + C4 ⋅ a p + C5 ⋅ f ⋅ a + C6 ⋅ f 2

(3)

In this study, PSO and SA were employed to search for optimal
values of coefficients C1, C2, C3, C4, C5, and C6, for which modelled
equations will give the smallest deviation from experimentally
obtained data. In both algorithms, a fitness function is required to
solve an optimization problem. In this paper fitness function is
defined by Eq. 4.
=
∆

29

∑
i =1

Ei − M i
⋅ 100
Ei

(4)

where Ei are experimentally obtained values of the cutting force
components and Mi are modeled value of these forces. In order to
achieve the best performance of PSO and SA, a parametric study for
determination of optimal set of parameters of these two algorithms
was carried out. For PSO algorithm, the optimization process takes
place with the values of cognitive attraction, social attraction,
maximum number of generations and population size, while for SA
algorithm initial temperature and reannealing interval were used as
variables in the optimization process.

Fig. 4 Experimental and predicted results for main cutting force (a), feed
force (b), and passive force (c) for PSO and SA models.

PSO and SA models were analyzed using the following
parameters: mean absolute percent error (MAPE) and maximum
absolute percent error (MaxAPE). In predicting of main cutting
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force MAPE and MaxAPE for the PSO model were 1.0% and 1.6%,
whereas for the SA model were 1.1% and 1.5%, respectively. For
the PSO model MAPE and MaxAPE in estimation of feed force
were 1.6% and 2.6%, while these values for SA model were 2.5%
and 4.5%. Finally, in predicting of passive force MAPE and
MaxAPE for the PSO model were 1.0% and 2.1%, whereas for the
SA model were 0.9% and 1.9%, respectively. Hence, it is evident
that there is good agreement between estimated and experimental
values of cutting force components for developed PSO and SA
models.

6. Conclusions
The main objective of this study has been to develop a robust
models to predict cutting force components in Ck45E carbon steel
turning under high pressure cooling environment using two
different methodologies, namely, particle swarm optimization and
simulated annealing, as a potential modeling techniques. PSO and
SA models were developed for prediction of main cutting force,
feed force and passive force as a function of cutting parameters
such as feed, cutting speed and depth of cut. The experimental data
36 set was collected out of which 29 datasets were utilized as a
training data and the remaining 7 datasets as a testing data. The
capability of the developed PSO and SA models were evaluated by
comparing its results with experimentally determined values. The
performance of the PSO model was found to be excellent with 99%,
98.4% and 99 % accuracy for main cutting force, feed force and
passive force, respectively. SA model has been also proved to be
successful in terms of agreement with experimental results. This
model predict the output with the 98.9%, 97.5% and 99.1%
accuracy, for main cutting force, feed force and passive force,
respectively.
The results obtained from the proposed PSO and SA based
approach prove its effectiveness. The proposed models can be used
effectively to predict the cutting force components in turning
process under high pressure cooling conditions. Models such as
those developed in this study can be used in optimization of
machining process and can aid in enabling appropriate adaptive
control in machining. For future studies, experiments with a various
parameters of the HPJAM technique, such as the pressure of the jet
and the diameter of the nozzle, are recommended. Furthermore,
future work should be extended with other ranges of speeds, feeds
and depths of cut.
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Abstract: A promising direction in the development of solid oxide fuel cells (SOFCs) is the reversible approach in which the device
operates as fuel cell, producing electricity and heat, and as electrolyzer producing the hydrogen fuel. Reversibility strongly increases the
device efficiency. It is very convenient for coupling with Renewable Energy Sources and for off grid applications. Although being very
important, this direction of SOFC development still needs serious research efforts for the increase of durability, performances and efficiency
and decrease of the switching time. A definitive breakthrough is the separation of the water production/consumption from the two electrodes.
This work presents systematic studies on a new design of SOFC with a separate compartment for water formation in fuel cell mode and
water injection in electrolyzer mode, named monolithic dual membrane fuel cell. It is based on the discovered property of some proton
conducting ceramics to behave as mixed ionic conductors. The first tests of laboratory cells show promising performance with excellent
reversibility which opens a pathway for further developments on higher technology readiness level.
Keywords: SOLID OXIDE FUEL CELL, DUAL MEMBRANE FUEL CELL, PROTON CONDUCTIVITY, MIXED IONIC
CONDUCTIVITY, REVERSIBLE MODE, ELECTROLYZER, SEPARATE WATER COMPARTMENT

1. Introduction
Fuel cells and Hydrogen are of key importance for the
successful transformation to low carbon economy which makes
them essential part of the technologies included in the European
Strategic Plan for Energy Technologies (SЕT Plan) [1]. The SET
plan emphasizes on generating green electricity by the development
of affordable and integrated energy storage solutions from
renewable energy sources (RES) which is the backbone of the
sustainable energy model. The report of the International Energy
Association from January 2013 stressed on the importance of
hydrogen as energy carrier produced from water with electricity
from RES, and converted again in electricity and heat when
necessary with fuel cells. The whole process ensures zero
emissions.
Solid Oxide Fuel Cells (SOFC) are electrochemical devices that
convert fuel chemical energy (most often hydrogen) into electricity
at high temperature. Since they present high efficiency and large
fuel flexibility, SOFCs appear as an attractive technology for
economic power generation. The active part of SOFC corresponds
to a three-layered structure, constituted by a dense oxide ion
conducting electrolyte sandwiched between two porous electrodes.
SOFC have the greatest potential for combined heat and power
generation in stationary conditions. The development of proton
conducting solid oxide fuel cells (pSOFC) has started more than 20
years ago, when the phenomenon of proton conductivity has been
found in some Y-dopped cerates with perovskite structure. The
main advantage of that design is that the water does not dilute the
fuel, as it is in the classical SOFC, while the production of strongly
corrosive water due to its contact with the oxidizer can be regarded
as a serious disadvantage.
Resent investigations show that high temperature solid oxide
electrolyzers (SOEC) have a number of advantages in respect to the
alkaline and proton conducting electrolyzers [2-7]. A new direction
is the development of electrolytes based on proton-conducting
ceramics (pSOEL). With fast developments of renewable electricity
production, the issue of storing surplus electricity in periods of high
production has gained a new dimension on-grid, as well as off-grid.
Often conventional grid control mechanisms are overloaded, with
the result being that power plants have to shut down more
frequently. Batteries and pumped water storages can address shortterm storage, but they require repetitive charging and discharging
cycles and are therefore limited in their storage capacity. The
concept idea of Power-to-Gas (PtG) promises a possible solution for
large scale and long-term storage.
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The idea for fuel cell operation in reversible regime is relatively
new in global aspect, but with quickly increasing importance due to
the expected impact from coupling with RES. The reversibility of
Solid Oxide Cells allows electricity production at high electrical
efficiency from H2 using the same device in times of power
shortages. Unlike batteries, the reversible solid oxide cells (rSOC)
storage capacity can be increased by adding storage tanks or
connecting the system to the natural gas grid, instead of increasing
the converter. To improve state of the art rSOC in direction costefficient, industrial range, their design has to be improved.
Although the construction of SOECs and SOFCs looks similar,
there is no optimized application of reversible high temperature
electrochemical device due to their asymmetry which causes big
differences in the operating conditions. For instance the high
current density associated with a large amount of water in the fuel
electrode for SOECs compared to SOFCs strongly increases the
polarization resistance, the constraints on interconnects and the
overall degradation rate. Durability, performances and efficiency of
SOECs are affected by: accelerated degradation and delamination at
the hydrogen or the air electrode due to the presence of water; high
temperature and current flow; slow and difficult switching form
mode to mode; high humidity of the produced H2; difficulties in cell
pressurization [2, 8-10]. Studies point out the negative effect of
water vapor on interconnect durability both in a reducing and
oxidizing environment (related to Cr diffusion/evaporation), which
renders the presence of a coating to protect interconnects mandatory
[3,5].
This work is dedicated to the development of a new design of
solid oxide fuel cell which can work as reversible fuel cell
answering the demands for fast reversibility. It is based on a new
design of fuel cell, named “dual membrane fuel cell” (dmFC),
proved in the frames of an 7 FP FET project [11,12]. The new
architecture eliminates the problems coming from the water
formation and evacuation from the electrodes [13-15].
The kernel of the new concept is a fuel cell with 3
compartments. The assembly combines the cathode compartment
(cathode/electrolyte) of a SOFC and the anode compartment
(anode/electrolyte) of pSOFC sandwiching a porous central
membrane with mixed proton and oxide ion conducting ceramic
structure, where the water is produced and evacuated. This leads to
numerous advantages (lower electrodes overpotential, easy
pressurization, no dilution of fuel or oxidant). Since water is the
major source of SOFC and SOEC failure, the long term viability of
this concept should be significantly enhanced. The separation of the
water in a special compartment where it is formed (in FCFC mode),
or injected (in SOEC mode), and thus the elimination of its

damaging presence at the electrodes in both modes, combined with
the reduced operating temperature from 800-950°C to 600-800°C,
are strong logical arguments in favor of the hypothesis for advanced
reversible electrochemical device based on the dmFC design. A
unique advantage is the flexibility of operation, i.e. the quick
change of mode due to the presence of strongly adsorbed water in
the corresponding chamber. Additionally a mixed ionic conductivity
in the proton conducting electrolyte (BCY15) was registered and
preliminary experiments were performed on the so called
“monolithic design”. in which only one type of electrolyte with
mixed ionic conductivity can be used. This modification strongly
simplifies the technology [13, 15]. In addition a new phenomenon is
under fundamental studies - the presence of highly polarizable
nanometer film of “organized” water at the surface of the BCY15
pores [16]. It should facilitate the water formation/splitting which
supports the direction of research towards reversibility [14,15].
This work aims at a deeper insight into the phenomena
occurring in a new monolithic design of a dual membrane fuel cell
for the development of a next generation of reversible cell.

2. Experimental
The new component which ensures the advantages of the dmFC
is the water chamber, named Central Membrane (CM). It is a
principally new component of the fuel cell which should ensure
several functions which contradictory initial requirements: on the
one hand the CM should have high mixed ion conductivity, which is
favored by a dense (usually composite) microstructure. On the other
hand it plays a role of a chemical reactor where water is formed or
injected, which needs a porous microstructure. For the optimization
of the microstructure a new design of an experimental half cell
representing the CM was systematically investigated applying a
combination of several experimental techniques: (i) impedance
spectroscopy which should give information about the mixed
conductivity at different temperatures and microstructure; (ii)
microstructural, combined with measurements of gases permeability
in porous membrane. Usually the applied characteristic parameter is
the mean value of porosity which may be obtained applying
different techniques and methods as SEM/EDXS, mercury or
Archimedes porometry, BET. However, samples with one and the
same mean porosity may have different permeability depending on
the geometry and tortuosity [1]. For more accurate characterization
of the microstructure in the last years X-ray micro-tomography with
3D image analysis is applied. Although very precise, the method
cannot be used for running lab optimization experiments since it is
time consuming and expensive and needs synchrotron radiation
[17].
For the performance of the permeability studies simple testing
system was specially designed for measurements of the pressure P
(mm H2O) as a function of the gas flow qflow [ml/min] penetrating
through samples with different porosity. A new characteristic
parameter, named permeability resistance Rp (inversely proportional
to the permeability), was introduced:
(1)
Rp = P / qflow
The testing system ensures measurements of P up to 5000 mm
mm H2O. The permeability measurements were carried out with
different gases: air, H2, O2, N2 and their mixtures. Gas humidity
(3% H2O) was ensured by passing the gas flow through watered
vessel at room temperature. The experiments were carried out on
samples with different porosity, evaluated by mercury porometry.
Similarly to the ohmic resistance, the permeability resistance
has been expressed as:

reactivity of barium cerates towards water vapor decreases at higher
temperatures, it was supposed that at operating temperatures (600800oC) the stability of the material would not present a significant
problem for the performance [20, 21], which was experimentally
confirmed [22]. Thus the selected material was BaCe0.85Y0.15O2.925
(BCY15). For optimization studies of the CM, samples with
diameter about 2 cm and thickness about 1 mm were produced by
cold pressing and sintering at 1300oC. Different porosity (5 – 50 v
%) was obtained by applying different quantities of graphite as pore
former. The conductivity studies of BCY15 were performed by
impedance spectroscopy measurements on symmetrical half-cells
Pt/BCY15porous/Pt in temperature range room - 700oC in both
oxygen and hydrogen with 3 v % water.
For experimental proof of the reversibility in monolithic type
button cells a three layered structure of BCY15: electrolyte/porous
CM/electrolyte (BCY15dense/BCY15porous/ BCY15dense) with
diameter about 22 mm and thickness of 1 to 2 mm was prepared by
single stage cold pressing and sintering at 1300°C for 5 hours. The
porosity of the CM was ensured by applying graphite pore former
for the internal CM layer. The button cell was fabricated by
deposition of platinum electrodes. The electrochemical
measurements were performed in oxygen on the cathode side and
nitrogen/hydrogen blend on the anode side. In electrolyzer mode the
water produced in the CM was used.
The impedance measurements were performed on IVIUM CompactStat e10030 in the frequency range 1 МHz – 0,01Hz and
temperature interval 100oC - 800oC. The amplitude of the AC signal
varied in the range 200 – 10 mV, depending on the resistance which
decreases with the temperature.

3. Results and discussion
BCY15 is a good proton conductor [18, 19]. Under humidified
hydrogen atmosphere protonic defects are formed by dissociative
absorption of water in the presence of oxygen vacancies. Water
vapor dissociates into a hydroxide ion which fills an oxide-ion
vacancy, and a proton that forms a covalent bond with lattice
oxygen, i.e. two proton defects are created stoichiometrically:
2OH • ↔ H 2O( g ) + VO•• + OOx

(3)

However, the presence of oxide-ion vacancies could be
regarded as a precondition for oxide ion conductivity. There is some
information about observed dual ionic conductivity in the system
BaCe1-xYxO3 at higher substitution levels. No data for BCY15 were
found. Our preliminary impedance measurements of BCY15 in
hydrogen and oxygen showed high proton and oxide ion
conductivity at fuel cell operating temperatures. The result opened a
pathway towards the development of the new “monolithic”
generation of dmFC [15]. However, the utilization of this finding
needs a methodological survey for optimization of the CM
conductivity and permittivity in order to obtain an optimized in
respect to the water formation/evacuation microstructure. For this
purpose impedance measurements in dual atmosphere were
performed on BCY15 samples with different porosity (Table 1).
Table 1. Central membrane samples

Sample No
1
2
3
4

Rp = ρ p hs
,
(2)
where “s” is the sample’s surface and “h” is its thickness.
Studies on barium cerate based materials have proved their high
proton conductivity as a result of a loosely packed structure,
combined with high basicity which decreases the chemical stability
in acidic gases [18, 19]. In addition the dual membrane cell is
developed to work with hydrogen fuel, which bypasses the
problems arising from the presence of acidic gases [20]. Since the

Porosity [v %]
9
27
35
47

SEM images of their microstructure are presented in Fig. 1. The
samples have homogeneous porous structure with mean diameter of
about 2 µm with the exception of sample 1 which has higher density
and bigger grain size (Fig. 1).
The impedance measurements of the samples in oxygen and
hydrogen gave information about the samples resistance as a
function of the temperature (Figs. 2, 3) which was used for the
building of the Arrhenius plots (Figs. 4, 5), compared for every
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atmosphere. The obtained results show that BCY15 has good mixed
ion conductivity at operating temperatures (about 700oC).
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Fig. 4 Arrhenius plots for the CM samples measured in oxygen: Sample 4
(◊); Sample 2 (▲); Sample 1 (□); Sample 3 (●)
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Fig. 1 SEM images of central membrane samples with different porosity
(given in Table 1)
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Fig. 5 Arrhenius plots for the CM samples measured in humidified
hydrogen: Sample 4 (◊); Sample 2 (▲); Sample 1 (□); Sample 3 (●)
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This result is very important, since it shows that the CM may
have higher porosity combined with good conductivity, which in
respect to the oxide ions is even higher than that of the standard
oxide ion conductors.
For the evaluation of the porosity permeability, measurements
with different gases were performed. A strong correlation was
registered between the gas permeability and its molecular weight:
the higher the molecular weight, the bigger the permeability
resistance (Figs.6, 7). A linear dependence was observed for the
investigated gases and their mixtures which may be used for
prediction of the different gas mixtures permeability, which is very
important for the usually applied N2/H2 blend at the anode side of
the standard fuel cell (Fig.7).

Fig. 2 Impedance diagram of Sample 2 in oxygen

Proton conductivity is less sensitive to the microstructure. It is
interesting to note that at about 700oC the conductivities in the two
atmospheres become similar, i.e. relatively independent on the
porosity.
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Fig. 3 Impedance diagram of Sample 2 in hydrogen
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4. Conclusions
The systematic studies of the central membrane of monolithic
dual membrane fuel cell which provides for separate
formation/evacuation of water showed that 30-35% porosity could
ensure an optimal microstructure in respect to conductivity, gas
permeability and mechanical stability. The first tests of laboratory
cells show promising performance with excellent reversibility
which is encouraging for further development of the innovative
reversible fuel cell design on higher technology readiness levels.
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5. References
Fig. 7 Permeability resistance as a function of the gas molecular weight
for Sample 4 (●) and sample 1 (▲)

The analysis of the obtained results shows that for the
development of monolithic type dmFC a CM with porosity in the
range 30-35% could ensure optimal conductivity, permeability and
mechanical stability.
Fig. 8 presents the porous microstructure of the CM in contact
with the dense electrolyte.

Fig. 8 SEM image of porous Central Membrane and dense electrolyte,
both from BCY15

The first experiments on button cells with Pt electrodes show
very promising results in reversible mode. The switch from fuel cell
to electrolyzer mode demonstrates instantaneous reversibility. The
volt-ampere curves illustrate better performance of the cell in
electrolyzer mode (Fig. 9).
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Fig. 9 Volt-ampere characteristics of button cell measured in fuel cell
and in electrolyzer mode at 700oC
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Abstract: The design of electronic integrated circuits (ICs) can be achieved at many different levels from the most detailed layout
to the most abstract architectures. This survey presents an overview of recent advances in CAD tools for analog and mixed-signal ICs. Due
to the increasing levels of integration available in silicon technology and the growing requirement for digital systems to communicate with
the continuous-valued external world, there is a growing need for CAD tools that increase the design productivity and improve the quality of
analog ICs. In today’s market, there are plenty of CAD tools, however, most of them are expensive and require high performance platforms.
Selecting an appropriate CAD tool for academic use is considered as one of the key challenges in teaching Microelectronics design. In this
paper, number of open-source and freeware CAD tools are presented and evaluated. Based on the objectives of the user, this paper furnishes
guidelines that help in selecting the most appropriate open-source and freeware CAD tool for teaching. The paper describes the motivation
and evolution of these tools and outlines progress on the various design problems involved: simulation and modeling, synthesis and
optimization, layout generation and tests.
Keywords: VLSI, CAD Tools, LASI 7, LTSpice

1. Introduction
The microelectronics market are characterized with constantly
increasing level of integration complexity, now featuring
multimillion transistor ICs. In recent years, complete systems that
previously occupied one or more boards have been integrated on a
one single chip. Examples of such systems on a chip (SoC) are the
single-chip TV or the single-chip camera or new generations of
integrated telecommunication systems that include analog, digital,
and eventually radio-frequency (RF) sections on one chip. The
technology of choice for these systems is of course CMOS, because
of the good digital scaling, but also BiCMOS is used when needed
for the analog or RF circuits. Although most functions in such
integrated systems are implemented with digital or digital signal
processing (DSP) circuitry, the analog circuits needed at the
interface between the electronic system and the “real” world are
also being integrated on the same die for reasons of cost and
performance[1].
The greatest challenge in modern Very Large Scale Integration
(VLSI) design is to manage system complexity. Modern SoC
designs combine memories, processors and high-speed I/O
interfaces on a single chip. The implementation must be divided
among large teams of engineers and each engineer must be highly
productive. Design proceeds through multiple levels of abstraction,
hiding details until they become necessary. The practice of
structured design, which is also used in large software projects, uses
the principles of hierarchy, regularity, modularity, and locality to
manage the complexity [2].
Based on the typical VLSI design work flow, a good VLSI
CAD tool must support the following basic features: logical design,
circuit schematic design, layout generation, and design check. In
today’s market, most VLSI CAD tools are based on Unix or Linux
platforms. Only few of them have the ability to run in Windows or
run independently of certain emulation/simulation software. The
choice of the CAD tools is very critical and concerns the users more
and more. Also for educational purposes, an intensive CAD tool is
fairly useful for the students to understand the design and concepts
of VLSI [3]. In this paper, two open-source VLSI CAD tools base
on Windows are presented.
LASI 7 (LAyout System for Individuals) is a "general purpose"
layout and design system originally intended for integrated circuits.
It is versatile enough that it can be used for ICs, MEMS, discrete
devices, schematics, PC boards and project documentation drawings
[9]. LTspice is a high performance SPICE simulator, schematic
capture and waveform viewer with enhancements and models for
easing the simulation of switching regulators [10].

In this work will be overviewed the integrated circuit design
and the basic structures, principles and work of LASI7 and
LTSpice.

2. Microelectronic Circuits and systems Design
Microelectronic circuit design layout involves the process of
creating an accurate physical representation of an engineering
drawing (netlist) that conforms to restrictions that are imposed by
the manufacturing process, the design flow, and the performance
requirements [4]. Fig. 1. [5] Shows the basic structure of ICs design
process.
The major stages in the design process are as follows:

Fig1. Microsystem Design Process
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1) Specifications and expected performance: This is typically
the product conceptualization stage, where the specifications for a
design are gathered and the overall product concept is developed.
Careful checking of the specifications is crucial for the later success
of the product in its application context. Mathematical tools such as
Matlab/Simulink are often used at this stage. This stage also
includes setting project management goals such as final product
cost and time-to-market, project planning, and tracking.
2) Circuit topology: This is the first stage of the actual design,
where the overall architecture of the system is designed and
partitioned. Hardware and software parts are defined and both are
specified in appropriate languages. The hardware components are
described at the behavioral level, and, in addition, the interfaces
have to be specified. This stage includes decisions about
implementation issues, such as package selection, choice of the
target technology, and general test strategy.
3) Sizing and Biasing: This stage is the high-level
decomposition of the hardware part into an architecture consisting
of functional blocks required to realize the specified behavioral
description. This includes the partitioning between analog and
digital blocks. The specifications of the various blocks that compose
the design are defined, and all blocks are described in an
appropriate hardware description language. The high-level
architecture is then verified against the specifications using
behavioral mixed-mode simulations.
4) Schematic capture: For the analog blocks, this is the detailed
implementation of the different blocks for the given specifications
and in the selected technology process, resulting in a fully sized
device-level circuit schematic. The stage encompasses both a
selection of the proper circuit topology and a dedicated sizing of the
circuit parameters. Throughout this process, more complex analog
blocks will be further decomposed into a set of subblocks.
Manufacturability considerations (tolerances and mismatches) are
taken into account in order to guarantee a high yield and/or
robustness. The resulting circuit design is then verified against the
specifications using SPICE-type circuit simulations.

3. VLSI CAD Tools
As its mention before in today’s market there is a lot of
software tools for creating and testing of Microelectronic circuits
and systems. Some of the most popular are Cadance - electronic
design automation (EDA) software and engineering services
company, founded in 1988 by the merger of SDA Systems and
ECAD, Inc. For years it had been the largest company in the EDA
industry producing software for designing chips and printed circuit
boards [11]. Tanner - EDA provides of a complete line of software
solutions for the design, layout and verification of analog and
mixed-signal (A/MS) ICs and MEMS [12]. Verilog - hardware
description language (HDL) used to model electronic systems.
Verilog HDL is most commonly used in the design, verification,
and implementation of digital logic chips at the register-transfer
level of abstraction. It is also used in the verification of analog and
mixed-signal circuits [13]. All of this software programs are
licensed and Linux based. For educational purposes is better to use
a free licensed and Windows based CAD tools such as LASI 7 and
LTSpice [8].
LASI 7: LASI is shortening for Layout System for Individuals.
LASI is a PC-based CAD program used for design of the physical
layout of integrated circuits. LASI is used to create and arrange
polygons which correspond to the regions (i.e., drain, metal
interconnect, etc.) that compose each device (i.e., MOST, resistor,
etc.) in IC. LASI is basically a two-dimensional drawing program.
The drawing created is called a layout [6].
The program window (fig. 2.) is organized in the following manner:
(i) Program commands along the top: these provide system
functions like "save", "help", "sys", etc. or functions that control the
view of the layout, (ii) Drawing commands (or buttons) on the right:
for creating and editing the patterns, (iii) Program information along
the bottom, (iv) Drawing area in the centre.

5) Physical layout: This stage is the translation of the electrical
schematic of the different analog blocks into a geometrical
representation in the form of a multilayer layout. This stage
involves area optimization to generate layouts that occupy a
minimum amount of chip real-estate. The layout is followed by
extraction of layout parasitics and detailed circuit- level simulations
of the extracted circuit in order to ensure that the performance
characteristics do not deviate on account of layout parasitics.
6) Layout vs Schematic: The generation of the system-level
layout of an IC not only includes system-level block place and
route, but also power-grid routing. Crosstalk and substrate coupling
analysis are important in mixed-signal ICs, and proper measures
such as shielding or guarding must also be included. Also, the
proper test structures are inserted to make the IC testable.
Interconnect parasitics are extracted and detailed verification (e.g.,
timing analysis) is performed. Finally, the system is verified by
cosimulating the hardware part with the embedded software.
7) Fabrication and Testing: This is the processing stage where
the masks are generated and the ICs fabricated. Testing is
performed during and after fabrication in order to reject defective
devices.
Note that any of the many simulation and verification stages
throughout this design cycle may detect potential problems with the
design failing to meet the target requirements. In that case,
backtracking or redesign will be needed, as indicated by the upward
arrows of Fig. 1.

Fig2. Organization of LASI 7

The construction of a circuit layout is done through a hierarchy of
cells. Designers create a number of cells and each cell is assigned a
rank between 1 and 15. One cell can contain other cells of lower
rank, but cannot contain cells of equal or higher rank. For example,
suppose that the goal is to construct OP AMP. One way to proceed
would be to start by defining two rank 1 cells: a PMOS and an
NMOS transistor. Then you could define a rank 2 cell – a current
mirror that would be built up using the PMOS and NMOS transistor
cells. The next logical progression would be a rank 3 cell, an OP
AMP that would be built up of a collection of rank 1 & 2 cells. The
basic idea is to construct a set of building blocks that can be used
over and over again in the process of putting together the circuit.
This is how digital designers are able to build such huge ICs.
Each of the fab processes has design rules that go along with it. The
design rules specify the minimum that can be used for some of the
features or the minimum separations between features and is
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designated by the Greek letter “λ”. For instance, in the MOSIS
process, the minimum width of a polysilicon line (and hence the
minimum drawn gate length) is 2λ.
Creating an NMOS cells with LASI
1) When LASI is started the program will present a dialog
window where can be named a new cell or open an existing one.
Since NMOS transistor will be drawn, the cell will be named
"nMOS_4_8x1_6" (transistor has a W/L ratio of 4.8μm/1.6μm) and
set the rank to 1, then set the λ to be 0.8μm.
2) Now will be defined the source and drain regions. Select the
Layr command on Menu 1, and from the layer table check the
active layer ACTV and hit OK. The n+ active region is drown in the
drawing area. Usually, the patterns will be in the form of
rectangular boxes. The ACTV layer should be green in color and
with size of 14.4μm (18λ) on x-dimension and 4.8μm (4λ) on ydimension, fig.3 A).
3) Now will be define the gate for the NMOS. Again, select the
Layr command, but this time choose POL1 from the layer table.
(Poly stands for polysilicon, which is the material that modern
MOSFETs use for the gate). The POL1 patterns region can have a
minimum dimension of 2λ as its mention before meaning that the
minimum drawn gate length L for the transistors will be 2λ. Also,
the poly gate must overlap the sides of the active region by at least
2λ and must be at least 3λ from ends of the active region. Here
make the gate a narrow vertical strip centered in the active region,
with the narrow dimension of L= 2λ = 1.6 mm, the POL1 layer is
red in color, fig.3 B).
4) Next will be define the active layer to be n+ not p+.
Choosing Layr and pick the n-select layer NSEL. Then Add the
NSEL box around the outside of the active region, spaced at a
distance of 2λ everywhere. The NSEL layer in unfilled green
pattern. The select region must overlap the active region by ≥ 2λ,
fig.3 C).
5) Now will be define contact regions. The first thing to do is to
cut contact holes through the oxide that covers the source, drain,
and gate. Selecting the Layr command, and this time choose the
contact layer CONT from the pop-up menu. Drawing the contact
holes within the source and drain regions on each side of the gate,
and one contact hole below the gate by 1λ, as shown. The contact
holes must be exactly 2λ x 2λ.The CONT regions are solid yellow,
fig.3 D).
6) Next will be added metal over the contact holes. Using the
Layr command and choose the metal 1 layer MET1 from the layer
table. Then draw metal 1 over the gate, drain, and source contacts.
Metal 1 should completely overlap the contact holes by at least 1λ
on each side. The minimum width of a metal line is 3λ and there
must be at least 3λ of separation between metal lines. The metal 1 is
cross-hatched blue in color, fig.3 E).
7) Now will be added a body contact (i.e., the substrate
terminal) for the NMOST. In order to make a good electrical
contact to the p-type substrate, first will be create a small p+ region
into the substrate. We use the p-select layer PSEL to tell LASI that
the active region will be p+. And then the following is done:
Layr -> ACTV, Add the active region shown to the left of the nselect region.
Layr -> PSEL, Add the p-select region around the active region.
The PSEL is a yellow open rectangle.
Layr -> CONT, Add the contact for the body connection.
Layr -> MET1, Add, the metal 1 region over the contact.
The body contacts must follow the same design rules as the
contacts to the active regions. Note that is possible to butt the PSEL
region up against the NSEL region, as long as the active regions
enclosed by each are at least 4λ apart, Fig.3 F).
At this point, the cell is done, and it can be saved.
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A)
B)

C)

E)

D)

F)

Fig3. Steps of creating an NMOS Transistor

The last thing to do before the cell is to be finally done is to do a
design rule check (DRC). Any good layout program will have a
DRC feature that will go through and check the cell layout to make
sure that all of the dimensions, separations, and overlaps meet the
tolerances specified by the fabrication process. LASI has a built-in
utility called LasiDrc shown on fig.4, which checks against the rules
in the file Mosis.drc.

Fig4. Setup window of LasiDRC

LTSpice: Spice is used extensively in education and research to
simulate analog circuits. This powerful tool can help to avoid
assembling circuits which have very little hope of operating in
practice through prior computer simulation. The circuits are
described using a simple circuit description language which is
composed of components with terminals attached to particular
nodes. These groups of components attached to nodes are called
netlists [7].
A Spice netlist is usually organized into different parts. The very
first line is ignored by the Spice simulator and becomes the title of
the simulation. The rest of the lines can be somewhat scattered
assuming the correct conventions are used. For commands, each
line must start with a ‘.’ (Period). For components, each line must
start with a letter which represents the component type (eg. ‘M’ for
MOSFET). When a command or component description is
continued on multiple lines, a ‘+’ (plus) begins each following line
so that Spice knows it belongs to whatever is on the previous line.

Any line to be ignored is either left blank, or starts with a ‘*’
(asterik).
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Spice Simulation 1-1
*** MODEL Descriptions ***
.model nm nMOS_4_8x1_6 level=2 VT0=0.7
KP=80e-6 LAMBDA=0.01
*** NETLIST Description ***
M1 vdd ng 0 0 nm W=4.8u L=1.6u
R1 in ng 50
Vdd vdd 0 5
Vin in 0 2.5
*** SIMULATION Commands ***
.dc Vdd 0 10 0.2 Vin 1 5 1
.end
In fig. 5 is shown the schematic of the transistor connected with
resistor and supply voltage among with the A/V output
characteristic.

Fig5. Schematic and A/V output characteristic

4. Conclusions
VLSI design has become an important course at most of the
electrical and computer engineering programs. However, buying
licenses for commercial VLSI CAD is usually costly and requires
high performance workstations which many academic institutes
may not be able to afford. This paper provided some insight on
some of the most popular open-source CAD tools that can be used
in the academic field.
In this work was present shot overview of the basics steps of
Integrated circuit design process. It was done layout design of
integrated transistor using free based CAD tool LASI 7. It was
created a Net list of the transistor and it was made simulations using
LTSpice simulation tool.
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DIMENSION CHANGES OF IRON POWDER MATERIALS
ALLOY WITH PHOSPHORUS DEPENDING ON
THE PROCESS PARAMETERS DURING SINTERING
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Abstract: As a result of sintering the powder workpieces large part of the separated free energy leads to higher density of sintered body.
This in turn is accompanied by a change in linear dimensions of workpieces. These linear changes in addition to the alloying elements in
iron matrices largely depend on the technological parameters of the sintering process - temperature, duration, protective atmosphere and
others. This study monitored the impact of the type of protective atmosphere and duration of sintering on the size change of powder
workpieces of iron powder ASC 100.29 alloyed 0,15 ÷ 0,60% P. Sintering is conducted at 1150ºC a duration of 15 ÷ 90min in two protective
environments - endothermic gas and dissociated ammonia. Presented are graphical relationships of the relative change in the diametric
dimensions of the workpieces in dependence on the concentration of phosphorus in them, the type of the protective atmosphere and the
duration of sintering.
KEYWORDS: POWDER METALLURGY; ENDOTHERMIC GAS; DISSOCIATED AMMONIA IRON POWDERS ASC 100.29;
FERROPHOSPHORUS.

1. Introduction
The powder metallurgy process, which is composed of three
main steps - mixing the starting powders, pressing them into the
desired shape and subsequently sintering. [1,3,12,13,14]
Sintering is a thermal treatment leading to thickening of free
bulk or pressed powder mass. In essence it is a series of physical
processes providing more or less fill the pores. In the singlecomponent systems of technological temperature sintering
constituted 2/3 ÷ 4/5 of their melting temperature, and multicomponent systems are sintered at equal to or slightly higher than
the melting temperature of the fusible component at [5.7].
The role of sintering in the making of the final product is
different. In the production of highly porous powder products filters, or in cases where at the final product is not brought great
demands on the final set of mechanical properties, sintering is the
final operation. In some cases in order to increase density, strength
and plasticity of sintered products may need to be re-pressing and
sintering secondary [3,4,13]. In practice occurs combined thermomechanical treatment - hot forging or hot pressing, and grading has
already won products in order to reduce the size tolerances. Ironcopper details or tungsten-copper contacts sealing can be carried out
by infiltration of pressed or pre-sintered skeletons of low-melting
substances [2.4].
To prevent undesirable oxidation during sintering in industrial
furnaces fed restorative or protective gas, and in some cases
creating a vacuum.
As a result of caking of powder preparations large part of the
separated free energy leads to higher density of sintered workpiece.
Driving a spontaneous ongoing process is the difference in free
energies of the initial and final state of the substance. The specific
ways of reducing these differences consist in a significant reduction
of external (surface of the workpieces, open pores) and inner
surfaces (closed porosity, grain boundary), and also eliminate the
defects in the structure and equilibrium conditions of the system. In
the sintering, depending on the nature and state of the system in the
powder mass moves a large volume of material, wherein the
displacement can be used a number of migration mechanisms [1,2].
Final theory about the processes occurring in sintering at this
stage does not exist. There are many unknowns in physical laws
describing the process of sintering as a whole and helps to predict to
some extent the properties of the sintered materials. In real
conditions of sintering run multiple partial processes that depend on
each other many cumulative factors - temperature, time, protective
atmosphere and others. For example, the combination of surface
and boundary diffusion can evolve kineticheski to volume diffusion.
In the process of sintering it is possible, and the progress of a
number of partial phenomena that are not accompanied by a
thickening of the parts.
Analysis of the processes in the kinetic compaction in sintering
under the law of the generalized diffusion during this stage does not
give satisfactory results. Different authors believe that the main
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reason for the change in time of the voids in sinter bodies are the
size of grains and grain sub, viscosity and reducing the overall
concentration of defects. Entered on this basis equations of delay,
however, are practically less applicable.
Powder bodies before sintering have generally significant
porosity. During the sintering frequently occurs contraction of the
pore volume which increases the density of sintering fixtures.
In the most general case of sintering process takes place in
three stages.
Heating the sintering samples in the initial stage - 100 ÷
150˚C, is accompanied by an increase in volume, as occurs the
separation of water vapor, gas, vapor or burning grease relaxation
of tensions and the like, to reduce flows the total area of contact
between the particles.
With increasing temperature to values 0,4 ÷ 0,5 of the melting
ends relaxation of tensions, but continued degassing and burning
grease and binders and oxide wafers are recovered. As a result of
all this non-metallic contacts are replaced with metal and their area
is growing. The electrical conductivity of the briquettes increased
sharply. At this stage, the occurrence of contact between the partial
depends not only on the presence of a partial oxide wafers, but by
the mutual arrangement of the particles, the presence of external
load and other factors.
The final stage of sintering is carried out at temperatures in the
range of 0,7 ÷ 0,9 of the melting temperature of the powder. When
it is already complete recovery of the oxide, the contact between
particles is fully metallic and run all the basic processes
accompanying the heating of: flattening the surface of the
particles, spheroidization and koalistsentsiya pore recrystallization
and primarily strengthening.
In most instances the process is characterized by the sintering
shrinkage the output blanks. For samples molded under high
pressure - holding large output density, contraction occurs less in
absolute value is less in comparison with the samples pressed at
low pressures [13]. The peculiarity of the particulate blanks
contraction occurs in that in the event of a subsequent rise in
temperature after prolonged isothermal sintering, when the
shrinkage is almost stopped, its velocity increases again. The
shrinkage in sintering is associated with volume deformation of
the particles obtained by volume self-diffusion. Accordingly, the
coefficient of self-diffusion change over time, as a result reducing
the initial high concentration of defects in the crystal lattice [2].
The change in the values of shrinkage on sintering at a
constant temperature is a result of the stabilization of the crystal
structures and increase the density of the sintering workpieces,
which is accompanied by an increase in the viscosity and
influences the kinetics of compacted. The influence of the defects
on the process of sintering refers to structural factors, but the
influence of the compaction (increasing the density of the porous
workpiece, reduces deformations under the action of the same
capillary forces increase on account of the contact area) - to
geometrical factors [1,3].

under an atmosphere of dissociated ammonia

Based on all that the purpose of this study is to trace the
impact of technological parameters of the sintering process duration of sintering and type of protective atmosphere on the
amount change of iron powder blanks alloyed with phosphorus.

t,
min

2. Experimental part
Research are subjected cylindrical specimens with a diameter of
10mm and a length of 50mm. Made of water atomized iron powder
ASC 100.29 production company "Höganäs" - Sweden. At present it
is the highest quality iron powder produced by the company
"Höganäs". It is characterized by very high purity. It has excellent
compressibility, which results from the fact that the particles are
nearly spherical.
This allows after a single pressing to achieve a density in the
range 7,2 ÷ 7,3g / cm3 [8]. Particularly suitable are those powders in
the production of structural articles with high density, as well as for
products with specific magnetic characteristics.
To the iron powder was added 0,15 ÷ 0,60% phosphorus and
0,8% lubricant "Kenolube", after which the components of the batch
are mixed for 30min in a non-metallic hopper of the mixer with
intersecting axes of rotation.
The samples are pressed once struggled 600MRa [13].
Sintering is conducted in a horizontal muffle furnace with a
ceramic pipe „Сarbolitte“ in protective atmospheres of endogaz and
dissociated ammonia - Table №1.

15
30
45
60
75
90

Relative change in the size of preparations,%
0%Р
-0,02
-0,04
-0,06
-0,09
-0,13
-0,14

0,15%Р
-0,04
-0,06
-0,08
-0,11
-0,14
-0,15

0,30%Р
-0,08
-0,10
-0,12
-0,14
-0,16
-0,17

0,45%Р
-0,24
-0,27
-0,29
-0,31
-0,32
-0,32

0,60%Р
-0,60
-0,73
-0,81
-0,87
-0,92
-0,95

The graphical interpretation of the relative change in the
straight-line dimensions of the samples at time of sintering
15÷90min is shown in Figure 1 ÷ 6.

Table №1. Composition of protective atmospheres
Type of
atmosphere
Dissociated
ammonia
Endothermic
gas

Chemical composition, %
H2O
CO
CO2

H2

N

CH4

75

25

0,5

-

-

-

40

40

-

18

1,0

1,0

Fig.1. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 15min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

From previous studies [10,11] has been shown that the most
suitable temperature for the sintering of samples from the test system
is 1150ºС. For this sintering of the samples was conducted at this
temperature for 15÷90min. controlling the velocity of the incoming
gas and its dew point.
To prevent oxidation of specimens in the course of sintering they
were placed in sealed containers with a backfill of a mixture
according to 1 [9]:
75%Al2O3 + 15%FeMn + 10%C

(1)

Density of the samples after sintering is determined by the
weight method - 7,20g / cm3, according to a methodology
developed in [2].
To determine the influence of the duration of sintering on the
dimensional changes of the samples in the process of sintering each
15min from the furnace are taken out on 5 samples of which were
measured diameters in two mutually perpendicular directions and
defined the relative change in dimensions to those of the starting
workpieces.
The results for the samples sintered in an environment of about
endogaz presented in Table №2, but these sintered in a dissociated
ammonia atmosphere of Table №3.

Fig.2. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 30min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

Table №2 Linear changes in sintering
in an environment of endogaz

t,
min
15
30
45
60
75
90

Relative change in the size of preparations, %
0%Р
-0,01
-0,02
-0,03
-0,04
-0,05
-0,05

0,15%Р
-0,02
-0,03
-0,04
-0,05
-0,07
-0,07

0,30%Р
-0,04
-0,05
-0,06
-0,08
-0,09
-0,10

0,45%Р
-0,13
-0,17
-0,19
-0,20
-0,21
-0,21

0,60%Р
-0,28
-0,37
-0,41
-0,45
-0,49
-0,53

Fig.3. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 45min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

Table №3 Linear changes in sintering
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and can reach values 0,55÷0,95% depending on the type of the
protective atmosphere.
This change in size can be explained by the phase equilibrium
diagrame iron-phosphorus - fig.7.

Fig.4. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 60min in a medium by:
1 - endogaz; 2 - dissociated ammonia.
Fig.7. Phase equilibrium diagrame iron-phosphorus [14].

It is seen that phosphorus is an element which greatly narrows
the austenitic zone. When the temperature of sintering - 1150ºC
pure austenitic zone only we have a concentration of phosphorus in
the samples 0,15%. Above a concentration of 0,45% P at the
temperature of sintering iron matrix is pure ferrite. Since the rate of
diffusion in the ferritic steel is significantly greater than that in the
austenitic region, it at the same sintering temperature diffusion
processes occur in intensive in ferritic zones above 0,45% P. This
leads to considerably reduce the volume porosity in the details, and
hence the change in their linear dimensions. At a concentration of
phosphorus 0,15 ÷ 0,45% at the temperature of sintering the
samples are located in the two-phase austenitic-ferritic region, and
therefore the change of the linear dimensions of the workpieces is
not so pronounced as in those sintered in pure ferritic area of the
diagram.
With increasing duration of sintering from 15 to 90min creating
conditions except to reduce the total volume porosity of workpieces
for smoothing and pore spheroidization. This in turn leads to a
further contraction of the tested samples. Regardless of the
concentration of phosphorus therein and the type of protective
atmosphere to increase the duration of sintering the relative values
of dimensional change increased 1,5 ÷ 2,0 times.
From the literature it is known that during sintering in
recreational environments is achieved a higher density of samples
[1,3,9]. The activity of restorative environments depends mainly on
the amount of hydrogen in them. It was with a large amount of
hydrogen in the protective atmosphere of dissociated ammonia 75% is explained by intense change in linear dimensions of
samples. It is two times greater than the contraction seen in the
other conditions being equal, after sintering in an environment of
endogaz wherein the hydrogen concentration is approximately 2
times smaller - 40%.

Fig.5. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 75min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

3. Conclusions

Fig.6. Relative dimensional changes in the diameters of the workpieces
after sintering at 1150ºC for 90min in a medium by:
1 - endogaz; 2 - dissociated ammonia.

From the obtained experimental results it can be seen that the
addition of phosphorus in the iron matrix leads to shrinking
dimensions of the samples in all investigated durations of sintering.
The graph shows that the process of change in the size of the blanks
takes place in three stages conditionally. In the first stage when
phosphorus in the iron matrix is of the order of 0,15% registered
dimensional changes are minor and can be ignored. Reproving
contraction was observed in the samples having a phosphorus
concentration of 0,15 ÷ 0,45% and it is in the range of 0,1 ÷ 0,3%.
When increasing the concentration of phosphorus over 0,45%
shrinkage of the dimensions of the starting workpieces is intensified
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Of the examination and received at the results they can draw the
following important conclusions:
 It is confirmed that addition of phosphorus in the iron
matrix of particulate materials is accompanied by a change of the
dimensions of the starting preparations after sintering;
 It was found that the change in the size of blanks is directly
dependent on the phase composition of the samples. At
concentrations up to 0.15% P in sintering temperature alloys are in
austinitnata area of the diagram iron-phosphorus and relative
change in size is negligible and can be ignored. The most
significant change in size in samples containing 0,45÷0,60% P.
These alloys at sintering temperature are present in the ferrite zone
where diffusion processes are significantly more intense;

 It confirmed that with increasing duration of sintering from
15 to 90min occurs further contraction of the samples, which is a
consequence of both the reduction in the total volume porosity and
by smoothing and spheroidization pore;
 Was confirmed that sintering in a more intense flow
diffusion processes in a protective atmosphere containing a larger
amount of hydrogen.
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Abstract: The purpose of the present paper is to evaluate the geometric accuracy and surface roughness of polymeric samples
manufactured by Digital Light Projection (DLP) Stereolithography. The standard cubic samples with dimensions 5 mm х 5 mm х 5 mm were
printed of two polymers: NextDent C+B (white-yellowish color A3.5, VITA shade guide) and NextDent Cast (dark-red color), in two ways of
placement to the base – horizontally and inclined at 45о. The samples were printed with two different layer’s thickness – 35 µm and 50 µm. It
was established that the samples of both polymers, manufactured in horizontal position with the lower layer’s thickness (35 µm) possess
highest dimensional accuracy and lowest interval of deviation. The most accurate are the dimesons parallel to the basis, while these, parallel
or inclined to the print direction, have the highest deviations. The interval of the deviations of the dimensions of samples, manufactured
inclined at 45o, is nearly 2-3 times higher, as the interval of the samples, made of NextDent Cast, is more than 50% higher than that of
NextDent C+B. The horizontally printed samples have 1.5-2 times lower surface roughness compared to the samples, printed inclined at 45o.
The surface roughness of the samples, made of NextDent Cast, is 30-50% higher than that of NextDent C+B independently of the layer’s
thickness. The increase of the thickness from 35 µm to 50 µm leads to 1.5-2 times higher surface roughness in the two samples’ positions.
The optical properties of both polymers in the research strongly influence the geometric characteristics, dimensional accuracy and surface
roughness of the objects, manufactured by DLP stereolithography.
Keywords: 3D-PRINTING, STEREOLITHOGRAPHY, DIMENSIONAL ACCURACY, SURFACE ROUGHNESS
different parameters of the processing regimes and the type of the
resin over the accuracy of the final constructions.

1. Introduction
The implementation of the Additive Technologies (AT) in the
prosthetic dentistry is rapidly growing up during recent years [1,2].
They are mainly applied for fabrication of surgical guides in the
field of implantology, frameworks of fixed and removable partial
dentures, wax and cast patterns for different prosthetic
constructions, zirconium, maxillofacial and complete prostheses [3].
The models, manufactured through AT, are very useful in treatment
planning and constructing of dentures in Prosthodontics and they
also save a lot of chair time to the patients. [4]. The most frequently
used additive technologies in the dental medicine are:
stereolithography, fused deposition modeling, selective electron
beam melting, selective laser sintering /selective laser melting and
inkjet-based printing [3,5].
During the process of stereolithography a concentrated beam of
UV light focuses over the surface of a reservoir full of liquid
photopolymer. The light beam draws the object over the surface of
the liquid. Thus a layer of the monomer polymerises or cures at
each determinate time period. The object is being built up layer by
layer until the final shape is obtained [3,5].
Initially the stereolithography is implemented for fabrication of
physical models of the human anatomy, for planning of surgery
procedures and construction of custom implants in the medicine and
dentistry. Now this process is being applied for manufacturing of
denture bases, custom trays, models, including orthodontic models,
surgical guides in implantology, provisional crowns and bridges,
resin patterns for casting of metals and alloys [3,5,6]. The latest
generation printing machines show high accuracy: 25 µm - 29 µm.
The dimensional accuracy of the constructions depends on their
orientation according to the printing direction, the thickness of the
polymerisation layer and the optical properties of the applied resin
[6,7,8].
Stereolithography is the first technology for 3D printing,
developed by C.W. Hull [9]. Since its implementation during 80’s
of the past century this technology has rapid development. 3D
printing machines, based on the new technological processes, are
created constantly. New types of resins are being developed for
each type of printing machine – specific for the definite printer and
with definite application. Because of the big variety of machines
and materials, there is no enough data for the influence of the

The purpose of the present article is to study the geometry and
surface roughness of resin samples, fabricated via Digital Light
Projection (DLP) Stereolithography with different thickness of the
layer

2. Experimental methods
Standard cubic samples with dimensions 5 mm x 5 mm x 5 mm
were fabricated with 3D printer Rapidshape D30, working on the
principle of the DLP Stereolithography. They were printed from
two types of resins: NextDent C+B and NextDent Cast, 5 pieces of
each material (Table 1 and Fig. 1). NextDent C+B is indicated for
production of provisional crowns and bridges and has white-yellow
color A 3.5 according to the Vita shadeguide. NextDent Cast has
dark pink color and is specially developed for manufacturing of cast
patterns. The samples are printed simultaneously in two
dimensional orientations. In the first orientation the edge of the
cubic sample is parallel to the basis, and its diagonal plane is
perpendicular to the basis (inclined position). The second
dimensional position is with wall of the cube parallel to the basis
(horizontal position). As we found out in our precious work [6], that
the dimensions of the printed cubes are larger than that of the virtual
model, the sample objects in the experiment are printed with two
different thicknesses of the layer: 50 µm, recommended by the
producer, and smaller thickness 35 µm. When the printing process
is completed all the samples undergo final photopolymerization
with duration, given by the company.
The geometry of the cubic samples is studied through
measurement of the sides and diagonals (Fig. 2) of three samples of
Table 1. Type of material, thickness of the layer for printing,
final light curing time and number of samples.
Material
Layer thickness, mm
Horizontal position,
number
Tilted position at 45о,
number
Final light curing, min
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NextDent C+B
0.035
0.050

NextDent Cast
0.035
0.050

5

5

5

5

5

5

5

5

30

10

a)

b)

Fig. 1 Process of the samples manufacturing – а) and as-received samples of NextDent C+B polymer – b).

tilted dimensions when the samples are horizontal during printing.
The value of the maximum deviation of the dimensions of cubic
samples, printed in horizontal position and inclined at 45о, is shown
on Fig. 5. Both polymers demonstrate smaller value of the
maximum deviation of the dimensions if the samples are
horizontally positioned (0.100 mm at 50 µm thickness of the layer).
The decreasing of the layer’s thickness up to 35 µm lowers the
dimensional maximum deviation to 0.060 mm for NextDent C+B
and to 0.080 mm for NextDent Cast. The interval of variation of the
deviations decreases also. The group of samples, printed with
inclination, show twice greater interval of dimensional deviations.
The maximum deviations are also higher: between 0.140-0.300 mm
at 35 µm thickness of the building layer and 0.120-0.200 mm at 50
µm layer. The experimental objects made of NextDent Cast have
greater values of the maximum deviation of the dimensions and
larger interval of their variations, compared to the samples of
NextDent C+B.

a)
b)
Fig. 2 Scheme of measuring of the samples, 3D printed in
horizontal – a) and inclined – b) positions.

each material and each printing position. Over three of the walls of
the samples, orientated in a different way to the printing direction,
surface roughness is studied through measurement of its average
arithmetic deviation Ra via profile-meter Taylor Hobson Surtronik
3.

3. Results and discussion
Accuracy of dimensions
Dimensions of the cubic samples, printed with different
thickness of the layer, are shown at Fig. 3. Those dimensions, which
are horizontally to the basis (along axis X and Y), possess the
highest accuracy – а and b in horizontal position and а and d2 in
tilted position. The dimensions, parallel to the printing direction –
axis Z (с in horizontal placement and d1 in tilted placement), as
well as those with inclination (d1, d2 in horizontal; b, с in tilted
position) have the largest deviation. These results are clearly visible
on Fig. 4, which shows the difference between the dimensions of
printed samples compared to those of the virtual 3D model in %.
The thinner the layer, the greater accuracy of the horizontal and

The present study shows that the highest accuracy and the
lowest interval of dimensional deviation are demonstrated by
samples of both resin materials which are horizontally printed with
35 µm thickness of the single layer. The dimensions with the
highest accuracy are parallel to the basis – axis X and Y. The
greatest deviation is presented by the dimensions parallel or tilted
according to the printing direction - axis Z. The samples,
manufactured with inclination, show almost 2-3 times bigger
interval of dimensional deviation and it is more than 50% higher
among the group of NextDent Cast objects in comparison to those
made of NextDent C+B. These results prove the hypothesis from
our earlier researches [6], that except the position of the object
towards the printing direction [7,8], the optical properties of the
monomer also influence the geometry of the objects, manufactured

Fig. 3 Dimensions of cubic samples, manufactured of NextDent C+B and NextDent Cast with different layer thickness.
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via stereolithography.

different angle by the two monomers. As a result an area outside the

b)

a)

Fig. 4 Difference of the dimensions of 3D printed cubic samples with that of the 3D virtual model.

Horizontal position

Inclined at 45

о

Fig. 5 Maximal deviation of the dimensions of cubic samples printed in two positions toward the basis - horizontal and inclined at 45о.

geometrical borders of the object can be exposed [7], which can
lead to defects and enlargement of the dimensions.

Both of the monomers in the study are not transparent and
possess certain color with comparatively high intensity. This is the
reason the polymerization process to undergo almost completely
within the entire depth of the single layer among the samples with
the smaller thickness of the layer. As a result only small quantity of
the monomer needs additional polymerization which lowers the
internal stresses and increases the accuracy. NextDent Cast is
characterized by darker color than the NextDent C+B. Having in
mind that the time for light exposure, recommended by the
producer, is the same for both materials, it is expected the objects of
NextDent Cast to have larger quantity of residual monomer. On the
other hand, because of the different optical properties, the light rays
not only penetrate of different depth but also are being reflected at

a)

Therefore, the optical properties of the applied monomers have
decisive influence over the characteristics of the geometry and
accuracy of the dimensions of the objects, fabricated via the
technology of stereolithography.
Roughness
The samples in horizontal position have less surface roughness
of their walls in comparison to those objects, printed in inclined
position (Fig. 6). The least roughness is observed at the walls,
situated horizontally to the basis. Their arithmetic mean deviation of
roughness Ra is within and less than 0.5 μm, no matter of the

b)

Fig. 6 The mean arithmetic deviation Ra of the roughness of surfaces of cubes 3D printed of two resins with different layer thickness in
horizontal position – a) and inclined at 45о – b).
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4. Conclusions:
The study of the geometric characteristics and the surface
roughness of samples, manufactured of resins NextDent C+B and
NextDent Cast with different thickness of the building layer via
Digital Light Projection Stereolithography shows that:
• The highest dimensional accuracy and the least interval of
deviation are observed among the samples of both resins, printed in
horizontal position with a layer of 35 µm. Most precise are the
dimensions which are parallel to the basis – axis X and Y, and most
deviating dimensions, those parallel or inclined to the printing
direction - axis Z. The samples, printed with inclination, have
almost 2-3 times bigger interval of dimensional deviation. This
interval is more than 50% greater for the samples of NextDent Cast,
compared to those of NextDent C+B’s samples.

Fig. 7 Samples printed of NextDent Cast with 50 µm layer.

• The samples with horizontal position are characterized by 1.52 times less roughness than the inclined samples. Independently of
the layer’s thickness, the roughness of the samples of NextDent
Cast is 30-50% higher than its value for NextDent C+B. Increasing
of the thickness from 35 µm to 50 µm causes 1.5-2 times greater
roughness of the samples in both printing positions, and it is higher
for the resin NextDent C+B.
The optical properties of the applied monomers influence
decisively the geometric characteristics, the accuracy of the
dimensions and the surface roughness of objects, produced by DLP
stereolithograghy.
Fig. 8 Average Ra values of cubes 3D printed of two resins with
different layer thickness.
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thickness of the layer (Fig. 6-а). The roughness of the vertical walls
is greater than that of the horizontal ones and it increases 1.5-2
times for both of the materials with the enlargement of the layer’s
thickness. Similar values of Ra are obtained for the vertical walls of
the samples, manufactured in tilted position, too (Fig. 6-b). The
walls, situated at 45о angle to the basis, have the highest roughness.
The values of Ra are smaller for the walls which are closer to the
supports, i.e. are being printed in the beginning of the process, and
the values are greatest for walls, printed at the end (Fig. 7). Its
values reach 2.54 μm (NextDent C+B, 35 µm layer) up to 3.04 μm
(NextDent Cast, 50 µm layer). The tendency of increasing of the
roughness with the increase of layer’s thickness is observed clear as
among vertical walls, and among those in inclined position.
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defects and increased roughness.
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