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Use of cold metal transfer technology in the restoration of functional areas
Ján Viňáš1, *, Jakub Brezina1, Ján Hašuľ1
Technical University of Košice, Faculty of Mechanical Engineering, Košice, Slovakia 1
jan.vinas@tuke.sk, jakub.brezina@tuke.sk, jan.hasul@tuke.sk
Abstract: CMT technology provides significant advantages, such as reduced deformation due to high temperatures, high welding speed and
a significant reduction in spatter compared to the MIG/MAG method. The experimental work was focused on verifying the possibility of
renovating the surfaces of molds for high-pressure aluminum casting using CMT technology. A mold wear analysis was performed and a
method of restoring functional surfaces was proposed. Two types of additive materials were used – Thermanit 625 and Thermanit X. The
quality of the layers was evaluated by SEM, EDX microanalysis and the coefficients of friction of the layers were determined by the Ball-ondisc method. The renovation layers were also subjected to an immersion test in Al alloy at 680 °C.
Keywords: CMT, CLADDING, MOLD, IMMERSION TEST, DIE CASTING
The high-pressure die casting process is used to produce parts
mostly from aluminum, magnesium, zinc, and cooper alloys by
injection of the molten metal in the mold cavity. The mold cavity
that are used to produce those parts are constantly exposed to highly
severe conditions, such as high pressure, rapid temperature
fluctuations and erosion from fast moving molten metal [6].

1. Introduction
The CMT (Cold Metal Transfer) welding process uses a shortcircuit arc with a droplet release method at a reduced temperature
compared to conventional MIG/MAG welding. The CMT method is
the result of long-term research and innovation of the conventional
MIG/MAG welding method. Currently, it is used for welding
heterogeneous materials and materials with a thickness of up to 1.5
mm. This technology also makes it possible to minimize the amount
of heat introduced into the weld area and thus significantly reduce
the negative effect of internal stresses, structural changes, and
deformations of welds. An important difference between CMT
welding and MIG/MAG is the overall digital control of the process.
With the controller (or automatically) it is possible to control the
feed of the wire using the feeders. An initial high electrical pulse
creates an arc between the moving electrode - the additive material
and the base material [1,2].

In high-pressure aluminum casting, molten aluminum is
injected into the mold at a temperature of 670 - 710 °C at a speed of
30 - 100 m.s-1. These conditions result in wear of the molds and
significantly reduce the lifetime of the molds. Basic wear
mechanisms of molds and their functional parts include corrosion,
soldering, erosive wear, and thermal fatigue [7]. Corrosion and
soldering are caused by the physical impingement of the incoming
liquid aluminum. Die corrosion in die casting is characterized by
the loss of matrix material from the die surface and is a
metallurgical process. Die soldering can be divided into two
categories: (1) metallurgical die soldering, which is characterized
by a high number of forming cycles and high temperature of the die
surfaces (2) mechanical die soldering, which is characterized by a
low number of load cycles and high melt pressure. The bonded
layer is usually the product of the simultaneous action of
metallurgical and mechanical bonding [8,9]. Thermal fatigue results
from the change in stress caused by alternate heating and cooling of
the die surface during the casting process. Under the combined
effects of these failure mechanisms, the die will crack; fragments
are broken off the die, necessitating die removal and a consequent
increase in process costs. One of the major damage mechanisms
occurring in die casting process, under cyclic thermal loads is the
formation of a network of interconnected cracks [10].

The transfer of metal in an electric arc is included among the
basic characteristics of the electric arc welding method with a
melting electrode [2]. The process is dependent on the welding
parameters, i.e., current, voltage and welding speed. The
composition of the shielding gas, technology, and Filler material
also play an important role. Now when a short arc is created, the
current and voltage are subsequently reduced, and the process takes
place at very low current values. This results in spatter-free metal
transfer. The CMT process consists of the following stages (Fig.1):
arc ignition (a), a subsequent short arc phase, wire ejection using a
feeder (b), wire inversion (c) and arc ignition again (d). The passage
of the material takes place in an almost current-free state [3,4].

The stress cracking, which presents another variant of thermal
fatigue cracks, was clearly marked in areas exposed to local stress
concentrations and can lead to crack initiation in a die casting mold.
Then, these cracks can grow and became, more pronounced driven
by several factor including thermal fatigue, erosion, oxidation,
soldering of the molten metal to the die surface, deformation of die
contact surface and dangerous fracture [11]. The formation of
thermal fatigue cracks may lead to a loss of surface material as
small fragments splinter off from the surface. The main cause of
thermal cracking of die casting dies is high temperature and
pressure gradients. The main causes of thermal cracking include
maximum heating temperature and heating / cooling rate, oxidation,
hardness, and microstructure of the matrix material [12].

Figure 1 Stages of the CMT process

The basic parameters of CMT welding are [4]:
- Feed rate of Filler material
- Welding current

The Fig. 2 shows the degradation mechanism of the mold part the mold insert used for high-pressure aluminum die casting due to
the repetitive cycles of the casting process.

- Welding voltage
- Interval of feed/removal of Filler material
Among the advantages of this method, we can include the
possibility of creating smooth surfaces (does not depend on the
material); flexible method; HAZ in the CMT welding process is
minimized due to the low heat input; high application speeds using
one wire (5kg.h-1). Among the disadvantages of this method, we can
include welding of coarse materials due to low bonding and low
heating of the material, which causes defects and low leakage, as
well as a higher price compared to the MIG/MAG method [4,5].
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Table 3: Mechanical properties of additive materials

Thermanit 625

Yield
strength
[MPa]
420

Tensile
strength
[MPa]
760

Thermanit X

350

600

Mechanical properties

Ductility
[%]
30
40

Weld cladding were made on the equipment shown in Fig. 3.:

Figure 2 Degradation of the mold part

2. Materials and Methods
Uddeholm Dievar tool steel was used as the basic material for
the experiments. This material is mainly used ford molds in highpressure casting of light non-ferrous metals and their alloys. It is a
tool steel alloyed with Cr, Mo, and V. It offers very good resistance
to heat control, rough cracking, hot wear, and plastic deformation.
The material excels in good toughness and ductility, has good
weather resistance, good strength at high temperatures and good
dimensional stability during the heat treatment and coating process.
The chemical composition of the material is given in Tab. 1.
Table 1: The chemical composition of Uddeholm Dievar
Element
C
Si
Mn
Cr
Mo
Weight %

0.38

0.2

0.5

5

2.3

V

Fe

0.6

Res.

Figure 3 Equipment for cladding

To determine the quality of the cladding, non-destructive testing
tests were used, namely visual inspection according to the EN ISO
13018 standard and capillary test according to the EN ISO 23277
standard. The Vickers method according to EN ISO 6507-1 was
used to measure microhardness. The quality of the layers was
evaluated using SEM, EDX microanalysis, and the friction
coefficients of the layers were determined by the Ball-on-disc
method. The renovation layers were also subjected to an Al alloy
immersion test at 680 °C at 120 and 300 minutes. Fig.4 shows the
welding process (left) and the appearance of welds (right).

Experimental work was aimed at verifying the possibility of
renovating the surfaces of molds for high-pressure aluminum
casting with CMT technology. The parameters of CMT technology
are listed in the table 2.
Table 2: Parameters of CMT process

Parameters of CMT process
Current

155 A

Voltage

15.5 V

Velocity

6 m.min-1

Protective atmosphere

Ar 4.8

Corrected arc length

10 %

Burner mode

2-stroke

Inter-caterpillar temperature

70 °C

Current polarity

DC+

Figure 4 Course of cladding (left), samples after welding (right)

3. Results and discussion
Information was obtained on the extent (depth) of damage to
those areas that were in contact with the aluminium melt and those
parts of the mold surface that were outside the zone of contact with
the aluminium melt and were mechanically damaged by the moving
cores. The capillary test confirmed that there were cracks extending
to a depth of 5 mm on the inserts of the fixed and movable part of
the mold around the ejectors of the casting from the mold, (Fig.5).
Several groups of surface and subsurface defects were identified on
the surfaces of the inserts of the fixed and movable parts of the
mold by capillary testing. In the places of contact of the moving
cores with the surface of the inserts there was mainly mechanical
pressing.
On the parts of the surface of the inserts that were in contact
with the aluminium melt there was a discontinuous layer of
separation agent.

An analysis of mold wear was performed and a method of restoring
functional surfaces was proposed. Two types of Filler materials
were used - Thermanit 625 and Thermanit X. The diameter of the
Filler materials was Ø 1.0 mm.
Thermanit 625 – marking according to the standard EN ISO
3581-A (E 18 8 Mn B 2 2) is a welding wire made of nickel alloy.
This material is very resistant to corrosion, heat-resistant at elevated
temperatures. Suitable for joining and surface treatment of materials
with the same characteristics.
Thermanit X – marking according to the standard EN ISO
18274 - S Ni 6625 (NiCr22Mo9Nb) highly alloyed stainless solid
wire. It is used for welding or brazing chrome steels, casting, and
heat-resistant austenitic steels.
The mechanical properties of the used Filler materials are in
Tab. 3
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The hardness of the Thermanit 625 is shown in Fig.9:

Figure 5 Appearance of cracks on the bottom of the mold after the capillary
test

Columnar and coaxial dendritic microstructures were present in
the upper and middle part of the layer. The main axes of the
dendrites were oriented in the direction of the maximum
temperature gradient during solidification of the weld melt. The
orientation of the growth dendrites indicates the direction of heat
dissipation through the base material. The direction of heat flow
during cooling was perpendicular to the surface of the material and
as a result directionally oriented dendrites were formed. Good
metallurgical bonding of the weld metal to the base material was
confirmed by light and electron microscopy. One Fm3m phase was
identified in Thermanit 625 material, which corresponds to the
austenitic phase in steels. In Fig.6 is the structure of the base
material (left), the transition region (middle) and the weld metal
(right) of Thermanit 625.

Figure 9 Course of hardness of Thermanit 625

In the case of Thermanit X welds after 120 and 300 minutes of
exposure in the aluminum alloy melt, a lower intensity of the
reaction of the AlSi8Cu3 aluminum alloy with the alloys present in
the welds was observed in the solidified aluminum alloy layer on
the surface of the welds. The resistance of the Thermanit X weld
and the base material in molten aluminum was greater than the
Thermanit 625 weld.

Figure 6 Structure of base material (left), transition area (middle) and weld
metal of Thermanit 625 (right)

Two phases were identified in Thermanit X material. Majority
phase same as for Thermanit 625 material. To specify the minor
phase, the Im3m phase corresponding to the α-Fe phase was used.
In Fig.7 is the structure of the base material (left), the transition
region (middle) and the weld metal (right) of Thermanit X.

Figure 10 Transverse metallographic cut of the Thermanit X after
immersion test

The hardness of the Thermanit X is shown in Fig.11:

Figure 7 Structure of base material (left) transition area (middle) and weld
metal of Thermanit X (right)

When immersed in the melt, both welds reacted with the
aluminum alloy melt with different intensity. The intense reaction
of the aluminum melt with Thermanit 625 was in the corners and
edges of the sample. During 120 and 300 minutes of exposure to
AlSi8Cu3 aluminum with the alloys present in the welds.
Chromium, nickel, iron, molybdenum, and niobium were detected
on the surface of Thermanit 625 weld metal in individual complex
phases by qualitative elemental EDX microanalysis.

Figure 11 Course of hardness of Thermanit X

Despite the different material composition, the evaluated welds
reached approximately the same value of the coefficient of friction
(Tab.4). The lowest value of the coefficient of friction was reached
by the coating Thermanit 625, which corresponds to its hardness
value. Thermanit X weld achieved the lowest rate of wear.

Figure 8 Transverse metallographic cut of the Thermanit 625 after
immersion test
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Table 4: Tribological characteristics of the Thermanit 625 and Thermanit X

5. Acknowledgment

-6

Filler
material

Thermanit
625
Thermanit X

Load Fp
[N]

Distance
L [m]

COF

Wear rate x 10 W
[mm3/m.N]

3
5
10
3
5
10

500
500
500
500
500
500

0.37
0.4
0.38
0.47
0.48
0.43

18.13
20.4
25.1
4.68
7.25
9.54
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Figure 12 3D AFM images of traces after the Ball-on-disc test: a)
Thermanit 625, b) Thermanit X

4. Conclusions
The paper was focused on the use of CMT welding technology
to restore the shape of parts of molds for high-pressure aluminum
casting, as well as to increase the technological lifetime of the mold.
NDT methods (visual and capillary method) were used to identify
the quality of the cladding. The capillary test confirmed that there
were cracks extending to a depth of 5 mm on the inserts of the fixed
and movable part of the mold around the ejectors of the casting
from the mold. The quality of the layers was evaluated using SEM,
EDX
microanalysis.
Columnar
and
coaxial
dendritic
microstructures were present in the upper and middle part of the
layer. One Fm3m phase was identified in Thermanit 625 material,
which corresponds to the austenitic phase in steels. Two phases
were identified in Thermanit X material. Majority phase same as for
Thermanit 625 material. To specify the minor phase, the Im3m
phase corresponding to the α-Fe phase. The resistance of the
Thermanit X weld and the base material in molten aluminum was
greater than the Thermanit 625 weld. Despite the different material
composition, the evaluated welds reached approximately the same
value of the coefficient of friction. The lowest value of the
coefficient of friction was reached by the Thermanit 625, which
corresponds to its hardness value. Different track shapes
corresponding to the given load were obtained. The lowest rate of
wear was achieved by Thermanit X compared to Thermanit 625.
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Determination of cutting forces at drilling medium-alloy carbon steel
Nikola Šibalić, Milan Vukčević, Marko Mumović
Faculty of Mechanical Engineering, University of Montenegro1
nikola@ucg.ac.me, milanvu@ucg.ac.me, marko.mumovic@ucg.ac.me
Abstract: This paper presents the application of an experimental method for determining the numerical values of the machinability factors of
medium alloy carbon steel in the drilling process. Research conditions are defined, including tools, machine, and machining parameters. The
experiment was performed according to a two-factor orthogonal experimental plan, and the values of cutting forces were monitored using
a dynamometer through other elements of the information measuring system. Cutting forces were also considered in relation to the
drilling depth.
Keywords: DRILLING, CUTTING FORCES, MACHINABILITY, INFORMATION MEASUREMENT SYSTEM

1. Introduction

2. Defining research conditions

Drilling is one of the most common cutting methods used in
industrial production [1]. Despite the relatively simple appearance of
the cutting tool and the scope of its use, the drilling process is not
fully defined due to a large number of influencing parameters. For
example, the cutting action is poor near the axis of the cutting tool
(twist drill bit) due to the relatively low cutting speed. For a
conventional twist drill, the action in the center is more extrusion
(deformation) than a cutting process [2], therefore a greater axial
force is required to enter the twist drill into the workpiece, so the
amount of heat produced is significant. This heat depends on the type
of material being drilled and it can have a favorable or unfavorable
effect on the cutting process itself. In addition to the geometry of the
twist drill, the drilling process itself is affected by a number of other
variables such as the material of the drill bit, the material being
drilled, the drilling machine, and the cooling and lubrication fluid
used, etc. During the drilling process, the drill, as a double-edged
tool, suffers high stress due to the effect of cutting force, significant
additional deformations of the chip, and due to friction in contact
with the chip and the hole surface. Knowing the cutting force plays
an important role in determining the following procedures:
- evaluation and optimization of the cutting process through the
criterion of tool wear, which is directly related to the cutting force,
- the behavior of the material and its workability,
- development and optimization of cutting tools,
- to determine the influence of forces on certain quality
parameters of the finished product,
- to control machines and processes with adaptive feedback
through the collection of these values in real-time.
Machinability is the suitability of a material to be machined by
cutting. The term machinability of materials is complex and is
considered simultaneously from several aspects and under different
processing conditions. Thus, for example, a material with good
machinability in drilling may have low machinability in drawing, etc.
[3]. Machinability can be determined using several methods such as
tool life monitoring, cutting force measurement, energy consumption
measurement, machined surface roughness, and chip shape [4].
Machinability primarily depends on the physical and mechanical
properties of the material, the chemical composition, and the
structure of the material. Expressions for the main processing factors,
which are determined experimentally, are most often used to evaluate
the machinability of a material. Machinability constants express the
influence of the primary group of factors (drill bit diameter and feed
rate) on drilling torque Mc and axial drilling force – feed force Ff.
They represent the main cutting forces during the drilling process [5],
[6], and the values of these quantities are described by empirical
expressions [7]:
=

The workpieces used in this research are cylindrical in shape,
base diameter, and height of 30 mm, made of medium alloyed carbon
steel C45, hardness 210 HB (Figure 1). This alloy is widely used in
industry in applications where a material with higher strength and
anti-wear properties is needed in operation. Some of the products
obtained from this alloy are gears, bolts, axles and shafts, connecting
rods of ICE engines as well as many other machine elements.
Figure 1 shows the eight workpieces made based on the adopted
experimental plan, four of which are used in the central points of the
plan.

Fig 1 Experimental workpieces made of medium alloyed carbon steel C45

A cutting tool (twist drill) has several geometric design
parameters such as point angle, chisel edge angle, web thickness, the
angle of the helix, etc [8]. Each of these parameters affects the
cutting force and the quality of drilled holes in different ways. In
addition to the geometric parameters, important factors of the cutting
tool are the material, the size of the twist drill, as well as the
condition.
Cutting forces are defined through the resulting force of material
to cutting. When machining by drilling, as well as when machining
by turning, the blade of the cutting wedge acts with the resulting
cutting force that can be broken down into three components (Fig 2).

(1)

(2)
=
Where – drill diameter and – feed rate are varied factors, ie input
values,
and
machinability constants, and , ,
,
machinability parameters.

Fig 2 Cutting forces at drilling
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The main cutting forces F1' and F1'' during drilling create a
torsional load (drilling torque Mc), the passive forces F2' and F2'' are
on the same line and in the opposite direction, so they are balanced,
and the auxiliary movement forces for both blades are collinear, so
add up and their resulting force is called feed force Ff [9].
When conducting experimental research, the diameter of the
twist drill varied according to the adopted experimental plan, and the
adopted twist drills were with a cylindrical handle and a point angle
of 118 °.
Figure 3 shows the cutting tools used (twist drills with a diameter
of ∅12 mm, ∅8.5 mm, and ∅6 mm made of high-speed steel - HSS).

enables even the smallest dynamic changes in the large forces that
the device measures. The measuring range of the vertical force is
from -5 kN to 20 kN, while the drilling torque is in the measuring
range from -150 Nm to 150 Nm.
Integrator (Kistler 5806) – the charge produced by a
piezoelectric sensor is a variable that is difficult to measure due to its
nature. For this reason, an electronic device known as an integrator
or charge amplifier is connected to the sensor, in order to convert the
electric charge into a voltage signal. The charge amplifier converts
the negative charge produced by the piezoelectric sensor when
subjected to a force load into a positive voltage that is proportional
to the charge and thus to the applied force. Due to their working
principle, force sensors have a negative sensitivity and they produce
a negative charge under load.
Universal measuring bridge (HBM QuantumX MX840B) – is a
universal amplifier with 8 channels. It is a combination of an AD
converter and an amplifier, which digitizes and amplifies the
electrical voltage signal it receives. Each channel allows acquisition
with over 15 different types of sensors. It uses as input connector
fifteen-pin DSUB15HD. All channels are electrically isolated from
each other and from the power inputs.
Computer – HBM Catman software package is installed on it for
display and acquisition of data obtained from the universal amplifier.

3.2 Experimental design
For the design of the experiment, a two-factor orthogonal design
was adopted with varying factors at two levels, with four repetitions
at the central point of the design. The number of experimental points
N, for the number of factors k, which in this case are the diameter of
the drill D and the feed f, varied on n levels with the number of
repetitions n0 in the central point, is calculated according to the
following expression:

Fig 3 Twist drills made from HSS

The machine used in the experimental research is a drill press
BD-40. The power of the machine is 3 kW, the height of the working
space is 710 mm, and the length of the riser is 200 mm. The machine
has 9 degrees of the main movement in the range between 63 rpm
and 1000 rpm, as well as 9 degrees of auxiliary movement in the
range between 0.08 mm/rpm and 1.25 mm/rpm.

=

(3)

+

From this expression, we see that the number of experiments is
for the adopted values N = 8.
The interval limits of the input factors are adopted according to
the condition:

3. Experimental research
In order to obtain the values of the constants and machinability
parameters for the given material, it was necessary to carry out
experimental research according to the experimental plan with the
monitoring of the values of the forces using an information
measuring system.

=

∙

(4)

, = 1,2, … ,

Based on preliminary research, processing parameters were
adopted for the given medium-alloyed carbon steel (percentage of
carbon C = 0.44 %), and a cutting speed of 21 m/min was adopted.
Table 1 shows the varied values of the cutting mode at three
levels (upper, lower, and center).

3.1 Information measurement system
The information measurement system includes several
components of modern measuring equipment, the joint effect of
which ensures reliable results. The block diagram of this measuring
system is given in Figure 4.

Table 1: Values of varied factors of the experimental plan
Input factors
Upper level
Lower level
Center level
(+)
(-)
(0)
12
6
8.5
=
=

0.22

0.11

0.16

Based on the relation v = f(D,n), the values of the number of
revolutions n, which are given in Table 2, were obtained and based
on the defined values, the plan matrix of the experiment was adopted,
which is given in Table 3.

Fig 4 Information measurement system for measuring cutting forces at
drilling

Table 2: The obtained values of the angular speed for the adopted cutting
speed of 21 m/min

Dynamometer (Kistler 9271A) – works on the principle of the
piezoelectric effect and provides a dynamic and quasi-static
measurement of two components of drilling force, drilling torque
(Mc) and auxiliary movement force (Ff). The dynamometer has high
stiffness and therefore a high natural frequency. Its high resolution

Drill diameter mm
Ø6
Ø8.5
Ø12
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Adopted angular speed rpm
1000
710
500
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3.3 Conducting experimental research
As part of the experimental research phase, the cutting force was
measured (force of auxiliary movement Ff and drilling torque Mc) in
accordance with the adopted experimental plan. The execution of
experimental points is taken in order from the experimental plan

matrix. Experimental research was done in laboratory conditions, and
the research site is shown in Figure 5, where modern research
measuring equipment was installed on the BD-40 drill press. The
drilling depth of the workpieces is defined and is 20 mm.

Fig 5 Research site: 1 – workpiece, 2 – cutting tool (twist drill), 3 – machine (drill press BD-40), 4 – workpieces and tools for experimental points, 5 – sensor
(piezo-electric dynamometer), 6 – charge amplifier, 7 – universal amplifier, 8 – a computer with acquisition software, 9 – experiment matrix plan

The obtained form of the functional relationship of the cutting force
on the varied parameters, as the output data of the information
measuring system, is given in Figure 6. The maximum displayed
value during the measurement was considered.

Figure 7 shows drilled samples with corresponding chips obtained
for parameters and tool diameters selected according to the
experimental plan. The samples are arranged in such a way that the
upper left sample belongs to Experimental Point 1, etc.

3000
2000
1000
0
-1000

0

0.2

0.4

0.6

0.8

1

1.2

1.4

t (s)
8
6
4
2
0

0

0.2

0.4

0.6

0.8

1

1.2

Fig 7 Experimental samples drilled according to the points of the
experimental plan

1.4

t (s)

Fig 6 Cutting forces values at the point of the experimental plan number 7..

The diagram shows an increase in cutting force in proportion to the
increase in drilling depth up to the final value of 20 mm.
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Table 3: Plan matrix of the experiment
Drill diameter
mm

No.

4. Conclusion
Feed
force
N

Feed rate
mm⁄

=

=

1

12

0.22

1

6

0.11

1

8.5

0.16

Cutting processes belong to very complex stochastic processes
with a large number of influencing parameters. The effect of
parameters on the investigated quantities is non-linear and
accompanied by complex interactions, so obtaining theoretical
analytical models in a closed form, despite the efforts of a large
number of researchers, is practically not possible. These laws are
especially pronounced in the drilling process, which is the subject of
our research.
For the process of drilling medium alloy carbon steel, based on
the analysis of previous research and our own experiences, a model
was proposed which is assumed to be able to adequately describe our
researched process, i.e. to accurately approximate the unknown
analytical form. The diameter of the drill bit D and the feed rate f are
considered as input parameters, while the outputs of the analyzed
process are the Feed force Ff and the Drilling torque Mc. The
coefficients of the proposed model were determined by regression
analysis of experimental data. The experiment was performed on the
basis of a two-factor orthogonal experimental design. The results
were obtained using an information measurement system that
includes several interconnected components whose synergistic action
obtained the results.
These results are very applicable to the investigated process,
while the proposed methodology is applicable to a wide class of
problems in cutting processing.

Drilling
torque
Nm

Output vectors (y)

1.

+

1

+

12

+

0.22

3913

13.38

2.

+

1

+

12

-

0.11

2368

8.09

3.

+

1

-

6

+

0.22

1294

4.4

4.

+

1

-

6

-

0.11

901

2.76

5.

+

1

0

8.5

0

0.16

2120

6.27

6.

+

1

0

8.5

0

0.16

2150

6.49

7.

+

1

0

8.5

0

0.16

2229

6.75

8.

+

1

0

8.5

0

0.16

2267

6.26
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Abstract: Cookware is one of the indispensable equipment for commercial kitchens. The very large size of commercial cookware (up to
Ø1200 mm) requires precision manufacturing processes. In our current manufacturing process, the fact that different processing stations are
separate from each other and the processing stages are dependent on the workers, carrying risks in terms of occupational safety (cutting
with scissors, grinding, etc.), prevents the product from being obtained with high processing quality and causes high wastage rates arising
from the manufacturing process. In addition, it creates negative effects in terms of efficient use of energy and production time, causing an
increase in unit costs. Within the scope of this study, the design and prototype production of an energy-efficient and work-safe innovative
processing system for commercial cookware, based on R&D systematic studies, is carried out by international standards (EN ISO 12100, EN
614-1, EN 12983-1, etc.) and the results of our current manufacturing process. As a result of this research, occupational safety risks and
excessive process steps are reduced, product quality and efficiency are increased, and thus production costs and energy efficiency are
increased. Results are promising for further optimization.
Keywords: COMMERCIAL KITCHEN COOKWARE, MANUFACTURING PROCESS, ENERGY EFFICIENCY

1. Introduction
Cooking utensils (pots, pans, etc.) for industrial kitchens require
high precision in production processes regarding product quality
due to their very large size. Stainless steel materials are widely used
in many products in the industrial kitchen area. Among the stainless
steel types, especially AISI 304 (EN 1.4301), quality stainless steel
material stands out with its various properties (mechanical
properties [1], corrosion resistance [2] etc.) in the metal industry.
Various studies have been published on using stainless steel
sheet materials for the food industry and their shaping in production
processes (especially the deep drawing method) [3-14]. Various
studies obtained from literature research on the subject are
summarized below.

Fig. 1 Graphical representation of chips obtained when machining AISI 304
workpieces at various cutting speeds and feeds (test conditions: depth of
cut=0.5 mm, machining length=30 mm.) [4].

Daoyuan and his working group noted that stainless steel stands
out as a widely used material for food contact in food processing
equipment and various products. They emphasized that as a food
contact material, it has advantages such as corrosion resistance, ease
of manufacture, cleanability, relatively low cost, high strength, and
hardness [3].

Surjeet and his work group investigated the effects of cutting
speed using uncoated tungsten carbide inserts in processing AISI
304 stainless steel material. They stated that the increase in cutting
speed in the machining process helped to increase the degree of
chip curl and the color of the chips changed as the cutting speed
increased. They found that the chip color was slightly yellowish
towards the dark metallic color at higher machining speeds. The
appearance of stainless steel chip colors according to different
cutting speeds is given in Fig. 2 [5].

Junaidh and his work group evaluated the machining properties
of AISI 340 quality stainless steel, which is in the austenitic
stainless steel group, such as cutting force analysis, surface
roughness analysis, and chip morphology of stainless steel by
turning process using an uncoated carbide tool with four different
cutting speeds and three different feeds. It has been stated that the
correct selection and control of process variables can significantly
improve the machining properties of AISI 304 austenitic stainless
steel, depending on the cutting force, chip morphology and surface
roughness. Junaidh and his work group emphasized that if the
cutting speed increases, the cutting forces decrease as the feed rate
increases. The surface roughness values decrease with increasing
cutting speed. They found that tool wears increased with increasing
speed but decreased with increasing feed. They also stated that
helical chips were obtained at a lower feed value, which was more
accessible to the machine. They emphasized that the correct
selection and control of process variables significantly improve the
turning machining performance of AISI 304 austenitic stainless
steel [4].

Fig. 2 Chip shapes formed at different cutting speeds are a) 66 m/min, b)
146 m/min, c) 190 m/min, d) 247 m/min [5].

Fig. 3 shows that the tool tip temperature increases gradually up
to Vc = 146 m/min, and above this value, the tool tip temperature
tends to decrease. They reported that the tool tip temperature was
recorded as the highest value of 88.9°C at V = 190 m/min for all
cutting speeds tested. [5]. The effect of cutting speed on cutting
force and maximum tool tip temperature is shown in Fig. 3 [5].

Graphical representations of chips obtained when machining
AISI 304 workpieces at various cutting speeds and feeds are shown
in Fig. 1 [4].
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- Pressing the cut sheets with the deep drawing method
(different diameters and depths),
- Fixing and cutting the edge of the stainless sheet in the
guillotine shears,
- Circular cutting of excess allowances for sheet edge bending,
- Grinding burrs formed on circular cut edges,
- Transporting commercial cookware to a different press for
bending the edges,
- Giving appropriate bending to commercial cookware in the
press,
The stages of the current manufacturing process for commercial
cookware are shown in Fig 4.
Fig. 3 Effect of cutting speed on cutting force and maximum tool tip
temperature [5].

Jozic and his work group stated that energy consumption, use of
cooling and lubricating oils (cutting fluid, amount of cutting fluid)
during machining are the main factors that cause negative
environmental effects. Therefore, it is crucial to reduce both aspects
while improving the sustainability of the processing. They
emphasized the importance of improving these factors while trying
to improve the sustainability performance of the industrial sector.
They stated that energy consumption could be reduced using the
most suitable cooling techniques, processing parameters, and
advanced processing tools in industrial applications [6].
Padmanabhan and his working group stated that improving
process factors in sheet metal forming is an important activity to
reduce production cost. They emphasized that it is essential to
examine the effects on the deformation behavior of sheet metal to
determine the optimal values of the process factors. They evaluated
three important process factors on the deep drawing properties of a
stainless steel axisymmetric vessel: die radius, cavity holding force
and coefficient of friction. The finite element method combined
with the Taguchi technique creates a refined estimation tool for
determining the effect of generating process parameters. In this
study, evaluations were made to determine the various effects of
each process data handled with the Taguchi method [7].
Tiwari and his working group have studied the widespread use
of deep drawing in sheet metal forming and various factors that can
affect deep drawing to obtain a perfect product with deep drawing
in manufacturing processes. The main factors that will affect the
deep drawing process are temperature, sheet metal thickness,
friction, blank holder force (BHF), pressure, lubrication type, etc.
evaluated the features [8].

a)

b)

c)

d)

e)

f)

The above literature research has stated that many parameters
affect high-efficiency manufacturing in sheet metal forming
processes. Within the scope of this study, studies on the
development of a uniquely designed, fully automatic processing
system were evaluated in the face of the problems experienced in
the production of traditional commercial cookware.

2. Methodology

g)

AISI 304 stainless steel sheet is used to produce commercial
cooking utensils (pots, pans, etc.). The chemical composition of the
AISI 304 stainless steel material is given in Table 1.

Fig 4. Stages of the current manufacturing process for commercial
cookware; a) Pressing the stainless steel circular plates (Ø350-1200 mm),
b) Pressing the stainless steel circular plates, c) Circular cutting of the
edges of the commercial cookware d) The image of the commercial
cookware with circularly cut edges, e) Grinding circularly cut commercial
cookware burrs, f) Placing the edge of the cut-out commercial cookware
into a mold suitable for press forming, g) Commercial cookware mouth
formed on the edges of the press.

Table 1: Chemical composition (%) of AISI 304 quality stainless steel sheet.

As shown in Fig. 4, commercial cookware produced with the
traditional method causes energy efficiency losses due to many
processing steps. In the current commercial cookware
manufacturing process, the excess labor-related processes (cutting,

The current manufacturing process for commercial cookware is
given below;
- Circular cutting of stainless plates,
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- In our current manufacturing process, 55 kW of energy is
consumed only in the reverse forming press at the last stage, while
the total energy consumption in 3 different workstations exceeds 75
kW. In the developed innovative system, gains were made in
reducing energy consumption by at least 50%.

grinding, etc.) poses a risk to worker safety. Automating the
processes in the innovative commercial cookware manufacturing
system will provide an advantage in occupational safety.

3. Experimental procedure

- In the current processing process of commercial cookware
(Ø1100 mm), the processing time of commercial cookware has been
reduced by approximately 2/3.

In our current manufacturing process of commercial cooking
utensils, products are transported to 3 different stations after the
press printing stage. This is done by placing it on the workstation,
and the grinding process is also done manually by the worker.
Occupational safety risks increase due to the worker-related process
of this process and also create a negative effect on the increase in
unit production costs. In the current manufacturing process, energy
consumption values are also high due to 3 stations. The draft
drawing of the innovative processing system developed based on
the R&D systematic to overcome these problems, is given in Fig 5.

- In our current manufacturing process, commercial cookware
is obtained by transporting and hand grinding to 3 different stations
(cutting with scissors, edge round cutting and press forming
processes). In contrast, the number of independent stations is
reduced by providing 100% control over the innovative process
with a single operational command.
- Innovative, fully automatic manufacturing system for the
highly energy efficient production of commercial cookware, in line
with international standards (EN ISO 12100, EN 614-1, EN 129831, etc.) In addition to increasing efficiency, product costs were
reduced, and energy efficiency was achieved.
In our current manufacturing process, the molds that change
according to the size are changed in the system to give the edges of
the commercial cookware, whose edges are cut circularly, up/down
inverted form. However, in the innovative system, the reverse form
is provided with a single operation without needing these operations
in the process.

5. References
1.

2.
Fig. 5 Innovative fully automatic processing system design for the highly
energy efficient manufacture of commercial cookware.

3.
4.

Within the scope of this study, the working process of the
innovative fully automatic processing system for the high energy
efficient production of commercial cookware is given below;

5.

1. Placing and fixing the circular stainless steel sheet (between
Ø350-1200 mm, in different thicknesses and depths) coming from
the deep drawing press (applying compression force),

6.
7.

2. Rotating and cutting the edges coming out of the press with
automation-controlled operation in different axes (at different
rotation speeds, cutting angles, axial movements, etc.),

8.

3. Automatic deburring with axial movements from the cut edges,

9.

4. Obtaining commercial cookware with high occupational safety
without worker-related risks by bending the cleaned edges (reverse
forming - up/down, with different forces to be applied according to
the material wall thickness).

10.
11.

With the innovative, fully automatic processing system,
significant R&D gains have been achieved in manufacturing all
commercial cookware, reducing production waste caused by
traditional manufacturing methods and providing energy savings.
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Comparison of innovative collapsible ceramic hive and traditional non-separable hives
made on the basis of natural plastic raw materials
Lуubеn Lakov*, Bojidar Jivov, Todorka Lepkova, Krasimira Toncheva, Stancho Yordanov
Bulgarian Academy of Sciences, Institute of Metal Science, Equipment and Technologies with Hydro- and Aerodynamics Centre
“Acad. Angel Balevski”, 67 Shipchenski prohod Blvd., 1574 Sofia, Bulgaria,
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Abstract: An innovative collapsible frame hive was developed, consisting of structural elements made of technical ceramics containing
thermal insulation air chambers. Experimental prototypes were prepared using the slip casting method and based on modified recipe
compositions, prepared casting molding masses, original gypsum matrices and optimal heat treatment mode. A comparison was performed
between the main operational characteristics of the experimental samples and the traditional non-separable hives which have existed
throughout history and made primarily of various plant materials and natural plastic raw materials (clays).
Keywords: INNOVATIVE CERAMIC HIVE, THERMAL INSULATION BOARDS

1. Introduction

2. Experimental procedures

Since the early period of human civilization, people have used
various apian products obtained from bee families naturally
inhabiting existing hollow tree trunks or artificially cultivated in
primitive non-separable hives with woven structure [1]. The
intensive development of beekeeping as an independent industry
resulted in the invention of a significant number of diverse
constructions [2-5] of collapsible hives of different sizes. These,
belong to two main groups (vertical and horizontal) and are usually
denoted by the names of their inventors. In Bulgaria, several main
types of hives have gained popularity: Dadant Blatt, LangstrothRuth, Roger Delon, Farrar, Lounger, among others. Depending on
their volume and the possibilities for its modification, hives are
classified as single-body, double-body and multi-body (for
example, pavilion type and others). In general terms, different types
of hives share a number of basic and additional elements: body,
bottom, roof (lid), partitions, frames, super, feeder, Haneman’s grid,
Snelgrove board, bee escape, nucleus, etc. Currently, widely used in
bee farms are various types [2,3] of wooden, plastic, polystyrene,
polyurethane and traditional wicker hives. As a popular
construction material with satisfactory characteristics, wood has
also retained its importance, due to being a natural, affordable and
ecological raw material, allowing for various types of processing
and for the implementation of various technical solutions.
Furthermore, the use of wooden hives over a long period of time
has yielded a significant amount of empirical and systematic
scientific [2,3] data on the development of bee colonies in them,
which allows for the application of existing experience to optimize
the yield of bee farms. As far as the various types of modern
standard hives (for example, plastic, etc.) are concerned, one
significant disadvantage in their exploitation is their low fire
resistance and the inevitable aging of the materials, accompanied by
a decrease in the mechanical characteristics of the products and in
some cases by the release of various substances with an adverse and
potentially toxic effect [6] on the bee colonies. An additional factor
accelerating this process is the daily and seasonal impact of various
atmospheric climatic factors [7,8].
In national terms, the importance of the beekeeping industry [2]
is based on its contribution to the economy, the application of apian
products in the food and culinary industries, the production of
various therapeutic and cosmetic products, as well as the specific
and unique role [4,5] of bee families as part of the global
ecosystem. In order to improve the state of the branch, it is
necessary to implement adequate complex measures which ensure
the increased efficiency and productivity of bee farms and support
the long-term opportunities and security of the producers.
The aim of the present work is a comparison of the main
technical characteristics of the prepared prototypes [9-13] of an
innovative ceramic collapsible movable frame hive (fig. 1-3) with
thermal insulation air chambers and the existing traditional nonseparable and other types of hives.

On the basis of conducted studies, a conceptual model and
construction documentation of an experimental collapsible movable
frame hive consisting of ceramic structural elements containing
thermal insulation air chambers have been made. A set of original
gypsum matrices has been designed and produced in accordance
with the specifics and technological parameters of the casting slips
intended for use.
The preliminary experiments using some of the commercially
available standard casting slips showed that that they are not
completely suitable for the implementation of the set goals and do
not allow for the optimal implementation of the innovative features
of the development. After additional laboratory research, modified
polycomponent recipe formulations were developed based on
sedimentary rocks, washed kaolin, different fractions of quartz
glass, modifiers, ceramic pigments (if necessary), technological
additives, as well as others components applicable to the
preparation of aqueous colloidal dispersion systems.
The prepared casting slips (white or colored) are introduced into
assembled gypsum matrices and after a short stay (up to 10
minutes) the excess liquid phase is removed from the matrices
through special holes. After resting (from 2 to 3 hours) the obtained
blanks are released from the matrices by disassembling the latter.
The prepared semi-finished products are then dried (free drying for
up to 5 days and in a dryer at 100oC for 24 h until the residual
moisture is reduced to 7-8%), following which they are subjected to
high-temperature heat treatment (in an oxidizing environment and
in a homogeneous temperature using a chamber furnace with a
program regulator) at a set temperature rise rate of 5 oC/min and
isothermal retentions at 200oC (for 40 min), 600oC (for 30 min),
800oC (for 30 min) and 1200±5oC (for 150 min). The cooling rate is
also 5oC/min with an isothermal retention at 600oC for 40 min.

Fig. 1. Experimental prototype.
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In accordance with their intended function, massive and hollow
three-layer structural elements (plates and profiles) were obtained,
formed by two massive end layers and a separate intermediate
hollow chamber which performs the function of an air thermal
insulation layer. The presence of a high void percentage (over 60%)
in the obtained constructive ceramic details determines a low
coefficient of thermal conductivity and provides protection from
adverse climatic conditions (during the individual seasons) and a
favorable microclimate for the normal life cycle of the bee colonies.
In order to improve the possibilities for maintaining a suitable
hygienic environment, for carrying out more effective disinfection
and improving the complex operational and aesthetic characteristics
of the beehives, a further technological approach can be applied
such as adding glaze coatings (transparent or covering) on some of
the surfaces of the structural ceramic elements. This will require a
partial amendment in the technological regime.

Currently, in the production of ceramic products, the direct use
of “pure” natural clays (taken from scientifically unexamined
deposits) as the single raw material is allowed partially only in the
field of handicrafts for the preparation of traditional ceramic vessels
for domestic use, for some types of souvenirs and in the field of
amateur art ceramics. Such clays are not applied in the silicate
industry for the synthesis of technical ceramics with special
operational characteristics intended for responsible purposes. The
modern industrial production of various ceramic products is based
on the application of specialized equipment, diverse raw materials
subjected to standard incoming control, scientifically developed
multi-component recipe compositions, molding masses with
optimal technological parameters, highly productive methods for
the precise molding of blanks, a controlled drying process and hightemperature thermal treatment of the semi-finished products
resulting in irreversible monophasic or polyphasic final products
(silicate and others) which ensure that the final products possess the
whole complex of the appropriate mechanical and physicochemical
characteristics. In factory conditions, the necessary heat treatment is
carried out through a specially developed optimal regime, which
guarantees the provision, maintenance and controlled change of the
values of a number of technological parameters: the temperature
increase and decrease rate, isothermal delays, maximum
temperature, furnace atmosphere, characteristics of the temperature
field in the furnace, and many others.
A basic methodical approach in the preparation of new
competitive products in various thematic areas [14-29] is the
implementation of an up-to-date study and complex experimental
research.
The innovative contribution of the presented development
consists in the design of a collapsible movable frame hive entirely
built of ceramic structural elements [9-13] with the presence of
thermal insulation air chambers, the development of original recipe
compositions and an optimal technological mode (potentially
applicable in factory conditions) for the preparation of the
experimental prototypes.

3. Results and Discussion
In the course of the information campaign carried out to present
the development to some non-professional circles, including
“experts” (financed by certain organizations), there arose the
unfounded opinion that the primitive non-separable wicker hives
(with woven structure) existing from early historical periods are
identical with the designed innovative ceramic collapsible hives.
The main but inappropriate argument put forward by the
proponents’ of this opinion was that there is a „similarity” between
the use of „natural clays” for the preparation of hives with an
archaic construction and the application of plastic clays as a
traditional raw material in the production of ceramic products, on
the basis of which the innovative contribution of the development
was disputed. However, this formal comparison ignores the fact that
the use of so-called “natural” clays (with completely unknown
compositions and obtained from random, easily accessible deposits)
for primitive hives does not involve high-temperature heat treatment
as a main technological process. The non-separable primitive hives
referred to in the comparison are archaic composite products, made
from air-dried untreated natural plastic clays and a reinforcing
phase of organic flammable and combustible materials. Depending
on the historical period [1], the locally available raw materials, the
traditions of the specific region and the capabilities of the
manufacturers, the so-called wicker hives have existed in different
variations but are generally characterized by their conical shape,
different volume and height (up to about 70 cm), a woven structure
of plant origin materials (vine, willow, hazel, rush, etc.) with
externally applied coatings of plastic materials, made of directly
obtained clay, wood ash and cattle dung. An additional external
structural element is the presence of a so-called “hat” made of straw
or fern.
The main advantages of this type of hives include their easy
preparation from available and natural ecological materials [1-3] by
applying basic skills without the need for highly qualified
personnel, specialized equipment, and costs for energy carriers and
special care for the bee colonies. At the same time, the limited
structural functionality and strength of the natural materials used, as
well as the low-tech artisan approach applied in the preparation of
wicker hives determines their limited usability and durability under
various adverse external factors, as well as their relatively low
productivity. The immovably fixed honeycombs and the absence of
separate accommodation necessary for the full development of the
bee family do not allow for active control of the individual stages of
the bee colony life cycle, resulting in the relatively low yields and
the limited purity of the final product. When extracting the finished
bee product, due to the immovably fixed frames, it is impossible to
apply centrifugation and there is a significant risk of partial
destruction of the bee colony. Due to the presence of significant
amounts of flammable and combustible structural components,
primitive non-separable hives and bee farms organized on their
basis have proved unreliable in case of fires, and the presence of
thermally untreated clays determines their relatively poor resilience
in prolonged contact with a water environment.

Fig. 2. Experimental prototype.

The use of structural details with air chambers [12] improves
the insulating properties of the entire structure and lowers the
transport and operating mass of the hives. During the laboratory
study [11] of the prepared prototypes with an infrared camera (at
the presence of an external heat source in the experimental setup),
the indisputable importance of the air chambers for lowering the
values of the thermal conductivity of the designed structural
elements has been proven. At the same time, it is not correct to
consider and classify as products of standard porous ceramics the
designed and manufactured ceramic structural elements (panels and
profiles) which have a significant volume [12] of regularly-shaped
independent air spaces.
The slip casting method used here is a standard technological
approach in the silicate industry, allowing for the preparation of
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complex details, both for smaller batches and for large production
series. Envisioned for the developed hive is the use of various raw
materials tested according to technological control standards and a
series of multicomponent compositions based on extensive
preliminary laboratory research rather than the direct use of natural
clays of unknown composition. The full use of the technological
possibilities of ceramic manufacturing industry allows for obtaining
non-flammable, non-combustible, long-lasting, waterproof and
heat-resistant structural details made of technical ceramics whose
properties are many times superior to the whole range of
characteristics typical of all the materials used in the making of the
standard collapsible hives offered at present on the market and to
the parameters of the existing traditional non-separable wicker
hives.
The developed innovative collapsible ceramic hive provides a
favorable microclimate [9] and hygienic environment (further
improved by partial glazing of the structural elements) necessary for
the normal life cycle of the bee colonies and minimizes the risk of
the development of mites, fungal cultures (molds, etc.) and other
potentially dangerous microbiological agents. The suitable structure
and the functional distribution of the volume are in line with the
existing modern concepts for obtaining high-quality apian products
and allow for exercising effective control over the individual stages
in the development of the bee colony, using of a standard set of
honeycombs and tools and the application of highly efficient
modern economic methods for obtaining high yields with no risk to
the condition and integrity of the bee families. At the same time, if
the necessity arises to carry out decontamination and to install new
bee families, it is possible to apply various methods of sanitary
treatment, including thermal treatment, which is practically
inapplicable and destructive to all other types of hives (wooden,
etc.).

The results obtained in the conducted preliminary orientation
experiments in which bee colonies were settled in ceramic hives at
small individually-owned bee farms provide grounds for continuing
the research. Planned are comparative experiments that include
systematic tracking of the individual stages in the development of
bee families and monitoring the temperature, humidity and other
parameters in the developed ceramic and in purchased standard
hives (wooden, polystyrene and Dadant Blatt system) using an
electronic recording system. Participating in the experiments will be
a multidisciplinary team of specialists and university experts in the
field of beekeeping with scientific research experience. The
possibility to implement the planned research program depends on
the availability of financial support and expressed interest from
private investors, branch organizations, financing funds, etc.
On the other hand, the technological approach used in the
preparation of the experimental prototypes is maximally adapted to
the conditions typical of the silicate industry and, if necessary, can
be fully applied for deploying a production process within existing
industrial enterprises where standard equipment and an initial
investment for retrofitting a separate production area are available.

4. Conclusions
A conceptual model and experimental prototypes of an
innovative collapsible movable frame hive made of ceramic
structural elements (panels and profiles) with thermal insulation air
chambers have been prepared. The researched experimental samples
represent an innovative technological product obtained on the basis
of modified polycomponent recipe compositions, applicable for the
preparation of appropriate casting molding masses, an original set
of molding dies and a specially developed optimal heat treatment
regime, allowing the production of structural details made of
technical ceramics.
The developed ceramic hive provides a favorable living
environment [9] for the development of bee colonies, with a
minimal risk of development of fungal and other potentially
dangerous cultures, a long operating period with negligible
depreciation, high yields of apian products, significant resistance to
cyclical climate changes, to contact with water environment and
possible fires and providing the possibility for full sanitary
treatment.
In terms of topical relevance and significance, the development
is an original innovative alternative product with superior complex
characteristics compared to traditional and standard products of the
same function present on the market.
The archaic non-separable hives, which have existed over a
long historical period, are primitive composite products made by
artisan methods from thermally untreated natural plastic clays and
organic materials of plant origin. Due to the non-separable structure
of this type of hive composed of flammable and combustible
components and natural clays (subjected only to air drying), it is
characterized by relatively low yields, relatively low strength in
prolonged contact with water environment and unreliability in case
of fire.

Fig. 3. Experimental prototype.

Based on the presented characteristics, the developed ceramic
hive is a fully competitive alternative to the existing traditional nonseparable and standard collapsible hives (made of other materials)
and in the medium term can be considered as a possible main longlasting tangible asset for some bee farms, one which provides
extended operating periods with minimal depreciation (when
properly used) and reduced risk of loss of the farm’s equipment in
the event of a disaster (fire, flood, etc.). In terms of topical
relevance and significance, the development offers an original
innovative product with a complex of functional characteristics and
a big market potential for gaining a position in an independent
product niche.
In forming the final aesthetic indicators of the products, the
main factors are the overall visual impact of the design of the
assembled structure, the application of different approaches to
external surface decoration or the use of colored casting slips,
allowing for obtaining structural details with homogeneous longlasting color characteristics throughout the whole volume of the
ceramic samples.
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Abstract: The Arm Microcontroller Learning Kit is built with the STMicroelectronics STM32H750VB microcontroller. The device is a small
development system based on an Arm Cortex-M7 microcontroller. It has a modern modular design. The kit includes the most necessary
peripherals to illustrate the capabilities of the microcontroller and it also supports a large amount of external peripherals. The cost of the kit
is low due to the built-in periphery and the small number of additional external elements. The software uses a small fraction of the libraries
provided by the microcontroller manufacturer and can be upgraded. This makes the device suitable for learning an ARM family of
microcontrollers by beginners and advanced students.
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1. Introduction
In recent decades, microcontrollers from various manufacturers
have become widespread in various fields of human activity. They
can to be found in the most unexpected devices and designs in the
computerization and automation of the processes around us.
Without knowing the basics of programming, it is almost
impossible to create modern competitive devices. The use of offthe-shelf microcontroller boards that eliminate the coding process
and that students can use to create and prototype their work, is also
widely used to meet demand [1].
The microcontroller modules use microcontrollers from
different manufacturers with 8, 16 and 32 bit organization. The
popularity of the microcontroller used is determined by cost and
availability. The availability of technical information and the cost of
software support play a significant role.The last few years have seen
a rapid growth in the ArmRM Cortex-M group of 32-bit RISK Arm
processor cores licensed by Arm Holdings. These cores are
optimized for computing power, cost and energy efficiency
microcontrollers, which are currently embedded in billions of
devices worldwide [2].

Fig.1. Block diagram of the learning kit.

Many manufacturers offer kits, development boards and
systems based on Cortex-M Arm. There are 2 types: very cheap, in
which the controller is mounted on a small board, where its legs are
placed on rails, or expensive multifunctional development systems
with a large amount of all kinds of peripherals, unusable for initial
training. The former are unsuccessful for initial training, and the
latter are too expensive and intended for professional development.
The offered learning kit includes the necessary hardware for
mastering the work with Arm microcontrollers up to generation M7.
It is intended for initial training. Due to the modular construction
and the mounted extended interface connectors, this kit is modern
and would be usable in the next few years.

2. Construction of the system
The kit consists of one main board with 5 modules mounted on
it:







microcontroller module,
programmer module,
keyboard module,
expansion slots i
input-output peripheral connectors.

A block diagram of the proposed kit is shown in Fig.1.
A photograph of the main printed circuit board (PCB) of the kit
- side elements is shown in Fig.2.
The processor module is a self-contained device that can be
used as a building block for other projects. It can be replaced with a
similar module, implemented with another microcontroller from the
same manufacturer with different number of feet, which requires
small changes the design of the printed circuit board of the module.

Fig.2. Main kit’s PCB - side elements.

The processor module is implemented with a microcontroller
STM32H750VB in a case LQFP100. Instead, any STM32H7xx
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series microcontroller (100 pins) can be mounted there, because in
the case of the 7-series and the same housing, the integrated circuits
have the same location of the pins signals. The built-in peripherals
in the 7-series are the same too. All pins of the microcontroller and
power supply for multifunctional use are connected to a universal
slot. It is convenient for connecting various external boards,
modules, sensors, etc. [3].
An electrical schematic diagram of the microcontroller module
of the kit is shows in Fig.3.
Filter capacitors and resistors for the four BOOT modes, a
button and an RC group for automatic and manual initial setup are
installed. There are connected quartz resonators HSE for
frequencies 8 MHz and LSE for 32.768 KHz. 80 input-output pins
are mounted on rails, which are organized in 5 input-output ports
with 16 multifunctional lines. To the right of the schematic diagram
are shown the signals for programming and debugging the serial
synchronous SWD interface for connection to the programmer
module.

microprocessor supports debug mode using SWD and JTAG
programming interfaces.

The programmer module is based on the microcontroller
STM32F103C8T6 in LQFP48 housing. The module connects via
USB port on PC module and STM32H750VB microcontroller via
SWD programming protocol and Debug [4] – Fig.5.
The linear stabilizer, mounted on the programmer module,
converts the 5V input voltage from the USB connectors into a 3.3V
common supply voltage for the kit at current consumption up to 500
mA.
The programmer module can be used stand-alone to program
STM microcontrollers outside the kit. It can be replaced with a
similar module, implemented with another microcontroller from the
same manufacturer with different number of feet, which requires a
small processing of the PCB of the module.

Fig.3. Schematic of the microcontroller module.

Fig.4. Schematic of the programmer module.

An electrical schematic diagram of the programmer module is
shown in Fig.4.

The STM32H750VB microcontroller that is used has a 32-bit
Arm Cortex-M7 core that can operate at frequencies up to 480
MHz. It has a built-in Floating Point Unit /FPU/, L1 cash 16 KB for
data and 16 KB for instructions. The microcontroller has a built-in
128 KB flash memory and 1 MB RAM memory. Its dual SPI
interface operates at frequencies up to 133 MHz. The
multifunctional external memory controller with a 32-bit bus
running at 133 MHz supports SDRAM, 8-bit and 16-bit NAND
flash memory. An external interrupt signal can be applied to each of
the 80 input-output legs. The microcontroller has a regulator for
analog reference voltage / VREF + /. The device can operate in 4
low power modes: Sleep, Stop, Standby and VBAT with battery
power.
The microcontroller can use internal clock generators 32kHz, 4
MHz, 48 MHz, 64 MHz or external clock generators 32 kHz, 4-48
MHz. There are 4 built-in DMA controllers, 1 basic DMA
controller of which has the ability to service 35 peripheral ports.
The peripheral of the microcontroller includes 4 pcs. I2C interface, 4
pcs. USART controller, 6 SPI interfaces, 2 pcs. interfaces for
control of 2 SD/SDIO/MMC memory cards, 2 CAN controllers, 2
pcs. USB OTG (1FS, 1HS/FS) interfaces, Ethernet MAC interface,
analog camera connection interface, 11 analog peripherals. The
microcontroller has 3 pcs. Analog to Digital Convertors /ADC/ with
16 bit resolution, operating at a frequency of up to 3.6 MHz and the
ability to include up to 36 analog input channels. In addition, the
microcontroller has a built-in temperature sensor, 2 pcs. 12-bit
Digital to Analog Convertors /DAC/, operating with a conversion
frequency of 1 MHz, Liquid Crystal Display /LCD/ controller with
resolutions up to XGA (1024x768), 22 pcs. timers. Two of them are
32-bit, which can be used for different purposes, e.g. pulse counters,
pulse generators, Pulse Width Modulation (PWM) generators. The
microcontroller also has a Real-Time Clock (RTC). The

Fig.5. USB interface connectors.

The electrical schematic diagram of the keyboard module is
shown in Fig.6.

Fig.6. Keyboard module.
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A membrane keyboard is used. The keyboard matrix consists of
four rows and three columns. The numbers 0 - 9 and the symbols *,
#, F1, F2, F3, F4 are written on the keys. The buttons are connected
to the terminals of port D of the microcontroller and are controlled
by it.
The expansion slots include:
-an expansion slot with all the legs of the microcontroller,
which allows the use of the full functionality of the microcontroller
by connecting external boards and modules (for example, Arduino);
-an expansion slot for Flexible Memory Controller (FMC) –
Fig.7;

Fig.9. I2C, SPI and USART slots.

Connectors for I2C EEPROM or FRAM for the 24Cxx series,
SPI EEPROM or FRAM for the 25Lxx series are mounted on the
printed circuit board - Fig.10.

Fig.7. FMC expansion slot.

This hardware is software-activated for operation in parallel
input-output mode. In this mode are activated: 24-bit parallel
address bus, 16-bit parallel data bus, multiplexed with the lower 16
bits of the address bus, control signals ALE, * WE, * OE, NE1 and
NE2.
The flexible memory controller (FMC) includes 3 controllers
for different types of memory: NOR, NAND and synchronous
DRAM memory.
Its bus is designed to connect to external static, parallel
memories and devices addressed throughout the 24 bit external
address space, such as: Flash, SRAM, NVRAM, FRAM, parallel
TFT LCD displays, etc .;

Fig.10. Connecting I2C and SPI memories.

There is a standard USB-B connector for programming and
power supply of the kit, µUSB for connection of the microcontroller
to PC as guest, encoder and speaker are installed. PWM and DAC
outputs connected to the mounted speaker are provided. They
generate and produce frequencies in the sound range. A voltage
divider is implemented with a potentiometer and a voltage of 03.3V is applied to one of the three 16-bit ADC channels of the
microcontroller. On the PCB is also mounted a rotary encoder,
which allows converting the angle of rotation into a number – Fig.3.
The pulse encoder is of the mechanical type. It has one button with
a normally open contact, which closes when pressing the shaft and
two other keys that close and open when the shaft rotates. Thus,
pulse sequences with a phase shift of 90° and a uniform pulse
period are formed, which allows the conversion of the angle of
rotation into a number. This encoder is convenient when working
with menus for fast up and down navigation and marking.

-connecting rails for 3 types of displays – Fig.8.

There are 8 digital outputs – the lines D8-D13 of the
microcontroller, which are connected to separate slot of the PCB.
Their levels are indicated by two-colour (red/green) LEDs – Fig.11.

Fig.8. Display’s expansion slot.

The first type is a color TFT LCD display module powered by
an SPI bus. It can be a different type with a diagonal size of 1.8 "to
3.4" and a resolution of 320x240, 320x480 and 960x480, with 65K
or 256K colors. A display of this type with a resolution of 320x240
and 65K colors is mounted on the demonstration board.
The second type is a color TFT IPS LCD, with a size of 1.3"
and a matrix of 200x200 pixels.
The third type display is a black / white LCD with a resolution
of 128x64 pixels, SPI interface and external backlight. It is possible
to change the intensity of the backlight by PWM pulses.

Fig.11. Digital outputs and LED’s indicators.

The I/O peripheral connectors consists of lines to external
peripherals and standard interfaces for studying various
communication protocols. There are 2 slots with output lines on the
I2C, SPI and USART interfaces – Fig.9.

3. Software support
The following software is
STMicroelectronics microcontrollers:
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-µVision5 by Keil. This is a free development environment for
short programs, up to 35-40 KB HEX file, which is enough for
training purposes. For larger volumes the version is paid. In this
environment, it is easy to write and edit Assembler and C/C++ code,
it can be compiled and debugged.
µVision IDE is an integrated development environment for
project management and code execution. Offers tools for creating
and editing source code and debugging the program. µVision
Debugger provides an integrated environment in which the user can
test, verify and optimize the code of their application. The debugger
includes traditional features such as simple and complex
breakpoints, performance monitoring and control windows,
providing full visibility of device peripherals [5].

4. Conclusions
The presented learning kit is intended for basic training in
universities and high schools. It is modern, affordable and low cost.
This makes it suitable for initial training. Specially designed
processor boards for a wide range of microcontrollers from the
same manufacturer can be used. The software can be easily
upgraded.
The kit can also be used by advanced users, because it provides
full use of the set processor.
The research, the results of which are presented in this
publication, were carried out on a project NP3 “Research of models
for management of processes for effective transition to an economy,
based on 6G networks” within the framework of the scientific
activity at Technical University of Varna, financed by the state
budget, which is gratefully acknowledged by the author.

-STM32CubeMX, STM32CubeProgrammer is a part of the
manufacturer's development software. STM32CubeMX is a
graphical configuration tool that allows automatic generation of C
initialization code using a graphical wizard.
The programmer STM32CubeProgrammer supports STM32
devices, based on Arm® Cortex® processors. It allows you to
delete, program, view the contents of the device's Flash memory.
The software includes both a GUI (graphical user interface) and a
CLI (command line interface).
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-Keil® MDK / Microcontroller Development Kit / is the most
comprehensive software development solution for Arm® based
microcontrollers and includes all the components needed to create,
build and debug embedded applications [6].
MDK-Core is based on µVision (Windows only) with leading
support for Cortex-M devices, including the new Armv8-M
architecture. MDK includes Arm C / C ++ compiler with assembler,
linker and highly optimized libraries, which are adapted for optimal
code size and maximum performance.
Software packages can be added to MDK-Core at any time,
making support for new devices and middleware updates
independent of the toolkit. They include device support, libraries,
middleware, PCB support, code templates, and sample projects.
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Abstract: Information is given on the study of the process of obtaining two-layer copper permeable powder-fiber materials, based on the
activation of the fiber sintering by finely dispersed powder particles process, which are also used to form a thin filter layer. It has been
confirmed that the activation of the fiber sintering process by finely dispersed powder particles ensures high-quality consolidation of metal
fibers. The optimal ratios between copper fibers, polyvinyl alcohol used for applying fine particles to the fibers, and copper powder have
been determined.
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1. Introduction/Введение
One of the directions for creating effective filter systems is
associated with the development of filter materials (FM). Based on
copper cable waste (MCS) [1]. In [2], based on studies of the
properties of MCOs, it was concluded that these materials are
promising raw materials for the manufacture of permeable fiber
materials. This direction was developed in works [3–6], in which
the regularities and distinctive features of MCO compaction were
studied, the relationship between the structural and hydrodynamic
properties of MCO FM was established, the patterns of fiber laying
in narrow annular gaps were studied, and an improved method of
dry isostatic pressing was proposed, allowing to control the
thickness of the layers of multilayer materials from CCM. It was
noted in [1] that the solution to the issue of creating materials with
high permeability, the required fineness of cleaning and a long
service life is met by multilayer materials, and in many cases, when
solving practical problems, it is advisable to limit ourselves to the
creation of two-layer FM. However, the questions of the uniformity
of the distribution of permeability over the area of products,
properties on a batch of products, the value of the thickness of the
filter layer that ensures the regularity of the structure remain open
[7]. In this regard, the structure of a two-layer permeable powderfiber material (PPFM) is more preferable, in which a thin layer of
fine powder provided a given fineness of cleaning, and a fiber
substrate provided strength characteristics and high permeability of
the material. At the same time, it is necessary to solve the problem
of high-quality consolidation of powder fiber particles both inside
the layers and at the boundary, which is difficult due to the
difference in sintering temperatures of fine copper powder and
fibers.
The purpose of the work is to study the process of consolidation of
discrete metal fibers using finely dispersed powders when creating
two-layer powder-fiber materials.

Fig. 1 Appearance of copper fibers
Polyvinyl alcohol was used as a binder for applying fine particles to
copper fibers. In the course of research, a mixture of different
volume (V) and mass (m) ratios between fibers (ox), powder (p) and
polyvinyl alcohol (p.sp) was used within: V p.sp: Vvol = 0.002-0.015
and mp:mvol = 0.04-0.1. The samples were made in the form of disks
30 mm in diameter and 3 mm thick by the joint pressing of a
substrate (fibers with applied fine particles) and a fine powder, and
the fine powder was preliminarily deposited with a binder (paraffin)
on one of the shaping elements [8]; pressed, based and the pore
sizes and permeability coefficient of the samples were determined
according to GOST 26849–8 and GOST 25283–93, respectively.
The sintering quality was assessed according to the method
described in [9]. It allows you to evaluate the quality of sintering on
the same sample on which the pore sizes and the permeability
coefficient are determined. Compared to shear tests, the results of
which, when testing fiber materials, correlate to a greater extent with
the characteristics of the fiber material, when implementing the
proposed method, the fracture areas are concentrated in the places of
interparticle contacts (during the studies, the goal was not to analyze
the stress-strain state of the material). Figure 2 shows a diagram of
the equipment for assessing the quality of FPVM sintering.

2. Experiment results and their discussion
Information is given on the study of the process of obtaining twolayer copper permeable powder-fiber materials, based on the
activation of the process of fiber sintering by finely dispersed
powder particles, which are also used to form a thin filter layer. It
has been confirmed that the activation of the fiber sintering process
by finely dispersed powder particles ensures high-quality
consolidation of metal fibers. The optimal ratios between copper
fibers, polyvinyl alcohol used for applying fine particles to the
fibers, and copper powder have been determined.
The following materials were used as starting materials: in the
manufacture of the filter layer - electrolytic copper powder of grade
PMS-1 in the state of delivery; in the manufacture of the substrate fibers with a diameter of 0.1–0.4 and a length of 3–5 mm, obtained
from waste electrical industries (appearance source fibers is shown
in Figure 1).

1 - matrix; 2 - test sample; 3– insert;
4 - punch
Fig. 2 Scheme of equipment for assessing the quality of
FPVM sintering
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to produce two-layer permeable powder-fiber materials with a high
complex of properties by joint single pressing and sintering. The
optimal ratios between the fibers, polyvinyl alcohol used for
applying fine particles to the fibers, and powder were determined. It
is shown that the developed materials have a higher set of properties
compared to traditional two-layer powder materials.

The operability of the tooling is illustrated in Figure 3, which
shows photographs of the appearance of samples made from
powder of tin-phosphor bronze and PPVM and having a sufficiently
high strength (и = 50 MPa). The photographs show the identical
nature of the destruction.

b)
б) permeable fiber-powder
material
Fig. 3 Samples appearance after mechanical testing

а)
а) porous tin-phosphor bronze

As a result of the research, it was found that the proposed
technology makes it possible to produce two-layer permeable
powder-fiber porous materials with a high set of properties by joint
single pressing and sintering. Finely dispersed particles deposited
on the fibers activate the sintering process, making it possible to
obtain PPVM with satisfactory strength. At the same time, it was
found that when carrying out the process of applying fine copper
particles to a fiber, it is necessary to observe certain ratios between
the volumes of polyvinyl alcohol (Vp.sp) and fiber particles (Vvol)
and the masses of copper powder (mp) and fiber (mvol): Vp.sp : Vvol
\u003d 0.009-0.014; mp: mvol = 0.06-0.1. Figure 4 shows the
structure of the material obtained by the described technology.

Fig. 5 Appearance of the FPGA surface from the side of the filter
layer
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Fig. 4 The FPVM structure, manufactured at the ratio
Vp.sp: Vvol =0.01; mp : mvol = 0.1
Figure 5 shows the surface structure of the material from the side of
the powder layer, which indicates the absence of deformation traces
characteristic of pressing in a rigid matrix, which is explained by
the use of paraffin as a binder for applying copper powder to the
surface of the punch.
Characteristics comparison of the developed and known two-layer
powder materials, the comparison showed a significant (more than
1.6 times) increase in the permeability of PPVM at the same values
of the average pores.
Conclusion. The process of obtaining two-layer permeable
copper-based powder-fiber materials has been studied. and allows
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Abstract: Proper laboratory design is a key element in minimising the risk of contamination in the laboratory. In most countries, ISO/IEC
17025 is the standard for which most labs must hold accreditation in order to be deemed technically competent, and the studies for meeting
the requirements of this standard starts from the design, especially in Forensic Genetic Laboratories. Contamination is the top concern in
Forensic Genetic Laboratories. In the laboratories designed according to this standard, particular attention is paid to the physical
separation between the post-PCR, PCR and pre-PCR area, avoiding the back-movement of samples and material from the post-PCR area to
the pre-PCR area. Separate physical spaces for the processing and analysis of known and questioned samples must be guaranteed, and
simultaneity must be avoided in the processing and analysis of high and low DNA content samples. In this study, a Forensic Genetics
Laboratory has been designed regarding the requirements of 17025 standard. This is the first study demonstrating a prototype of a Forensic
Genetics Laboratory design from an internal architectural point of view, regarding the compliance with the ISO/IEC 17025 standard,
including some recommendations for the new Forensic Genetics Laboratories planned to be built.
Keywords: LABORATORY DESIGN, NEW FORENSIC GENETICS LABORATORIES, MOVEMENT OF SAMPLES AND MATERIAL
requirements unique to a particular laboratory, according to
different procedures used.

1. Introduction
Interior design in laboratories is an important process that
involves manipulating the interior spaces as well as surface
treatment to improve functionality in labor and worker health,
which requires a wide range of skills and technical knowledge in
many disciplines (architecture, graphic design, decorative arts,
furniture, lighting, etc.). Designing and building a forensic
laboratory is a complicated undertaking [1]. Design issues include
considerations and special requirements involving environmental
health and safety, hazardous materials, management, operational
efficiency, adaptability, security of evidence, preservation of
evidence in an uncontaminated state, as well as budgetary concerns.
There is no one globally correct design for a forensic laboratory. No
two labs are the same. Requirements of the personnel and functional
processes are the driving forces. Firstly, the scientists who will
occupy the space in a building should be in contact with the
designers to tell what are especially needed for the laboratory. The
flexibility must be provided in crime labs to support adaptability,
change or renewal in line with the latest technologies in time.

2. Material & Methods
In order to take architectural actions that will facilitate
accreditation of the designed laboratory according to the ISO 17025
standard, which will ensure international recognition in the courts,
the articles of the standard related to “facilities and environmental
conditions” were used. Standard operating procedures including the
characteristics of the equipment to be used in the analyses,
operating principles and practices were considered basicly in the
placement of the equipment. In order to provide a suitable working
environment and to facilitate the use of techniques and methods
suitable for the latest technology; instrument instruction booklets,
standard operation procedures, ISO 17025 standard and the related
books and handbooks were utilized in the forensic laboratory.
First of all, considering the facility layout plan (FLP) regarding
the instruments;the points where the gas, electricity and water
installations will circulate were decided, and the floors, ceilings and
walls were covered with the necessary material to minimize the risk
of contamination. Then, lighting and the placement of the benches
in each room were carried out according to the layout plan.
Instruments and equipment planned to meet the standard
requirements for accreditation were placed in appropriate rooms and
locations, taking into account occupational health and safety, and
waste management of the laboratory. AUTOCAD was used to draw
the inner plan of the floor where the laboratory building existed.
The sketch drawn for the facilities is shown in Fig.1.

Laboratory is a space where science and design is used together.
To ensure the quality, reliability and certainty of reports produced
by laboratories conducting genetic analysis in all member countries
of the European Union, the European Council announced a
framework decision: 2009/905/JHA on November 30, 2009,
regarding accreditation of forensic services providers, who
implement laboratory activities [2].
The correct construction, choosing the right technology and the
correct material or product in a forensic genetics laboratory, require
a detailed investigation first, considering the accreditation standard,
the health of the analysis processes, results and needs of analysts
and customers [3].
A modern forensic laboratory should be designed with the
flexibility to be able to meet different requirements and adapt to
procedures. As the techniques in DNA analysis evolve, the
laboratories are required to adapt to new designs for minimizing
contamination and provide the maximum accuracy of the results.
In our study; it is demonstrated how to design the laboratory
along with the requirements of ISO 17025 accreditation, how to
provide the ergonomy and health and safety of the staff andthe
Forensic DNA laboratory environment and the sustained accuracy
and sensitivity of the experimental results. The design standards
and recommendations presented in this paper mostly based on
guidelines. Although most laboratories have many similar
characteristics, there may be other specifications and/or

Fig. 1. Process flow chart for the study area for Istanbul UniversityCerrahpasa, Institute of Forensic Sciences and Legal Medicine [4].
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Colors have been selected based on the knowledge gained in the
discipline "Painting and Color Science", which will combine the
requirements of standards and good style. In order to achieve the
tasks in the design, a thorough literature review was made, both
from printed publications and from internet sources.

monitored with cameras (closed circuit television (CCTV) systems).
Electrical panels and power supply have been located outside the
lab. In our laboratory, we have smoke detectors embedded in the
ceiling.
Chemically inert, light colored surface materials are used to
facilitate better cleaning and they are endurable to the chemicals
used as hypochlorite. The flooring is also chemically inert and nonslipping. In constructing a laboratory, it should be noted that, using
antibacterial polymers in surface materials are important for
preventing contamination. Decontamination is much easier with
such surfaces.

3. Results
3.1. Laboratory requirements
Quality control and assurance became a major element in all
forensic laboratories. Due to the high sensitivity of PCR-based
typing systems, contamination prevention is the most important
requirement. To eliminate this risk, as recommended; dedicated
work areas were established and complete physical separation of
pre- and post-PCR processes was performed in our laboratory.
Ideally, three separate work areas with dedicated equipment should
be available for DNA extraction, PCR setup, and handling and
analysis of amplified PCR products, in addition to contamination
protection measures taken during analysis processes.

3.2.2. Lighting & Color
Lighting tools used in lighting design can have different types
and different characteristics. Daylight provides the perception of the
objects in their natural colors. In our laboratory, daylight is used as
much as possible. At night, only fluorescent lighting is used to
reach the required lighting levels. The lamps are at the same level as
the ceiling, avoiding hanging lamps and hanging pipe systems in the
laboratory. The color of the fluorescent light source is close to that
of natural light. In daytime, natural sunlight is utilized directly
because of the large outer windows.

A molecular genetic laboratory environment prototype for the
forensic molecular genetic scientists who plan to build a new
laboratory for every type of forensic DNA analysis was developed
here, representing a two-storey object located in Istanbul: Istanbul
University-Cerrahpaşa Institute of Forensic Sciences and Legal
Medicine, Forensic Molecular Genetic Laboratory, taking the main
steps that should be gone through as; making a dimensional plan,
locating furnitures and equipment, choosing antibacterial furniture,
flooring, covering and lighting fixtures, chosing the style and
preferred colors; and to make a visualization of the laboratory
environment.

Color is one of the most important parameters of interior design
gives identity to the space used and affects the psychological and
personal motivation of the user. In this study, the criteria
influencing the selection of the colors that are critical to the interior
design of health structures were considered.
First, the psychological effects of color, the spatial relationships
between consumers, the composition of colors, the psychological,
physiological and cultural meanings, the relationship between
human character and the criteria that affect the designer and the
consumer when choosing a color are taken into account. Concepts
such as color, light and formal qualities of the space, as well as the
materials used are design elements that affect the visual perception
of the space. Obviously, however, all plans for these studies must be
completed in an integrated manner.

3.2. Technical and Functional Requirements in the
Interior Design of a Molecular Genetics Laboratory
A priority task to be solved was to create a functional,
comfortable and modern interior. The laboratory space should be
large enough to allow all procedures to be performed in the relevant
laboratory. Adequate lighting and ventilation were provided. The
colors chosen were soft and warm. The basic principles of design
were applied on spatial and functional connections, emphasizing the
structural and aesthetic qualities. Chairs, tables, etc. were selected
specifically regarding ergonomy for a good concentration to work.

3.2.3. Laboratory sections
The first factor to be considered is the integrity of samples and
correctness of the test results which can be affected by physical
factors in the laboratory environment [5]. Physical environment
must be designed in a way that eliminates contamination. To
prevent unauthorized personnel having the potential to accidentally
contaminate the samples, in order to protect the integrity of the
materials, access control is critically important. As another measure
to prevent contamination, the order of the rooms in the laboratory
follow a single direction sequentially according to the order of the
DNA analysis process. The general plan of the building drawn
using AUTOCAD is given in Fig. 2. The order has been designed as
sample receipt (1), isolation (2), PCR (3), electrophoresis (4) and
report writing room (5) (Fig. 2). Outside the laboratory area;
preferably four rooms where no special restriction is necessary for
the non-staff individuals: (1) A storage room for supplies, (2) a
room for quality documentation works (3) a room for the staff
where they can work with documents, eat and rest and (4) a sample
reception room where the patients/clients directly apply, are
registered, giving their samples and where the results are submitted
to the clients. These rooms are outside and separate from the
experimental area in the building of our Institute.

3.2.1. Basic interior requirements
Regulatory requirements in each country regarding the
provision of healthy and safe working conditions, fire protection,
storage of chemical, biological and radioactive materials, should be
considered for each laboratory independently. At this stage of
design, all factors relevant to the issue should be analyzed. For the
future accreditation of the laboratory, laboratory design plans must
be drawn up in accordance with the relevant local regulations. In
order not to be responsible for accidents that may occur in the
future, laboratory installations must be made in accordance with the
relevant regulations. Auxiliary laboratory equipment is a necessary
condition for providing experimental work. Appropriate apparatus,
instruments and other facilities must be equipped according to the
different experimental contents of each laboratory, e.g. ultra-clean
furniture tables, centrifuges and sampling points.
According to the guidelines in literature; the widths of the
spaces are recommended as minimum 1.83 m (6 ft), for primary
circulation and exit corridors, minimum 1.37 m (41 /2 ft) for
secondary circulation and non-exit corridors (3). A minimum of
0.914 m (36 inches) wide active leaf is enough for a Forensic DNA
Laboratory door. The sign-in and badging area should be located at
the visitors’ entrance and visitors cannot directly enter the
experimental spaces but to the security area that is allowed for them
to audit the experiments from other side of the windows with the
accompaniment of a personnel. Card-key access system is
indispensable features of our laboratory. By the way, the door,
evidence delivery areas and all rooms inside the laboratory are

Isolation room and PCR room are covered with antimicrobial
flooring; the walls are painted with antibacterial and special paint
and the ceilings have special lighting. Doors are in the dimensions
mentioned to open easily, the tables must have a special coating.
The tables in the analysis area are resistant to weight due to the
large weight of the devices that are placed on them. They have a
long-lasting and antibacterial coating. The floor should be covered
with special tiles and antibacterial coating. The lighting is mostly
natural (sunlight is supported by fluorescent when needed).
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tables are suitable for the room, the lighting in the room should be
very good for reading (we used fluorescence). Special cabinets were
placed in the room for archiving.
The necessary cleaning should be carried out in laboratory WC
and baths. A high level of hygiene for stuff before work should be
provided. And ergonomy should be provided, with adequate space
and adequate number of rooms for the comfort of the personnel.
Sinks should be resistant to strong abrasion, impact and to
contaminants.

3.2.4. Properties in interior design
The furniture should be suitable in terms of their purpose, their
place in the interior space and price. Furniture that looks good may
not be comfortable or the price may not suit us. The goal should be
to buy furniture that is durable, comfortable and affordable.
Using colorful, dynamic and exciting aesthetic new materials
would motivate the stuff. Colorless, impersonal, overly tidy,
monotonous spaces, equipped with stereotypical products, do not
attract attention. There is a need to design aesthetic spaces with the
use of colors and patterns, mixing modern and classic furniture,
specific to a forensic DNA lab. New designs such as stretch
ceilings, interactive light floors will contribute as a very impressive
aesthetic dimension to the design.
In order to increase the effectiveness of an action, the items
used must be functional. Functional furniture is used to fulfil the
purpose for laboratory work, comfort and convenience. In addition,
for causing physical discomfort, such as back, lower back and leg
pain, bad furniture will have a negative effect on the staff.

3.3. Ergonomics of a molecular genetic laboratory
The basic principles of ergonomics have been taken into
account in the design, to maintain adequate comfort to motivate for
work and to keep the attention of the personnel at highest level. The
laboratory devices and equipment used are placed in such a way as
to prevent unnecessary performance losses and body strains [6].
The design was planned so as to minimize lifting, manipulation
and repetitive movements. Laboratory equipment and materials are
placed so as to prevent unnecessary loss of productivity and stress
for the body. Articulations performed by the body, such as
reversing, reaching or turning, must be minimized by additional
equipment. Stairs and the benches are chosen according to the
heights of the staff to work comfortably on the bench while sitting.
No cabinets were mounted to higher locations, all cabinets are
reachable for a sitting individual.

Fig. 2. The interior design of the Forensic Molecular Genetics
Laboratory

The positions of machines and other laboratory devices are
located in the best way to provide ease in movements and the
processes. The tables and chairs were adjusted according to the
body structure or length of the personnel. The working height of the
tables, is considered to be 90 cm for an adult, in order to minimize
movement during permanent work.

3.4. Selection of materials for laboratory
At the design stage, the materials to be used must be selected to
meet certain standards in accordance with the studies to be carried
out. The first step is to do the physical planning properly. Materials
should be chosen with the appropriate parameters according to the
study.
In a general laboratory design; epoxy resin in laboratory spaces
where fume hood or chemically rated biological hood is
recommended as we have in our laboratory. Stainless steel was used
in spaces of our hoods, where biological sample is to be placed on
the work surface. Chemical resistant plastic laminate was used in
benches of all other laboratory spaces. Standard plastic laminate
was used in non-laboratory spaces such as offices, conference
rooms, lunch room, toilet rooms, etc.

Fig. 3. Area for analysis of the obtained product.

Archived files should be kept in locked cupboards at room
temperature around 22oC. Instruments for temperature and moisture
control with logbooks also exist in this area. It is important that the
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4. Conclusion

3.4.1. Selection of flooring, wall coverings and
ceilings

The current study presents a prototype of an interior design, for
the forensic scientists who would like to build a forensic molecular
genetics laboratory regarding the requirements of ISO/IEC 17025
standard for accreditation and regulatory standards. The laboratory
mentioned here is built at Istanbul University-Cerrahpaşa Institute
of Forensic Sciences and Legal Medicine with the name: Forensic
Molecular Genetics Laboratory.

Floors are made of a easily cleanable, non-slip laboratory
standard material, which have high chemical resistance and consist
of as few parts as possible (industrial ceramics).
Our laboratory floors are constructed with chemical-resistant
sheet industrial ceramic with welded seams. Vibration-proof and
high-strength flooring is important for a comfortable work

A discussion was held on the selection of laboratory furniture,
lighting fixtures, cladding, furniture and construction materials.
Measures have been taken to keep the laboratory under control are
as follows; a) access to and use of areas affecting laboratory
activities has been limited, b) contamination and interferences on
laboratory activities have been prevented, c) an effective distinction
has been made between areas related to incompatible laboratory
activities d) measurements of the molecular genetic laboratory were
made e) the diagrams of the technical units were drawn, together
with projections of the walls.

In modern buildings, the ceiling is not just a white flat board on
which to place a light fixture. Modern trends require the use of the
ceiling as a major part of the interior of the room, so its proper
structuring and lighting are the key to comfort. When designing,
levels and details of the ceilings, paints and colors to be used must
be taken into account.

3.4.2. Windows and Doors
One-leaf opening windows with colorless glasses were selected
at the request of the molecular genetics laboratory workers.

Information on our laboratory was given along with short
evaluations about the possible division of the laboratory premises
into zones, choice of style, materials used, the most important
related regulations, ergonomical concerns that were considered
during construction, preventive measures for microbial
contamination, locating instrumentation and furnitures and their
importance. The properties of the laboratory elements as preferred
colors, lighting colors, lighting fixtures, furnitures (benches, chairs,
cabinets, etc.), floors and windows, doors and walls, electrical
appliances, security systems and sample furniture, were detailed.

Doors with one-leaf opening have been selected for all
laboratory sections. The doors consist of approximately 1 m2 of
active wing area. The glazing of the doors is with two-layer
tempered glass. The laboratory doors must open to the outside.
There is no equipment and workbench to prevent entry and exit near
the laboratory door.

3.4.3. Choice of furniture
Furnitures should be in very vibrant and non-irritating colors.
Another feature of the new generation of furniture is their
flexibility. Furniture should have different and remarkable
characteristics. The cabinets have a special surface with an
antibacterial coating and portable system.

This laboratory, which has been established, is important in
terms of providing an accessible prototype and giving inspirations
to new entrepreneurs who want to design a Forensic Genetics
Laboratory according to the requirements of ISO/IEC 17025
standard. However, it should be considered that each laboratory has
its own characteristics of interior design and no two labs are
identical. Once such a laboratory is established, measures are
required to keep the laboratory under control, opportunities should
be periodically identified, selected for improvement and any
necessary actions should be taken.

Plastic laminate was preferred for standard laboratory work.
White benching is recommended, to facilitate cleaning. The
thickness of the benches in laboratory is approximately 18 mm. The
outer surface layer is highly resistant to acidic environments. In
addition, it has high resistance to shocks, heat and moisture. It can
be used without any problems in Molecular Genetic Laboratories
for chemical analysis.
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A space for a big roundtable and chairs exist in another floor of
the building where the staff can meet formally or informally.
Laboratory chairs are height adjustable and are covered with an
antibacterial non-porous material, which can withstand frequent
cleaning. In our laboratory; there are ergonomic chairs which allow
3D movement of the seat, being tilted not only backwards but also
forwards, having the ability to rise and descending. These chairs are
designed mainly for laboratories, which, in addition to the health of
the employees to take care of their posture. Movable chairs were
preferred, because they are appropriate to the criteria for a
molecular genetics laboratory for comfort during operation.
Bench workstation drawer units provide sufficient storage
capacity to enable bench surfaces to be kept clear, other than
equipment in daily use.

3.4.4. Laboratory sinks and nozzles
Sinks at the side of benches are corrosion resistant, heat
resistant and UV-resistant stainless steel. The valves are epoxy
coated ceramic, having switch life more than 500000 times. Parts
that come into contact with liquids must meet the standard. The
welding compounds used must not contain cadmium.
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Opportunities for the development of
the automotive industry in Bulgaria in the second half of the XX century
in terms of collaboration with the West and close cooperation with the
East
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Abstract: In the mid-1960s, the construction of production facilities for automobile manufacturing began in our country. After multi-million
capital investments, a modern base for the production of cars and trucks, and buses, as well as assemblies and aggregates for them, is being
created in our country. Licenses and technical documentation acquired by leading Western companies guarantee high quality of Bulgarian
production and mark a huge growth in the export of production for the automotive industry. The cooperation opens up perspectives for the
complete absorption of the samples produced in our country and cooperation in the industry with countries that are members of the
COMECON. The possibility of using foreign experience and gradually preparing the necessary personnel leads to hitherto unknown
concentration and specialization in the industry and to extremely high labor productivity.
Keywords: HISTORY, AUTOMOBILE, LICENSE, INDUSTRY, COOPERATION
Bulgarian-Italian commission for economic, industrial and technical
cooperation, held in 1976, a general long-term agreement was
concluded with FIAT for the joint production and trade of wheeled
tractors, trailed agricultural machines, auto components and spare
parts, motorcycles and electric trucks. Ways of cooperation are also
being sought with the Pirelli concern for the reconstruction and
modernization of our enterprises in the field of the rubber
industry.[2]

1. Introduction
The Bulgarian automobile industry is developing in attempts to
organize both a complete assembly of cars and on the way of
gradually mastering the production of basic units for cars and trucks
and buses. The conclusion of licensing agreements with worldfamous Western companies, from which the Bulgarian engineering
industry receives their samples, technical documentation,
technology and organization of production, has a huge influence on
this development. The separation of the automotive industry in
Bulgaria is carried out under the conditions of international
specialization of production within the framework of COMECON.
For products that are in demand on the Eastern European market,
the Bulgarian auto industry cooperates in productions that are key to
the general industrial growth of our country and the Eastern Bloc.
The successful sale of cars under license ranks us among the
technically developed societies that equip their own vehicle fleet for
the needs of production, trade and consumption and participate in
the international market with quality machine-building products.

The contract with FIAT from 1967 is part of a model of
development in engineering production during those years, which
includes obtaining a license and technology from a Western
company and gradually mastering the production of the product
until the moment when we can meet our needs with our own forces
and means.The desire for one's own development in this case does
not contradict the decision to use Western technologies, it is even
encouraged, as it enables our economy to keep pace with the
general technological development. And this is not the only case in
which Bulgaria cooperates with the Western countries in the
conditions of close cooperation with the Eastern ones.

2. Solutions

Another example of a license acquired by a western company and
the successful implementation of production in our country is the
case of the "Energy" battery plant in Targovishte. After they found
that there was no production of armored traction batteries in the
entire Eastern Europe, on August 2, 1965 the Council of Ministers
decides to build a factory. [3] Technoimport concludes a contract
with Varta. According to the contract, the West German company
prepares a project of the plant, submits the technological
documentation and supplies the equipment for production. The
value of the complete equipment and the license amounts to 21.4
million Deutsche marks. In the general account, additional costs are
foreseen for the construction of an industrial-technical school at the
plant, a preventive clinic for the restoration of workers' health and
for housing construction in the area. The production program of the
plant for 1970. amounts to 1,000,000 batteries. The enterprise in
Targovishte operates until today.

On March 3, 1967 in Turin, between Balkancar and Fiat, a general
cooperation agreement was signed for the assembly and partial
production of four models of passenger cars in Bulgaria [1] The
Italian giant supplies a complete assembly line to Plant 14 in
Lovech, prepares a development project and provides technical
assistance for the start of production. Balkankar has been handed
over the complete technical documentation for mastering the
production, a project for the organization of a service base and the
right to replace Fiat parts and assemblies with its own production.
Cooperation with Fiat opens up broad prospects for the Bulgarian
automotive industry. First of all, this is the opportunity to expand
the agreement in principle already reached with USSR on
cooperation in the field of automobile construction. Bulgarian
mechanical engineering has agreed to produce in mass quantities
several parts and assemblies for incorporation into the production of
the then still under construction automobile plant in the city of
Toliati. In return for their value, Balkankar agreed to receive after
1970 series of Soviet cars type Fiat 124 for installation in Bulgaria.
FIAT does not object to the cooperation model with USSR [1] The
assembly workshop in Balkan-Lovech began assembling four FIAT
models in 1967. and until 1971 managed to produce a total of 758
cars under the name Pirin. After 1971, the license agreement was
not renewed, but the trade relations between Italy and Bulgaria in
the automotive industry were not interrupted. Bulgaria successfully
exports electric trucks and forklifts through the mixed BulgarianItalian company Sibikar [2] After the 9th session of the mixed

The start of production of individual parts, aggregates or the
organization of a complete set of cars in our country begins because
of objective needs. In 1970 The Minister of Mechanical
Engineering, Mariy Ivanov, reported to the Politburo that the
demand for passenger cars throughout Eastern Europe was
constantly increasing.[4] From the presented statistics, it is clear
that in the GDR and Czechoslovakia there is one car for every 32
people, in our country one car satisfies the needs of 70 people and
according to this indicator Bulgaria is in one of the last places in
Europe.In Austria and Finland there are 135-140 cars per 1000
people. By 1980 it is expected that there will be 200 cars per 1000
people.
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Satisfying our needs for cars requires that in 1980 there should be
100 cars per 1000 people. This would cost between BGN 650 and
700 million per year if we rely only on imports, an amount that
could hardly be covered by exporting our industrial products. On
the other hand, organizing in our country the production of cars in
an optimal series, according to Minister Ivanov, would lead to an
unknown concentration and specialization in mechanical
engineering.[4]
Experience in developed countries shows that the automotive
industry is highly efficient and labor productivity is extremely high.
This industry is a powerful stimulus for the development of almost
all branches of industry-mining, metallurgical, chemical,
electrotechnical, instrument making, etc. In 1970 Bulgaria has
already developed industrial capacities for the production of
automobile tires, rims, glass, artificial leather, batteries, sheet metal,
paint coatings, radio industry, etc., the effective use of which
requires the development of automobile manufacturing. According
to American standards, the minimum profitable series for complete
production of cars is about 300,000 units per year. By 1970 The
USSR is building a factory for 660,000 units. annually in the city of
Toliati.The Moscow plant for the production of the Moskvich 412 is
being reconstructed and expanded to an annual production of
200,000 units. The plant in Izhevsk is being built for 150,000 units.
Annually. The West German company BMW produces 100,000
units. cars per year. Audi – 70,000, Skoda – 130,000, with a total
capacity of 150,000. [4] In the conditions of close cooperation and
cooperation with other socialist countries, both passenger cars VAZ 2101 or Moskvich 412 - are being produced in our country. In
Lovech, introduced in the Balkans, an assembly plant for passenger
cars with a capacity of 15,000 units is in operation. annually,
together with the FIAT, from 1966, the Moskvich 408 was
assembled, and until 1972, the Moskvich 412. From 1973 to 1976,
it is planned to assemble Moskvich 412 and VAZ 2101 in parallel
on the assembly line in Lovech, and for this purpose a new
assembly plant is being designed for us in the USSR with a capacity
of 60,000 units. per year, the construction of which began in 1971.
The assembly of Moskvich continued until 1990. and for the entire
period a little over 300,000 cars were assembled in our country. [4]
In 1970 a long-term agreement was signed with the USSR and the
production of components - generator, starter, ignition coil, relayregulator, 3 types of wires, battery, air and oil filter for the new
Soviet car VAZ began in our country.[5] In the same year, all the
components were mastered and put into regular production and the
agreed quantities were shipped.
The production of diesel engines under an English license has been
successfully implemented in our country. In 1967 the Minister of
Mechanical Engineering, Mariy Ivanov, reported to the Chairman of
the Council of Ministers, Todor Zhivkov, a license contract for
diesel engines with the English company Perkins. [6] It is said that
this will increase the efficiency of production and export of
forklifts, tractors, road construction machinery, trucks, stationary
plants, etc. In his report, the minister reveals that a consultation was
made with the Soviet Institute of Engines and Automobiles NAMI, which recommends the English company as the best. The
minister also has the assurance of import organizations to buy
machines with our diesel engines.[6]With the conclusion of the
contract, opportunities are created for the production of high-speed
diesel engines with a power of up to 120 hp. in the Vasil Kolarov
factory, Varna, where in 1967 construction of a new production site
begins for 5 different types of engines with a capacity of 40,000
units. Annually. Bulgaria receives the right and the necessary
structural and technological documentation for the production of
assemblies, aggregates and details such as pistons, piston rings,
bearings, etc., and the fuel equipment for the engines is delivered to
our country during the entire five-year term of the contract for
500,000 British pounds .
Prior to the approval of the contract, an analysis was made looking
at the benefits for us under several options. The first is to continue
our production of "D" family diesel engines from 20 to 60 hp,
which is expensive and does not cover the range of all our needs. It

is estimated that the cost of one engine of this type amounts to BGN
1,400.
The second option is the development of a new in-house engine
design with a power of 30 to 120 hp, the cost of which is BGN
1,300 for 1 unit, but the development, assimilation and
implementation in production would take at least 72 months, which
slows down the Bulgarian production and deprives our economy of
exports.
In the third option-purchase of a license-the cost price of one
manufactured engine is the lowest-BGN 1,150. In addition, with the
purchased parts and units for engines, an opportunity is provided to
reach the required quality more quickly and the gradual assimilation
of the product. [6]
The technical and economic indicators of Perkins diesel engines are
among the best in the world in the 40-120 hp range. power. Perkins
four-cylinder engines outperform those of MAN, Deutz, Guldner,
Daimler Benz and others. companies, as well as the best
representatives produced in socialist countries. The YaMZ
automobile diesel engines produced in the USSR are unsuitable for
Bulgarian needs in terms of their technical and dimensional
parameters. Tractor diesels of the SMD type are unsuitable for
forklift and automotive work, as are the needs of the Bulgarian
automotive industry. Automotive diesels are not produced in
Poland. The low-volume Robur produced in the GDR do not make
it possible to cover our needs above 50 hp, and the Schwonebeck
engines are not suitable for driving cars and forklifts. In the 1960s,
work began in the GDR on the creation of a new family of universal
purpose diesel engines - automotive, tractor and stationary - using a
license purchased from the MAN, GFR. These engines exceed our
requirements for forklift production, the weakest being 100 hp.
Moreover, their production was expected to be mastered only in
1976. Of the diesel engines manufactured in the Czech Republic,
those of Zetor are of interest, which are installed only in tractors
and do not fully satisfy our needs. Diesel engines for Cepel heavyduty vehicles and buses are produced in Hungary. [6]
By contracting with Perkins, we get the opportunity to master
world-class construction. The start of production has been given,
which places Bulgaria among the countries with an automobile
industry. For the casting of the engine casing and other cast iron
parts, necessary for the production of diesel engines, in 1967
construction of a foundry began at the tractor plant in Karlovo using
USSR technology and equipment.[6]
The production grew and after a few years construction began on an
iron foundry in Vratsa with a capacity of 30,000 tons per year,
which was completed on 30.05.1979. For the first time in the
country, a foundry is being built in 2.5-3 years.[7]
Veslets Cast Iron Works, Vratsa, subsequently completely took over
the production of heads and blocks for 3, 4 and 6 cylinder diesel
engines under the Perkins license.
In 1967, it was decided that the assemblies and details for diesel
engines would be produced in a factory in Razgrad, which was
designed in the USSR and started operating in 1968. The
technology and equipment of the plant were supplied by the USSR
and other socialist countries, and the constructive documentation for
their design was provided by the English company Perkins. The
production of diesel engines is promising. The license with the
English company implies that the engines are built into forklifts,
trucks and cars, tractors, road construction machines, power units,
pumps, etc.
At the end of the 1970s, opportunities were again sought in our
country to conclude new licenses limiting the quality of transport
engineering only from Western companies - with the English
company Perkins for the development of a new range of engines
and a new fuel process, with the American Borgwerner for
hydrodynamic transmitters, for stamped welding beams for trucks
with UTS, Italy, for seats, pistons and armored batteries with
manufacturers from Germany, for car radiators with French
Chausson, etc. [8]
At the end of 1980 The Council of Ministers decides to build
capacities for the production of diesel engines in the range of 240360 hp. complete with gearboxes and clutches.[9] In the course of
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in the production of fuel equipment for diesel engines, hydraulic
units, gear pumps and axial-piston systems, electro-pneumatic
distributors and shock absorbers.
The production of buses in our country dates back to before WWII.
In 1924 in the wheel and iron workshop of Racho Jambazov in
Botevgrad they produce bus chassis from scrapped military
ambulances.[14]
In 1948 The workshop grew into the Chavdar factory and began
production of bodies on Skoda chassis. The development of bus
production began after the conclusion of a license agreement with
the company Kesborer, West Germany, in the early 1970s.
According to forecasts of the State Planning Committee, our needs
for buses for 1975 amount to 2300 units. [15]
The high international price of a bus, the high labor intensity and
relatively small capital investments encourage the Bulgarian
engineering industry to organize bus production in our country on
the basis of progressive assembly. With the acquisition of the
license for the production of buses, the issue of both the
modernization of body production on the Škoda chassis and the
production of a modern family of buses is resolved. For the
modernization of the Chavdar plant in Botevgrad, BGN 10,500,000
in capital investments are planned for the period 1971-1970. Until
1975 an additional BGN 4,000,000 is invested, mainly for
machinery and equipment. Through international cooperation, we
receive the main units of the buses - engine, axles, gearbox,
elements of the suspension, the braking system, etc., and their
production is yet to be mastered.
In 1975 it has been reported that the majority of the equipment
required for bus production is produced in our country in about 50
enterprises.[16]
Gradually, imported products in the second direction decreased, and
by 1983 there was a tendency to be completely replaced by local
production. The production of a new model of small buses has been
mastered, the main units of which are produced in our country. In
1975 the capacities at the Chavdar plant allow an annual production
of 2350 pcs. Buses. By Decision of the Council of Ministers No.
210 of 21.5.1975. auxiliary enterprises were built at the plant - in
Yablanitsa for the production of metal skeletons for seats; in
Trudovets for upholstery of seats; in Etropole for parts and
assemblies for the bodywork; in Botevgrad - for spare parts; in the
village of Djurovo for bus details and aluminum locksmithing.
(ibid.)
The poor results reported are the reason for initiating the
modernization and reconstruction of the facilities at the Chavdar
Plant. There is a proposal to acquire licenses for the acquisition of
technology and equipment for the production of a self-supporting
city bus and for the production of seats.
In the middle of 1978 The Ministry of Justice gives the green light
for the expansion and modernization of the plant in Botevgrad. On
22.11.1979, a contract was signed for multilateral international
specialization and cooperation in the production of buses, valid until
1990. [16]

the study, talks were held with representatives of partner countries
in the COMECON and in 15 capitalist countries. It follows the
already tried and successful formula - buying a license and
industrial cooperation with a leading Western company, considering
the possibility of buying the license together with another socialist
country in the case of long-term cooperation and specialization in
the production of engines, units and aggregates for them.
The State Committee for Science and Technical Progress suggests
considering a third option – the possibility of using a self-developed
engine. In 1980-1981 we have developed our own 220 hp engine
design, which has given positive results in tests.The structural and
technological development is based on the previously mastered
Perkins license engine and is essentially its further
development.This approach is in line with the positive global
experience of consistent development and improvement of acquired
licenses. There is a project for the production of the Mashproekt
engine created in our country, which proves that this option is the
most economically advantageous for the country. [9]
The successful implementation of the production of diesel engines
in our country continued its development in 1985. For 18 years,
since the purchase of the license, we have mastered the production
of 4 types of engines in 16 modifications along with the main
details. [10] In 1984 36,000 units were produced. the engine, and it
is planned that in the future the production will be tripled to
100,000 pcs. Given these intentions, the Minister of Mechanical
Engineering, O. Doinov, proposes that the Base for Implementation
and Development of Diesel Engines grow into a Research and
Design Institute for Diesel Engines as a division of Balkankar. The
development of the automobile industry follows two main paths: a)
through the accelerated creation of complete automobile factories
for the complete production of cars and trucks and buses; and b) by
gradually mastering the production of individual units and
aggregates in close cooperation and cooperation with other
countries.[4] The second approach, called "progressive assembly",
is preferred, which enables the native industry to use the foreign
experience of Western companies and gradually prepare the
necessary personnel for close specialization and cooperation with
other socialist countries. The most necessary for our needs are lowtonnage (less than 2 t) cars, the solution for which was found in
modifications of already produced light cars, and heavy-duty
vehicles, over 8-12 tons. The series and profitability of this
production began to increase, as the main units - rear and front axle,
gearbox, steering, etc. are used both in the production of heavy
goods vehicles and in the production of buses, heavy forklifts and
road construction machinery. (ibid.)
To meet the needs of transporting goods and passengers, the
Ministry of Mechanical Engineering plans to have about 140,000
trucks and 145,000 buses in 1975. In 1980 their number should
reach 190,000 trucks and 20,000 buses. This makes it necessary to
start production of trucks and buses in our country.[4]
According to the long-term agreement signed in 1970 between
Bulgaria and Czechoslovakia in the field of production of trucks,
our country mastered the production of rear axles for trucks to meet
the needs of both countries.[11] At the Madara Plant, Shumen,
facilities are organized for the assembly of 15,000 Gas 53 A trucks
per year, but the production program starts with 3,000 units.in 1971
with a tendency to reach 7,000 in the middle of the decade. In Gaz
53 the adopted English diesel engine is installed. In parallel with the
production of Gaz 53, the production of a truck Skoda began. [4]
Our obligations under the agreement with Czechoslovakia include
the reconstruction, modernization and expansion of the Madara
plant, and the development of the production of trucks and
assemblies is defined as a task of primary importance.[12] By
Decision of the Council of Ministers No. 230 of 1977, the task was
set to complete the production of all rear axle components for LiazMadara trucks by the end of 1981 and to stop importing them. [13]
At the 17th session of the Bulgarian-Czechoslovak Committee for
Economic and Scientific-Technical Cooperation (1976), it was
agreed to deliver to our country bus chassis and aggregates for
buses with the aim of concluding contracts for specialization

Conclusion
Car manufacturing is carried out largely thanks to the efforts of
Balkancar, a business association that unites 36 enterprises directly
involved in the production of cars. From 1965 to 1975, Balkancar
recorded the highest production growth among all associations
within the Ministry of Machine Building. In 1965, the total volume
of industrial production amounted to BGN 213,200,000, in 1970 –
BGN 613,770,000, and in 1975 it far exceeded BGN 1,000,000,000.
[18]
Although the most significant success of Balkancar is the
production of electric vehicles and forklifts, the assimilation of
models and technologies in automobile production shows that
Bulgaria was not isolated from the general technological
development in the world.
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Our industry, although strongly bound by cooperation agreements
with other socialist countries within the framework of the SIV, is
looking for ways and realizes cooperation in which it participates in
production together with the best representatives of the automotive
industry from the developed countries of the West. The state
leadership does not hinder this process, but encourages it and finds
ways to present and use it as a positive, both for the economic
development of Bulgaria and for the general development of the
countries of the Eastern Bloc.
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Abstract: This study is concerned with the dynamical laws for particle velocities in supercooled and supersaturated liquids. The cases of
spherical and ellipsoidal particle shapes are considered. Also, we consider various growth conditions such as stationary and non-stationary
approximations, the shift of crystallization temperature caused by the phase interface curvature, and the kinetics of atoms sticking to the
solid-liquid boundary. The dynamical laws under consideration are in good agreement with experiments.
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interphase growth boundary and kinetics of atoms sticking to such
boundary.

1. Introduction
Experimental data and theory show that the time evolution of
particle system in metastable liquids is determined by the growth
law of each individual particle. In this case, the properties and
structure of the solidified material depend on the behaviour of the
whole system of particles as well as on interaction mechanisms
between individual particles [1-6]. To simplify the mathematical
model, the phase transformation from a supercooled
(supersaturated) liquid into a solid is conveniently divided into
stages, where one or another dominant factor occurs [7]. Usually, an
initial phase is distinguished, where the degree of metastability
(supersaturation or supercooling) of the medium remains almost
unchanged with time. This is due to the fact that in this phase a
small number of particles are formed that cannot drastically change
the characteristics of the crystallizing system (e.g. particle size
distribution function or degree of metastability). When the number
of nucleating and growing particles increases, the system changes
its characteristics significantly. For example, the supercooling of a
fluid is significantly altered by the release of latent solidification
heat in the intermediate phase of the phase transformation [8-11].
Possible inter-particle interaction in the intermediate phase of the
process is neglected due to the large distances between the particles.
When enough particles are formed, this hypothesis becomes
inapplicable and the process proceeds to the final stage where
various scenarios of system evolution are possible: Ostwald
ripening, coagulation and disintegration of particles [12-24].

2. Spherical Particles
Let us begin our consideration of the evolution of spherical
particles with single- and two-component media. Here we pay our
attention to the stationary scenario considering the shift in the
crystallization temperature as a result of phase interface curvature,
and the kinetics of atoms sticking to the solid-liquid boundary. We
then consider the effect of non-stationarity of the temperature and
solute concentration distributions during the growth of spherical
crystals.
2.1 Stationary Growth
Here we are dealing with the simplest stationary approximation
of temperature and solute concentration distributions around the
growing spherical particle.
2.1.1 Spherical Particles Evolving in Pure Supercooled Melts
The steady-state evolution of a spherical particle in pure
undercooled melt is described by the stationary thermal
conductivity equation
(1)

𝜕 2 𝜃 2 𝜕𝜃
+
= 0, 𝜌 > Σ 𝜏 ,
𝜕𝜌2 𝜌 𝜕𝜌

where 𝜃 is the melt temperature, 𝜌 is the spatial coordinate, 𝜏 is the
time, and Σ is the moving boundary of growing particle, which
divides the solid and liquid phases. At this boundary, we have the
balance condition of the form

There are a number of other factors that can significantly
influence the phase transformation phenomenon. In this regard, we
can mention the removal of particles of a certain size from the
metastable liquid, the admixture influx or the heat sink (crystallisers
and crystal granulators) [25-28], simultaneous crystallisation and
polymerisation of evolving particles [29, 30], consideration of
buoyancy forces [31], electromagnetic forces [32] etc. A number of
essential hypotheses are often used to describe the dynamics of
individual particles, simplifying mathematical models (e.g., the
spherical shape of crystals and the constancy of their growth rates),
as well as experimental laws of their evolution [33, 34]. These
approaches can give strong deviations with observations at strong
supercoolings (supersaturations) of the metastable medium due to
significant deviations of the temperature (concentration) field near
the crystal from its stationary values. This leads to the necessity to
consider non-stationary equations of heat conduction and impurity
diffusion in the problem with a free boundary of phase
transformation. Note that such a Stefan-type problem does not have
exact analytical solution even for a spherical particle shape. This
leads to the necessity to construct an approximate non-stationary
solution to the growth problem of a single particle. Another key
factor strongly influencing the state of metastable liquid is the shape
of real crystals, which is far from spherical [35, 36]. One option to
take into account the non-spherical shape and construct analytical
solutions is to approximate the particle by means of an ellipsoid. In
this paper, we consider the influence of such factors as nonstationarity of temperature and impurity concentration distributions
around the growing particle, nonsphericity of its shape, curvature of

(2)

𝑑Σ
𝜆𝑙 𝜕𝜃
=−
= 𝛽∗ 𝜃∗ − 𝜃 , 𝜌 = Σ 𝜏 ,
𝑑𝜏
𝐿𝑉 𝜕𝜌

where 𝜆𝑙 stands for the thermal conductivity of liquid, 𝐿𝑉 is the
latent heat of crystallization, 𝜃∗ is the crystallization temperature of
single-component melt, and 𝛽∗ is the kinetic parameter for thermal
problem. Also, we assume that the far-field temperature is fixed
(3)

𝜃 → 𝜃𝑙 , 𝜌 ≫ Σ 𝜏 .

Equation (1) can be easily integrated. By defining integration
constants from the boundary conditions (2) and (3), we find the
temperature profile 𝜃(𝜌, 𝜏) in the melt and the growth velocity
𝑑Σ 𝑑𝜏 of spherical crystal
(4)

(5)

𝜃 𝜌, 𝜏 = 𝜃𝑙 +

𝑞𝜃 𝛽∗ Δ𝜃Σ2 (𝜏)
1 + 𝑞𝜃 𝛽∗ Σ 𝜏 𝜌

, 𝜌>Σ 𝜏 ,

𝑑Σ
𝛽∗ Δ𝜃
=
,
𝑑𝜏 1 + 𝑞𝜃 𝛽∗ Σ 𝜏

where
Δ𝜃 = 𝜃∗ − 𝜃𝑙 represents
the
metastability
degree
(supercooling), and 𝑞𝜃 = 𝐿𝑉 𝜆𝑙 . If the supercooling does not
change, we obtain the solid-liquid boundary of spherical particle in
the form
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Σ 𝜏 =

(6)

1
𝑞𝜃 𝛽∗

1 + 𝑞𝜃 𝛽∗ 2𝛽∗ Δ𝜃𝜏 + 2Σ0 + 𝑞𝜃 𝛽∗ Σ02 − 1 ,

(15)

where Σ0 = Σ(0) is the initial crystal radius.

𝑑𝑣
𝑑Σ
3𝑣 𝜏
= 4𝜋Σ2 𝜏
=
𝑑𝜏
𝑑𝜏
4𝜋

(7)

4𝜋𝛽∗ Δ𝜃
1 + 𝑞𝜃 𝛽∗ 3𝑣 4𝜋

1/3

As a special note, although we use the stationary thermal
conductivity equation (1), the temperature distribution in the melt
(4) depends on time 𝜏 through the moving boundary Σ 𝜏 .

(17)

2.1.2 Spherical Particles Evolving in Supersaturated Solutions

𝜕 2 𝜍 2 𝜕𝜍
+
= 0, 𝜌 > Σ 𝜏 .
𝜕𝜌2 𝜌 𝜕𝜌

This equation should be supplemented by the mass balance
boundary condition

(18)

𝑑Σ
𝜕𝜍 𝑑Σ
= −𝐷 ,
= 𝛽∗ 𝜍 − 𝜍𝑝 , 𝜌 = Σ 𝜏 ,
𝑑𝜏
𝜕𝜌 𝑑𝜏

(19)

where 𝑘𝑒 and 𝐷 represent the segregation and diffusion coefficients,
and 𝛽∗ is the kinetic parameter for concentration problem. Also, we
assume that the far-field solute concentration is fixed

𝑑Σ
𝜆𝑙 𝜕𝜃
𝐷
𝜕𝜍
=−
= 𝛽∗ 𝜃𝑝 𝜍 − 𝜃 =
, 𝜌
𝑑𝜏
𝐿𝑉 𝜕𝜌
𝑘𝑒 − 1 𝜍 𝜕𝜌
=Σ 𝜏 ,

𝜃 𝜌, 𝜏 = 𝜃𝑙 −

where the time-dependent functions 𝜃1 (Σ(𝜏)) and 𝜍1 (Σ(𝜏)) are
given by
𝜃1 Σ =

An important point showing the difference between thermal and
concentration problems is the difference in the boundary conditions
(2) and (10). Indeed, condition (10) contains the nonlinear term
𝜍 𝑑Σ 𝑑𝜏 as compared to linear contributions in expression (2).

𝜍1 Σ =
𝑇 Σ =

Equation (9) implies that 𝜍(𝜌, 𝜏) is a linear function of variable
𝜌. The coefficients of this distribution depend on 𝜏 and should be
found from two conditions (10) and (11). The third boundary
condition (expression (10)) leads us to the quadratic dependence for
𝑑Σ 𝑑𝜏. Keeping in mind that the crystal growth rate is sufficiently
small in stationary conditions and omitting the quadratic term, we
arrive at the following concentration profile in a supersaturated
solution and particle growth velocity
(12)

𝜍 𝜌, 𝜏 = 𝜍𝑙 −

𝑞𝜍 𝛽∗ Δ𝜍Σ2 𝜏
1 + 𝑞𝜍 𝛽∗ Σ 𝜏 𝜌

1
𝑞𝜍 𝛽∗

1
−𝑇 Σ ± 𝑇 2 Σ + 4Δ𝜃Σ2 𝜏 𝜍𝑙 /𝑚𝑒 ,
2

𝐷
Δ𝜃Σ(𝜏)
𝐷𝑞𝜃 Σ 𝜏
+
− 𝜍𝑙 Σ 𝜏 +
,
𝛽∗ 𝑘𝑒 − 1 𝑚𝑒
𝑚𝑒
𝑘𝑒 − 1 𝑚𝑒

Σ

(20)

𝑡=

𝑑Σ1
.
Σ(0) 𝑓(Σ1 )

The growth velocity of crystal volume evolving in a twocomponent melt is as follows

, 𝜌>Σ 𝜏 ,

(21)

where Δ𝜍 = 𝜍𝑙 − 𝜍𝑝 stands for the system supersaturation (𝜍𝑝 is the
saturation concentration), and 𝑞𝜍 = 𝜍𝑝 (𝑘𝑒 − 1)/𝐷. Expression (13)
assumes that the particle surface evolves as
Σ=

𝐷𝑞𝜃 𝜍1 (Σ)
,
(𝑘𝑒 − 1)(𝜍𝑙 − 𝜍1 (Σ)/Σ(τ))

where the supercooling of two-component system reads as Δ𝜃 =
𝜃∗ − 𝑚𝑒 𝜍𝑙 − 𝜃𝑙 . Expression (19) leads us to the following integral
function defining the dependence between particle’s radius and time

𝑑Σ
𝛽∗ Δ𝜍
=
,
𝑑𝜏 1 + 𝑞𝜍 𝛽∗ Σ 𝜏

(13)

𝜃1
𝜍1
, 𝜍 𝜌, 𝜏 = 𝜍𝑙 − , 𝜌 > Σ 𝜏 ,
𝜌
𝜌

𝑑Σ
𝑚𝑒 𝜍1
𝐷𝑞𝜃
= 𝛽∗ Δ𝜃 +
1−
𝑑𝜏
Σ 𝜏
𝑚𝑒 (𝑘𝑒 − 1)(𝜍𝑙 − 𝜍1 /Σ)
= 𝑓(Σ),

𝜍 → 𝜍𝑙 , 𝜌 ≫ Σ 𝜏 .

(11)

(14)

𝑑Σ
Δ𝜍
=
, Σ ≫ 1 𝑞𝜍 𝛽∗ .
𝑑𝜏 𝑞𝜍 Σ 𝜏

where the crystallization temperature 𝜃𝑝 𝜍 is assumed to be a
linear function of solute concentration, i.e. 𝜃𝑝 𝜍 = 𝜃∗ − 𝑚𝑒 𝜍 (𝜃∗ is
the crystallization temperature of a single-component melt, and 𝑚𝑒
is the constant liquidus slope). Substituting the solutions of
equations (1) and (9) into the far-field conditions (3) and (11), as
well as the heat and mass balances (17), we come to the temperature
and concentration profiles and particle’s growth velocity

In this subsection, we pay our attention to the question of how a
spherical particle evolves in a supersaturated solution. The
stationary diffusion equation for solute concentration 𝜍(𝜌, 𝜏) reads
as

1 − 𝑘𝑒 𝜍

.

Here we study the steady-state growth law of a single particle in
supercooled two-component melt. For such a system, we have the
temperature conductivity and diffusion equations (1) and (9). These
equations should be supplemented with the boundary conditions at
particle’s surface

𝑑Σ
Δ𝜃
=
, Σ ≫ 1 𝑞𝜃 𝛽∗ .
𝑑𝜏 𝑞𝜃 Σ 𝜏

(10)

1/3

2.1.3 Spherical Particles Evolving in Binary Melts

𝑑Σ
= 𝛽∗ Δ𝜃, Σ ≪ 1 𝑞𝜃 𝛽∗ ,
𝑑𝜏

(9)

4𝜋𝛽∗ Δ𝜍
1 + 𝑞𝜍 𝛽∗ 3𝑣 4𝜋

𝑑Σ
= 𝛽∗ Δ𝜍, Σ ≪ 1 𝑞𝜍 𝛽∗ ,
𝑑𝜏

(16)

.

Note that the growth law (5) can be simplified when dealing
with small (Σ ≪ 1 𝑞𝜃 𝛽∗ - kinetic growth) and large (Σ ≫ 1 𝑞𝜃 𝛽∗ diffusion growth) particles

(8)

2/3

The growth law (13) can be simplified as before when dealing
with small (Σ ≪ 1 𝑞𝜍 𝛽∗ - kinetic growth) and large (Σ ≫ 1 𝑞𝜍 𝛽∗ diffusion growth) particles

The radius 𝜌 of spherical crystal can be expressed through its
volume 𝑣 as 𝜌(𝜏) = 3𝑣 𝜏 4𝜋 1/3 . Taking this into account, we
find the growth velocity of crystal volume
2/3

𝑑𝑣
𝑑Σ
3𝑣 𝜏
= 4𝜋Σ2 𝜏
=
𝑑𝜏
𝑑𝜏
4𝜋

𝑑𝑣
3𝑣 𝜏
= 4𝜋
𝑑𝜏
4𝜋

2/3

𝑓

3𝑣 𝜏
4𝜋

1/3

.

Let us especially emphasize that particle’s growth velocity
𝑑Σ 𝑑𝜏 accordingly to expressions (5), (13) and (19) depends on the
current radius Σ 𝜏 while the growth velocity of crystal volume
𝑑𝑣 𝑑𝜏 accordingly to expressions (7), (15) and (21) depends on the
current volume 𝑣 𝜏 .

1 + 𝑞𝜍 𝛽∗ 2𝛽∗ Δ𝜍𝜏 + 2Σ0 + 𝑞𝜍 𝛽∗ Σ02 − 1 .

2.2 The Effects of Particle’s Curvature and Atomic Kinetics

Taking this into consideration, we obtain the growth velocity of
crystal volume
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Dealing with the effects of particle’s curvature and atomic
kinetics we should modify the crystallization temperature as follows
[37-40]

𝜃 𝜌, 𝜏 = 𝜃𝑙 −

𝑑Σ
𝜒 𝑚𝑒 𝜍2 (Σ)
= 𝛽∗ Δ𝜃 − +
1
𝑑𝜏
𝜌
Σ(𝜏)

𝜃𝑝 = 𝜃∗ − 𝜒 𝜌 − 𝜇𝑘−1 𝑑Σ 𝑑𝜏.

(22)

Here 𝜒 = 𝜃∗ 𝑠/𝐿𝑉 , 𝑠 is particle’s surface tension, and 𝜇𝑘 stands for
the kinetic factor. In this subsection, as before, we omit the
temperature and concentration derivatives with respect to time in
the thermal conductivity and diffusion equations.

𝐷𝑞𝜃
𝑚𝑒 (𝑘𝑒 − 1) 𝜍𝑙 − 𝜍2 (Σ)/Σ
Σ
𝑑Σ1
≡𝑔 Σ , 𝜏=
,
Σ 0 𝑔 Σ1
−

(27)

2.2.1 Spherical Particles Evolving in Pure Supercooled Melts

𝜕𝜌2
(23)

+

𝜃2 Σ = −

2 𝜕𝜃
= 0, 𝜌 > Σ 𝜏 ,
𝜌 𝜕𝜌

1
−𝑊 Σ ± 𝑊 2 Σ + 4(Δ𝜃 − 𝜒/Σ)Σ2 𝜍𝑙 /𝑚𝑒 ,
2
𝐷
𝐷
𝑊 Σ =
+
− 𝜍𝑙 Σ 𝜏
𝛽∗ 𝑘𝑒 − 1 𝑚𝑒 𝜇𝑘 𝑘𝑒 − 1 𝑚𝑒
𝜒 Σ 𝜏
𝐷𝑞𝜃 Σ 𝜏
+ Δ𝜃 −
+
.
Σ 𝜏 𝑚𝑒
𝑘𝑒 − 1 𝑚𝑒

𝜃 → 𝜃𝑙 , 𝜌 ≫ Σ 𝜏 .
Let us omit all mathematical manipulations and represent the
solution to this problem as
𝜃 𝜌, 𝜏 = 𝜃𝑙 +

1 + 𝑞𝜃 𝛽∗ Σ 𝜏

𝜌

Keeping this in mind, we get the growth velocity of crystal
volume

, 𝜌>Σ 𝜏 ,

(28)

𝑑Σ 𝛽∗ Δ𝜃 − 𝜒/𝜌
𝛽∗
=
, 𝛽∗ =
,
𝑑𝜏 1 + 𝑞𝜃 𝛽∗ Σ 𝜏
1 + 𝛽∗ /𝜇𝑘
(24)

Δ𝜃 = 𝜃∗ − 𝜃𝑙 , 𝑞𝜃 =
𝜏=

𝐿𝑉
,
𝜆𝑙

(25)

𝑑𝑣
3𝑣 𝜏
= 4𝜋
𝑑𝜏
4𝜋

3𝑣
1 + 𝑞𝜃 𝛽∗
4𝜋

1/3

1/3

𝑔

3𝑣(𝜏)
4𝜋

1/3

.

The growth of crystal produces the latent heat of solidification
in a supercooled melt or displaces the dissolved impurity in a
supersaturated solution. These phenomena lead to essential
dependence of crystal growth on time. By this is meant that
temperature and solute concentration derivatives with respect to
time should be taken into account in the thermal conductivity and
diffusion equations. Dealing with such time-derivatives, the
moving-boundary problem of particle’s growth becomes the Stefantype problem, which does not have an exact analytical solution. To
construct an approximate analytical solution to this problem one can
use the technique of equivalent spheres [41-43] that surround the
evolving crystals. So, let us assume that such a sphere of radius
Σ𝑒 ≫ Σ(𝜏) surrounds a spherical particle (Fig. 1). To simplify the
matter, we neglect the size of nucleated particle (Σ 0 = 0). Also,
we completely neglect the effects of particle’s curvature and atomic
kinetics. How to include these factors into the analysis developed
below is a subject for future research studies.

Rewriting (24) through the growth velocity of crystal volume,
we obtain
4𝜋
3𝑣

2/3

2.3 Nonstationary Growth

Expressions (5) and (24) show that the melt supercooling Δ𝜃
undergoes the shift 𝜒/𝜌 while the kinetics of atoms sticking to
particle’s surface renormalizes the kinetic parameter 𝛽∗ as 𝛽∗ .

𝛽∗ Δ𝜃 − 𝜒

𝑑𝑣
3𝑣 𝜏
= 4𝜋
𝑑𝜏
4𝜋

An important point is that the growth velocity of particle’s
radius 𝑑Σ/𝑑𝜏 given by the laws (24) and (27) is a function of Σ
only. In addition, the growth velocity of particle’s radius 𝑑𝑣/𝑑𝜏
given by the laws (25) and (28) is a function of 𝑣 only.

𝑞𝜃 Σ2 − Σ∗2
𝜒𝑞𝜃
Δ𝜃
+ 2 1+
Σ − Σ∗
2Δ𝜃
Δ𝜃
𝜒𝛽∗ 𝑞𝜃
𝜒
ΣΔ𝜃 − 𝜒
+
ln
, Σ∗ = Σ 0 .
Δ𝜃
Σ∗ Δ𝜃 − 𝜒

2/3

𝐷𝑞𝜃 𝜍2 (Σ)
,
(𝑘𝑒 − 1) 𝜍𝑙 − 𝜍2 (Σ)/Σ(𝜏)

𝜍2 Σ =

𝑑Σ
𝜆𝑙 𝜕𝜃
𝜒 1 𝑑Σ
=−
= 𝛽∗ 𝜃∗ − −
−𝜃 , 𝜌=Σ 𝜏 ,
𝑑𝜏
𝐿𝑉 𝜕𝜌
𝜌 𝜇𝑘 𝑑𝜏

𝑞𝜃 𝛽∗ Σ2 (𝜏) Δ𝜃 − 𝜒/𝜌

,

Δ𝜃 = 𝜃∗ − 𝜃𝑙 − 𝑚𝑒 𝜍𝑙 ,

The growth model for a spherical particle reads as
𝜕2 𝜃

𝜃2 (Σ)
𝜍2 (Σ)
, 𝜍 𝜌, 𝜏 = 𝜍𝑙 −
, 𝜌>Σ 𝜏 ,
𝜌
𝜌

.

2.2.2 Spherical Particles Evolving in Binary Melts
Let us now consider how a spherical crystal evolves in a twocomponent supercooled melt. The corresponding boundary-value
problem reads as
𝜕 2 𝜃 2 𝜕𝜃
𝜕 2 𝜍 2 𝜕𝜍
+
= 0,
+
= 0, 𝜌 > Σ 𝜏 ,
2
𝜕𝜌
𝜌 𝜕𝜌
𝜕𝜌2 𝜌 𝜕𝜌
(26)

𝑑Σ
𝜆𝑙 𝜕𝜃
𝜒 1 𝑑Σ
=−
= 𝛽∗ 𝜃∗ − −
− 𝑚𝑒 𝜍 − 𝜃
𝑑𝜏
𝐿𝑉 𝜕𝜌
𝜌 𝜇𝑘 𝑑𝜏
𝐷
𝜕𝜍
=
, 𝜌=Σ 𝜏 ,
(𝑘𝑒 − 1)𝜍 𝜕𝜌

Fig. 1 A scheme of spherical particles evolution in a metastable liquid.

2.3.1 Spherical Particles Evolving in Pure Supercooled Melts

𝜃 → 𝜃𝑙 , 𝜍 → 𝜍𝑙 , 𝜌 ≫ Σ 𝜏 .

The model characterizing the crystal growth process in a
supercooled one-component melt reads as

The model (26) takes into account the shift of crystallization
temperature caused by the phase interface curvature, and the
kinetics of atoms sticking to the solid-liquid boundary. The solution
to this problem can be written in the form of

(29)
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𝜕 2 𝜃 2 𝜕𝜃 1 𝜕𝜃
+
=
, Σ 𝜏 < 𝜌 < Σ𝑒 ,
𝜕𝜌2 𝜌 𝜕𝜌 𝑎 𝜕𝜏
𝑑Σ
𝜆𝑙 𝜕𝜃
=−
= 𝛽∗ 𝜃∗ − 𝜃 , 𝜌 = Σ 𝜏 ,
𝑑𝜏
𝐿𝑉 𝜕𝜌
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𝜕𝜃/𝜕𝜌 = 0, 𝜌 = Σ𝑒 ,

(36)

where 𝑎 represents the temperature diffusivity coefficient. Applying
the differential series technique and the Laplace-Carson integral
transform method one can find an approximate solution to the
problem (29). A detailed description of mathematics is given in Ref.
[41]. By restricting ourselves to the first two terms of the
asymptotic solution, we obtain
Σ 𝜏 = 𝛽∗ Δ𝜃 1 −
(30)

𝑑Σ
= 𝛽∗ Δ𝜍 1 − 2𝛽∗ 𝑞𝜍 Σ
𝑑𝜏

1/2

.

This expression contains previously derived expression (13) for
Σ ≪ 1 𝑞𝜍 𝛽∗ :
𝑑Σ
𝛽∗ Δ𝜍
= 𝛽∗ Δ𝜍 1 − 2𝛽∗ 𝑞σ Σ =
.
𝑑𝜏
1 + 𝛽∗ 𝑞𝜍 Σ
Expression (36) leads us to the growth velocity of crystal
volume

𝛽∗2 𝑞𝜃 Δ𝜃
𝜏 𝜏,
2

𝑑Σ
= 𝛽∗ Δ𝜃 1 − 𝛽∗2 𝑞𝜃 Δ𝜃𝜏 ,
𝑑𝜏

(37)

where the melt supercooling is Δ𝜃 = 𝜃∗ − 𝜃𝑙 . Here the first term in
𝑑Σ/𝑑𝜏 coincides with expression (5) at Σ ≪ 1 𝑞𝜃 𝛽∗ (kinetic regime
of crystal growth). The second term demonstrates the influence of
time-derivative 𝜕𝜃/𝜕𝜏 in the thermal conductivity equation. Let us
estimate this term as follows 𝛽∗2 𝑞𝜃 Δ𝜃𝜏 ∼ 10−2 𝜏 s-1 (typical estimate
for metallic systems). By this is meant that the time-derivative
𝜕𝜃/𝜕𝜏 is substantial at times 𝜏 ∼ 10 s after the appearance of a
nucleated crystal. It means that the growth laws (5) and (8) do not
describe the nonstationarity effects in contrast with expressions
(30).

𝑑𝑣
3𝑣 𝜏
= 4𝜋
𝑑𝜏
4𝜋

2/3

𝛽∗ Δ𝜍 1 − 2𝛽∗ 𝑞𝜍

3𝑣 𝜏
4𝜋

1/3 1/2

.

The theory under consideration is compared in Fig. 2 with
experiments for potash alum crystal growth [44]. As is easily seen,
our formulas well describe experimental points.

It is significant that the growth time 𝜏 can be eliminated from
expressions (30). In this case, we obtain the following dependence
between the growth velocity and particle’s radius
(31)

𝑑Σ
= 𝛽∗ Δ𝜃 1 − 2𝛽∗ 𝑞𝜃 Σ
𝑑𝜏

1/2 .

Fig. 2 Nonstationary behaviour of crystal radius (35) (dashed curves)
and experimental data of Ref. [44] (symbols). Physical parameters used
in calculations are 𝜟𝝈 = 𝟕. 𝟕 ⋅ 𝟏𝟎−𝟐 kmol (kg H2O)-1, 𝜷∗ = 𝟏. 𝟗 ⋅ 𝟏𝟎−𝟐
cm kg H2O min-1 kmol-1 (1); 𝜟𝝈 = 𝟔. 𝟐 ⋅ 𝟏𝟎−𝟐 kmol (kg H2O)-1, 𝜷∗ =
𝟏. 𝟓 ⋅ 𝟏𝟎−𝟐 cm kg H2O min-1 kmol-1 (2); 𝜟𝝈 = 𝟓. 𝟒 ⋅ 𝟏𝟎−𝟐 kmol (kg H2O)1
, 𝜷∗ = 𝟏. 𝟐𝟓 ⋅ 𝟏𝟎−𝟐 cm kg H2O min-1 kmol-1 (3); 𝜷𝟐∗ 𝒒𝝈 = 𝟏𝟕 ⋅ 𝟏𝟎−𝟐 kg
H2O min-1 kmol-1.

This expression contains the previously found growth velocity (5) at
Σ ≪ 1 𝑞𝜃 𝛽∗ :

(32)

𝑑Σ
= 𝛽∗ Δ𝜃 1 − 2𝛽∗ 𝑞𝜃 Σ
𝑑𝜏

1/2

≈ 𝛽∗ Δ𝜃 1 + 𝛽∗ 𝑞𝜃 Σ

−1

≈ 𝛽∗ Δ𝜃 1 − 𝛽∗ 𝑞𝜃 Σ
=

𝛽∗ Δ𝜃
.
1 + 𝛽∗ 𝑞𝜃 Σ

2.3.3 Spherical Particles Evolving in Binary Melts
Dealing with the nonstationary evolution of a spherical crystal
in a supercooled two-component melt, we come to the boundaryvalue problem

Expression (31) leads us to the growth velocity of crystal
volume
(33)

𝑑𝑣
3𝑣 𝜏
= 4𝜋
𝑑𝜏
4𝜋

2/3

𝛽∗ Δ𝜃 1 − 2𝛽∗ 𝑞𝜃

3𝑣 𝜏
4𝜋

1/3 1/2

𝜕 2 𝜃 2 𝜕𝜃 1 𝜕𝜃
+
=
, Σ 𝜏 < 𝜌 < Σ𝑒 ,
𝜕𝜌2 𝜌 𝜕𝜌 𝑎 𝜕𝜏

.

𝜕 2 𝜍 2 𝜕𝜍 1 𝜕𝜍
+
=
, Σ 𝜏 < 𝜌 < Σ𝑒 ,
𝜕𝜌2 𝜌 𝜕𝜌 𝐷 𝜕𝜏

2.3.2 Spherical Particles Evolving in Supersaturated Solutions
(38)

The model describing the crystal growth process in a
supersaturated solution takes the form

(34)

𝜕 2 𝜍 2 𝜕𝜍 1 𝜕𝜍
+
=
, Σ 𝜏 < 𝜌 < Σ𝑒 ,
𝜕𝜌2 𝜌 𝜕𝜌 𝐷 𝜕𝜏

𝑑Σ
𝐷
𝜕𝜍
=
, 𝜌=Σ 𝜏 ,
𝑑𝜏
𝑘𝑒 − 1 𝜍 𝜕𝜌

𝑑Σ
𝐷
𝜕𝜍
= 𝛽∗ 𝜍 − 𝜍𝑝 =
, 𝜌=Σ 𝜏 ,
𝑑𝜏
𝑘𝑒 − 1 𝜍 𝜕𝜌

𝜕𝜃/𝜕𝜌 = 0, 𝜕𝜍/𝜕𝜌 = 0, 𝜌 = Σ𝑒 ,
where the crystallization temperature is given by 𝜃𝑝 𝜍 = 𝜃∗ −
𝑚𝑒 𝜍.

𝜕𝜍/𝜕𝜌 = 0, 𝜌 = Σ𝑒 .

An approximate analytical solution to this problem found in
Ref. [43] takes the form

The approximate analytical solution to this problem was found in
Ref. [42] in the form of

(35)

𝑑Σ
𝜆𝑙 𝜕𝜃
=−
= 𝛽∗ 𝜃𝑝 𝜍 − 𝜃 , 𝜌 = Σ 𝜏 ,
𝑑𝜏
𝐿𝑉 𝜕𝜌

𝛽∗2 𝑞𝜍 Δ𝜍
Σ 𝜏 = 𝛽∗ Δ𝜍 1 −
𝜏 𝜏,
2

Σ 𝜏 = 𝛽∗ Δ𝜃 1 −
(39)

𝛽∗2 𝑞𝜃 𝑃Δ𝜃
𝜏 𝜏,
2

𝑑Σ
= 𝛽∗ Δ𝜃 1 − 𝛽∗2 𝑞𝜃 𝑃Δ𝜃𝜏 ,
𝑑𝜏

𝑑Σ
= 𝛽∗ Δ𝜍 1 − 𝛽∗2 𝑞𝜍 Δ𝜍𝜏 ,
𝑑𝜏

where Δ𝜃 = 𝜃∗ − 𝜃𝑙 − 𝑚𝑒 𝜍𝑙 , and 𝑃 = 1 + 1 − 𝑘𝑒 𝑚𝑒 𝜍𝑙 /(𝑞𝜃 𝐷).
Combining expressions (39), we find the growth velocity as a
function of Δ𝜃 and Σ of the form

where the supersaturation is Δ𝜍 = 𝜍𝑙 − 𝜍𝑝 . Note that formulas (30)
and (35) can be obtained one from the other by substituting Δ𝜃 by
Δ𝜍 and 𝑞𝜃 by 𝑞𝜍 .
Now let us rewrite (35) in the form of

(40)
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𝑑Σ
= 𝛽∗ Δ𝜃 1 − 2𝛽∗ 𝑞𝜃 𝑃Σ
𝑑𝜏

1/2 .
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𝑐𝑜𝑛𝑠𝑡. So, the Cartesian (𝑥, 𝑦 and 𝑧) and ellipsoidal (𝑠,  and 𝜙)
coordinates are connected as follows

Note that this growth law transforms to expression (31) if
𝜍𝑙 = 0 (𝑃 = 1). Expression (40) for the growth velocity of crystal
volume reads as follows
(41)

𝑑𝑣
3𝑣
= 4𝜋
𝑑𝜏
4𝜋

2/3

3𝑣
4𝜋

𝛽∗ Δ𝜃 1 − 2𝛽∗ 𝑞𝜃 𝑃

(44)

1/3 1/2

.

𝑥 2 = 𝑎2 𝑠 2 − 1 1 − 2 cos2 𝜙 ,
𝑦 2 = 𝑎2 𝑠 2 − 1 1 − 2 sin2 𝜙 , 𝑧 = 𝑎𝑠,

where 𝑎 characterizes the dimensions of particles, 𝑠 ≥ 1, and
−1 ≤  ≤ 1, 0 ≤ 𝜙 ≤ 2𝜋.

2.4 Summary Remarks
As a special note, the theory developed in sections 2.1-2.3
considers various aspects of evolution of a spherical crystal in
metastable liquids. Unfortunately, it is impossible to combine all of
these aspects together and derive a unified growth law even for a
spherical particle. This is due to the fact that we are dealing with a
Stefan-type moving-boundary problem containing nonlinear
boundary conditions. The only way is to generalize the growth laws
(5), (24) and (31), leading to the following relationship for the rate
of evolution of a spherical particle
(42)

𝑑Σ
𝜒
= 𝛽∗ Δ𝜃 −
𝑑𝜏
Σ

1 − 2𝛽∗ 𝑞𝜃 Σ

1/2

.

When deriving (42), we have used expression (32). Also, it is
possible to generalize the growth velocity of crystal volume
(expressions (7), (25) and (33)) as
𝑑𝑣
3𝑣
= 4𝜋
𝑑𝜏
4𝜋

2/3

𝛽∗

4𝜋
Δ𝜃 − 𝜒
3𝑣

(43)
× 1 − 2𝛽∗ 𝑞𝜃

3𝑣
4𝜋

Fig. 4 A scheme of prolate ellipsoidal particle.

3.1 Stationary Growth

1/3

Let us analyze here how the ellipsoidal crystal grows in a
supercooled one-component and binary melt as well as in a
supersaturated solution. Hereafter, we will neglect time derivatives
of temperature and solute concentration in the thermal conductivity
and diffusion equations.

1/3 1/2

.

We compare in Fig. 3 the particle evolution velocity obtained
for the stationary and nonstationary thermal conductivity equation,
the shift of crystallization temperature caused by the phase interface
curvature, the kinetics of atoms sticking to the solid-liquid
boundary, and generalized law (42). It is significant to note that all
of them are substantially different. This is because each of these
growth laws considers only one or a few key physical aspects.

3.1.1 Ellipsoidal Particles Evolving in Pure Supercooled Melts
The ellipsoidal particle growing in a supercooled onecomponent melt is described by the following heat transfer model
𝑑
𝑑𝑠
(45)
𝑠=−

𝑠2 − 1

𝑑𝜃
= 0, 𝑠 > 𝑠0 ,
𝑑𝑠

𝜆𝑙 𝜕𝜃 𝛽∗
=
𝜃 − 𝜃 , 𝑠 = 𝑠0 ,
𝐿𝑉 𝑎2 𝜕𝑠
𝑎 ∗
𝜃 → 𝜃𝑙 , 𝑠 ≫ 1.

The analytical solution to this model takes the form [48, 49]
𝜃 𝑠 = 𝜃𝑙 + 𝜃3 ln
(46)
𝜃3 =
−𝟏
Fig. 3 The dimensionless rate 𝑼 = 𝜷−𝟏
∗ 𝜟𝜽 𝒅𝜮/𝒅𝝉 of particle growth in
a metastable liquid as a function of dimensionless radius 𝝆𝟏 = 𝜷∗ 𝒒𝜽 𝜮.
The curves are based on the growth velocities (5), (24), (31), and (42).
The system parameters for crystal growth in Ti are [39, 45, 46]: 𝒒𝜽 =
𝟒𝟗𝟖 ⋅ 𝟏𝟎𝟕 K s m-2, 𝝌 = 𝟒𝟐 ⋅ 𝟏𝟎−𝟕 m K, 𝝁𝒌 = 𝟒𝟐 ⋅ 𝟏𝟎−𝟐 m s-1 K-1,
𝜟𝜽 = 𝟏𝟎𝟎 K, and 𝜷 = 𝟏𝟎−𝟒 m s-1 K-1.

𝑠−1
2𝜀1 𝜃3
, 𝑠0 = − 2
,
𝑠+1
𝑠0 − 1

𝛽∗ 𝑎 𝜃∗ − 𝜃𝑙
𝜆𝑙
, 𝜀1 =
2,
𝑠0 − 1
2𝜀1
𝐿
𝑉𝑎
𝛽∗ 𝑎 ln
− 2
𝑠0 + 1
𝑠0 − 1

where Δ𝜃 = 𝜃∗ − 𝜃𝑙 . The solid/liquid surface 𝑠0 = 𝑠0 (𝑣) of
ellipsoidal particle evolves as
(47)

𝑠03 − 𝑠0 −

3𝑣
= 0.
4𝜋𝑎3

Applying Cardano’s formula for cubic equations to (47), we can
find 𝑠0 (𝑣). As this takes place, the growth velocity of crystal
volume is given by

3. Ellipsoidal Particles
Let us now turn to the study of the evolution of a system of
nonspherical particles in a metastable system. From the
mathematical point of view deviations from the spherical form in
the first approximation it is convenient to consider by means of
ellipsoidal coordinates [47] (Fig. 4). Using this approach we assume
that crystals have an ellipsoidal shape during their growth in a
liquid.

(48)

𝑑𝑣 4𝜋𝑎3
=
3𝑠02 𝑣 − 1 𝑠0 𝑠0 𝑣 , Δ𝜃 .
𝑑𝜏
3

Note that the crystal volume evolves as a function of current
particle’s volume 𝑣 and melt supercooling Δ𝜃.
3.1.2 Ellipsoidal Particles Evolving in Supersaturated Solutions
Let us now turn to the model of evolution of ellipsoidal particles
in a supersaturated solution, which has the form

Let us use here the curvilinear coordinate system of a prolate
ellipsoid [47], where particle’s surface is defined as 𝑠 = 𝑠0 =
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𝑑
𝑑𝑠
(49)

𝑠2 − 1

𝑑𝜍
= 0, 𝑠 > 𝑠0 ,
𝑑𝑠

+

𝜍 → 𝜍𝑙 , 𝑠 ≫ 1.

(55)

Δ𝜃 = 𝜃∗ − 𝜃𝑙 − 𝑚𝑒 𝜍𝑙 .

𝑠−1
𝜍 𝑠 = 𝜍𝑙 + 𝜍3 ln
,
𝑠+1
𝑠0 =

Note that 𝑠0 𝑣 and 𝑠0 = 𝑠0 𝑠0 𝑣 , Δ𝜃 in (55) are respectively
defined by expressions (47) and (53), (54).

𝛽∗
𝑠0 − 1
Δ𝜍 + 𝜍3 ln
,
𝑎
𝑠0 + 1

3.2 Evolution of Not Heavily Stretched Ellipsoids (𝑠0 ≫ 1)
Here we consider small deviations from spherical shape of
particles if 𝑠0 ≫ 1 (Fig. 5).

where 𝜍3 should be found from the quadratic equation
ln2

2𝜀1 𝐷
.
𝑠02 − 1

𝑑𝑣 4𝜋𝑎3
=
3𝑠02 𝑣 − 1 𝑠0 𝑠0 𝑣 , Δ𝜃 ,
𝑑𝜏
3

The analytical solution to this model has the form [49, 50]

(50)

−

Keeping this in mind, we find the growth velocity of crystal
volume in a supercooled two-component melt

𝐷
𝜕𝜍 𝛽∗
=
𝜍 − 𝜍𝑝 , 𝑠 = 𝑠0 ,
1 − 𝑘𝑒 𝑎2 𝜍 𝜕𝑠
𝑎

𝑠=−

𝐷
− 𝜃∗ − 𝜃𝑙 − 𝑚𝑒 𝜍𝑙 𝑎𝜀1 1 − 𝑘𝑒
𝑎

𝑠0 − 1 2
𝜍 + 𝑏0 𝜍3 + 𝜍𝑙 Δ𝜍 = 0,
𝑠0 + 1 3
𝑠0 − 1
2𝐷
+
,
𝑠0 + 1
𝑎𝛽∗ (1 − 𝑘𝑒 )(𝑠02 − 1)

𝑏0 = 𝜍𝑙 + Δ𝜍 ln
and Δ𝜍 = 𝜍𝑙 − 𝜍𝑝 .

Taking this into account, we arrive at the growth velocity of crystal
volume in a supersaturated solution
𝑑𝑣 4𝜋𝑎3
=
3𝑠02 𝑣 − 1 𝑠0 𝑠0 𝑣 , Δ𝜍 .
𝑑𝜏
3

(51)

Fig. 5 A scheme of ellipsoidal crystal for various 𝒔𝟎 .

It is significant to note that 𝑠0 𝑣 is defined by expression (47).
3.2.1 Ellipsoidal Particles Evolving in Pure Supercooled Melts

3.1.3 Ellipsoidal Particles Evolving in Binary Melts

So, considering not heavily stretched ellipsoidal particles
(𝑠0 − 1 ≈ 𝑠0 and 𝑠0 + 1 ≈ 𝑠0 ), we obtain (Δ𝜃 = 𝜃∗ − 𝜃𝑙 )

The boundary-value model that describes the growth of
ellipsoidal crystal in a supercooled two-component melt reads as
𝑑
𝑑𝑠
(52)

𝑠2 − 1

𝑑𝜃
𝑑
= 0,
𝑑𝑠
𝑑𝑠

𝑠2 − 1

𝑑𝜍
= 0, 𝑠 > 𝑠0 ,
𝑑𝑠

𝑠0 ≈
(56)

𝜆𝑙 𝜕𝜃 𝛽∗
𝑠=−
=
𝜃 − 𝑚𝑒 𝜍 − 𝜃 , 𝑠 = 𝑠0 ,
𝐿𝑉 𝑎2 𝜕𝑠
𝑎 ∗
𝑠=−

𝑠0 =

𝛽∗ 𝑎

(53)

(57)

𝜃4 =
𝛽∗ 𝑎 ln

2𝜀1 𝜃4
,
𝑠02 − 1
𝑠0 − 1
𝑠0 + 1

(58)

𝑠0 − 1
𝑠0 + 1

,

1/3

1
𝛽∗ 𝑠02 Δ𝜃𝑞𝜃 𝑎
, 𝜃3 ≈ −
,
𝑎
2 1 + 𝛽∗ 𝑠0 𝑞𝜃 𝑎
𝛽∗ Δ𝜃

𝑎 1 + 𝛽∗ 𝑞𝜃
2/3

3𝑣
4𝜋

1/3

,

𝛽∗ Δ𝜃
1 + 𝛽∗ 𝑞𝜃

3𝑣
4𝜋

1/3

.

3.2.2 Ellipsoidal Particles Evolving in Supersaturated Solutions
Let us now expand ln (𝑠0 − 1) (𝑠0 + 1) ≈ 0 at 𝑠0 ≫ 1.
Taking this into account, we obtain the following formulas from
expressions (50) and (51)

𝑠0 − 1
,
𝑠0 + 1

𝛾 = −𝛽∗ 𝜃∗ − 𝜃𝑙 − 𝑚𝑒 𝜍𝑙 𝑎𝜀1 1 − 𝑘𝑒 𝜍𝑙 ,
𝑠0 − 1
𝑠0 + 1

𝛽∗ Δ𝜃.

Note that 𝑑𝑣/𝑑𝜏 from (7) and (56) are identical.

𝛼𝜍42 + 𝛽𝜍4 + 𝛾 = 0,

𝛽 = 𝛽∗ ln

3𝑣
4𝜋

𝑑𝑣
3𝑣
= 4𝜋
𝑑𝜏
4𝜋

where 𝜍4 should be found from the following equation

𝛼 = 𝛽∗ 𝑚𝑒 𝑎𝜀1 1 − 𝑘𝑒 ln2

2/3

𝑠0 − 1
2
2
2
= ln 1 −
≈−
−
.
𝑠0 + 1
𝑠0 + 1
𝑠0 + 1
𝑠0 + 1 2

𝑠0 =

𝑠0 − 1
2𝜀
− 2 1
𝑠0 + 1
𝑠0 − 1

𝑎2 𝜀1 (1 − 𝑘𝑒 ) 𝜍𝑙 + 𝜍4 ln

(54)

ln

𝑠0 ≈

𝐷𝜍4

=

𝛽∗ Δ𝜃 𝑑𝑣
3𝑣
,
= 4𝜋
𝑎
𝑑𝜏
4𝜋

Now combining (46)-(48) and (57) at 𝑠0 ≫ 1, we get

𝑠−1
𝑠−1
, 𝜍 𝑠 = 𝜍𝑙 + 𝜍4 ln
,
𝑠+1
𝑠+1

𝜃∗ − 𝜃𝑙 − 𝑚𝑒 𝜍𝑙 − 𝑚𝑒 𝜍4 ln

1
𝛽∗ 𝑠02 Δ𝜃
, 𝜃3 ≈ −
,
𝑎
2𝑎𝜀1

Let us now expand the natural logarithm at 𝑠0 ≫ 1 as follows

where Δ𝜃 = 𝜃∗ − 𝜃𝑙 − 𝑚𝑒 𝜍𝑙 . The analytical solution to this model
can be written as [50]

𝑠0 = −

1/3

This expression gives the same growth velocity of crystal volume as
expression (8) in the case of kinetic mode approximation.

𝐷
𝜕𝜍
, 𝑠 = 𝑠0 ,
2
1 − 𝑘𝑒 𝑎 𝜍 𝜕𝑠

𝜃 → 𝜃𝑙 , 𝜍 → 𝜍𝑙 , 𝑠 ≫ 1,

𝜃 𝑠 = 𝜃𝑙 + 𝜃4 ln

3𝑣
4𝜋

𝑚𝑒 𝜍𝑙 𝑎𝜀1 (1 − 𝑘𝑒 )
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3𝑣
4𝜋

𝑠0 ≈
(59)

𝑏0 ≈

1/3

Δ𝜍 and average size of crystals are from Fig. 2 and table 1 in Ref.
[52].)

1
𝜍𝑙 Δ𝜍
, 𝜍3 ≈ −
,
𝑎
𝑏0

2𝐷
,
𝑎𝛽∗ 1 − 𝑘𝑒 𝑠02
𝑑𝑣
3𝑣
= 4𝜋
𝑑𝜏
4𝜋

𝑠0 =

From the good agreement between theory and experiments in
Figs. 6, 7 and 8 one can conclude that generalized laws of particle
volume growth (61) and (62) describe laboratory data quite well.

𝛽∗ Δ𝜍
,
𝑎

2/3

𝛽∗ Δ𝜍.

Note that expressions (16) and (59) are identical for the kinetic
scenario of crystal growth.
3.2.3 Ellipsoidal Particles Evolving in Binary Melts
Now we rewrite formulas (53) and (55) with allowance for
𝑠0 − 1 ≈ 𝑠0 and 𝑠0 + 1 ≈ 𝑠0 (Δ𝜃 = 𝜃∗ − 𝜃𝑙 − 𝑚𝑒 𝜍𝑙 ) in the form of
𝑠0 ≈
(60)

1/3

3𝑣
4𝜋

1
𝛽∗ 𝑠02 Δ𝜃
, 𝜃4 ≈ −
,
𝑎
2𝑎𝜀1

𝛽∗ Δ𝜃 𝑑𝑣
3𝑣
𝑠0 =
,
= 4𝜋
𝑎
𝑑𝜏
4𝜋

Fig. 6 The generalized growth law (62) is compared with experiments
[51] (symbols) for potassium sulfate crystals evolving in a fluidized bed
crystallizer. Physical parameters are 𝝌𝝈 = 𝜷𝟐∗ 𝒒𝝈 = 𝟓 ⋅ 𝟏𝟎−𝟐 h-1 [𝜟𝝈]-1,
𝜸 = 𝝆𝒔 𝜷∗ = 𝟏. 𝟏𝟓 ⋅ 𝟏𝟎−𝟏 g h-1 cm-2 [𝜟𝝈]-1(dense bed), and 𝝌𝝈 = 𝟓. 𝟓 ⋅
𝟏𝟎−𝟐 h-1 [𝜟𝝈]-1, 𝜸 = 𝟖 ⋅ 𝟏𝟎−𝟐 g h-1 cm-2 [𝜟𝝈]-1(lean bed); 𝝌 = 𝟎,
𝝁𝒌 = 𝟎.

2/3

𝛽∗ Δ𝜃.

It is significant to note that expressions (56) and (60) valid for onecomponent and two-components melts are identical for 𝑠0 ≫ 1.
They differ only in the supercooling Δ𝜃.
3.3 Summary Remarks
Expressions (56) and (58) derived for 𝑠0 ≫ 1 and formulas (7),
(25), (33) and (43) derived for spherical particles enable us to
introduce a unified formula for the growth velocity of crystal
volume
𝑑𝑣
3𝑣 𝜏
= 4𝜋
𝑑𝜏
4𝜋

2/3

𝛽∗ Δ𝜃 − 𝜒

(61)
× 1 − 2𝛽∗ 𝑞𝜃

3𝑣 𝜏
4𝜋

4𝜋
3𝑣 𝜏

1/3

1/3 1/2

,
Fig. 7 The generalized growth law (62) is compared with experiments
[51] (symbols) for potassium sulfate crystals evolving in a fluidized bed
crystallizer. Physical parameters are 𝝌𝝈 = 𝟒. 𝟗 ⋅ 𝟏𝟎−𝟐 h-1 [𝜟𝝈]-1,
𝜸 = 𝟖. 𝟐 ⋅ 𝟏𝟎−𝟐 g h-1 cm-2 [𝜟𝝈]-1(dense and lean beds); 𝝌 = 𝟎, 𝝁𝒌 = 𝟎.

where the melt supercooling for a one-component system is given
by Δ𝜃 = 𝜃∗ − 𝜃𝑙 . The generalized evolutionary law (61) comprises
the shift of crystallization temperature caused by the phase interface
curvature, the kinetics of atoms sticking to the solid-liquid
boundary, and nonstationary temperature field around the growing
particle. The value of the generalized law (61) consists also in the
fact that it can be used both for spherical and ellipsoidal particles.
The unified law (61) can also be used for supersaturated solutions.
In this case, Δ𝜃 = 𝜃∗ − 𝜃𝑙 and 𝑞𝜃 in (61) should be replaced by
Δ𝜍 = 𝜍𝑙 − 𝜍𝑝 and 𝑞𝜍 for supersaturated solutions and Δ𝜃 = 𝜃∗ −
𝜃𝑙 − 𝑚𝑒 𝜍𝑙 and 𝑞𝜃 𝑃 for supercooled two-component melts.
Now we compare the theory under question with experiments.
For this purpose, we introduce the total mass of particles 𝑀 =
𝜌𝑠 𝑁𝑣, where 𝜌𝑠 is the density of solid material, 𝑁 is the total
number of particles, and 𝑣 is the volume of single particle. Keeping
this in mind we come to the growth velocity of particles 𝑑𝑀/𝑑𝜏 =
𝜌𝑠 𝑁𝑑𝑣/𝑑𝜏, where 𝑑𝑣/𝑑𝜏 should be substituted from the
generalized law (61). Next introducing 𝑅𝑔 = 4𝜋 3𝑣/
(4𝜋) 2/3 𝑁 −1 , one can get
(62)

𝑅𝑔 = 𝛾∗ Δ𝜃 − 𝜒

4𝜋
3𝑣

1/3

1 − 2𝛽∗ 𝑞𝜃

3𝑣
4𝜋

Fig. 8 The generalized growth law (62) is compared with experiments
[52] (symbols) for citric acid monohydrate crystals evolving in a liquid
fluidized bed. Physical parameters are 𝜿 = 𝜷∗ 𝒒𝝈 = 𝟏𝟖𝟎 m-1, 𝜸 = 𝟔 kg
of water h-1 m-2.

1/3 1/2

,

where 𝛾∗ = 𝜌𝑠 𝛽∗ .
In Figs. 6 and 7, we present the theory under consideration and
experiments of Ref. [51] (here we have used the desupersaturation
curve given in Ref. [51]). Also, to use expression (62) for a
supersaturated solution, we changed Δ𝜃 and 𝑞𝜃 by Δ𝜍 and 𝑞𝜍 .
In Fig. 8, we compare expression (62) with experiments [52] for
citric acid monohydrate crystal growth in a liquid fluidized bed (𝑅𝑔 ,
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4. Conclusion

Fig. 9 Dimensionless supersaturation 𝒘 = 𝜟𝝈/𝜟𝝈𝟎 versus time 𝝉 for
bovine insulin accordingly to the present theory and experiments [73,
74].

In conclusion, let us compare the growth theory of spherical and
ellipsoidal crystals with experimental data [73, 74] for bovine
insulin. Fig. 9 illustrates the dynamics of dimensionless
supersaturation 𝑤 = 𝛥𝜍/𝛥𝜍0 (𝛥𝜍0 is the initial supersaturation). As
is easily seen, the ellipsoidal shape of crystals better describes the
supersaturation removal than the spherical shape. The theory under
consideration can be used to describe different cases of the
evolution of particulate assemblages in metastable media (see,
among others, Ref. [75]).
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