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Abstract: This paper presents an exergy analysis of a complex four-cylinder steam turbine, which operate in a coal-fired power plant.
Analyzed steam turbine consists of high pressure single flow cylinder (HPC), intermediate pressure dual flow cylinder (IPC) and two low
pressure dual flow cylinders (LPC1 and LPC2). The highest part of cumulative mechanical power (787.87 MW) is developed in IPC (389.85
MW) and HPC (254.67 MW), while both low pressure cylinders develop a small part of cumulative mechanical power (70.29 MW in LPC1
and 73.06 MW in LPC2). Cylinder exergy destruction (cylinder exergy power loss) continuously increases as the steam expands through the
turbine. The lowest exergy destruction has HPC (13.07 MW), followed by the IPC (20.95 MW), while the highest exergy destructions are
noted in low pressure cylinders (24.37 MW in LPC1 and 27.17 MW in LPC2). Cylinder exergy efficiency continuously decreases as the
steam expands through the turbine. The highest exergy efficiency has HPC (95.12%), followed by the IPC (94.90%) and LPC1 (74.25%),
while the lowest exergy efficiency of all cylinders is obtained in LPC2 (72.89%). Exergy efficiencies of LPC1 and LPC2 are much lower in
comparison to other low pressure dual flow cylinders from comparable steam power plants. The whole observed steam turbine has exergy
efficiency equal to 90.20%.
KEYWORDS: EXERGY ANALYSIS, COMPLEX STEAM TURBINE, TURBINE CYLINDERS, DESTRUCTION, EFFICIENCY
same steam mass flow rate at the same pressure and temperature,
what confirms that this cylinder is symmetrical, Fig. 1. After steam
expansion through both IPC parts (operating point 10), steam is
delivered to both low pressure cylinders (LPC1 and LPC2). One
small part of the steam mass flow rate send from IPC to both LPC’s
is taken and delivered to low pressure feed water heating system
(operating point 15). Rectangles below or above each cylinder are
mixing chambers to which is delivered two or more steam mass
flow rates (or from which are taken steam mass flow rates in at least
two directions). Remaining steam mass flow rate from IPC
(operating point 16) is equally divided to both low pressure
cylinders. As IPC, both low pressure cylinders (LPC1 and LPC2)
are dual flow symmetrical cylinders, therefore each LPC cylinder
consist of two symmetrical parts (left and right). All steam
extractions of both LPC cylinders are used for steam delivery to low
pressure feed water heating system. However, it should be
highlighted that steam temperature and pressure in LPC1
extractions (operating point 19) is not the same as in LPC2
extractions (operating point 22). Therefore, LPC1 and LPC2 will
develop different mechanical power and will have different
efficiencies and losses, what will be confirmed in this analysis.
Remaining steam mass flow rates, after expansion through both
parts of each LPC are delivered to steam condenser [16].
All four cylinders of the observed steam turbine are connected to
the same shaft, as presented in Fig. 1, which drives an Electrical
Generator (EG). Due to the limited space, exergy analysis in this
paper will be performed for the whole cylinders, not also for its
parts. However, it should be highlighted that cumulative developed
mechanical power and cumulative exergy destruction (cumulative
exergy power loss) of IPC, LPC1 and LPC2 are equally divided on
both parts of each cylinder (left and right). Exergy efficiency of
IPC, LPC1 and LPC2 will be the same if it is calculated for each
part of each cylinder, or for the whole cylinder.

1. Introduction
Steam turbines can nowadays be found in a variety of power
plants [1-3]. In the most of the cases, the dominant function of
steam turbines is electrical generators driving [4, 5]. However,
steam turbine can also be used for marine propulsion as a single
component [6, 7] or as a part of the complex marine propulsion
systems where is integrated with other propulsion elements [8, 9].
Also, steam turbine can be a constituent component of various
power systems in many facilities or industries with a several
different functions [10].
The most complex steam turbines can be found in conventional
land-based steam power plants. Such plants can be composed of
several blocks, where inside each block steam turbine is usually
composed of many cylinders connected to the same shaft [11]. Each
steam turbine can be considered as a complex one if it is composed
of two or more cylinders [12]. More complexity into any analysis
brings dual flow symmetrical or non-symmetrical cylinders in
which steam expands through both cylinder parts [13].
In this paper is analyzed, from an exergy viewpoint, a complex
four-cylinder steam turbine, which operates in a coal-fired power
plant. Analyzed steam turbine consists of high pressure single flow
cylinder, intermediate pressure dual flow symmetrical cylinder and
two low pressure dual flow symmetrical cylinders connected to the
same shaft. Analysis will be a baseline for further optimization
because it will detect cylinders which improvement will bring the
most benefits in the whole turbine operation.

2. Description of the four-cylinder steam turbine
Analyzed steam turbine, along with all of its connections to other
systems and with operating points required for the exergy analysis,
is presented in Fig. 1. Superheated steam from the steam generator
[14] is firstly delivered to High Pressure Cylinder (HPC). HPC is a
single flow cylinder and it has one steam extraction for steam
delivery to high pressure feed water heating system. After
expansion in HPC (operating point 3), one small part of the steam is
delivered again to high pressure feed water heating system
(operating point 4). The remaining steam mass flow rate is returned
to reheater (mounted inside the steam generator) which is used for
increasing of steam temperature before its expansion in
Intermediate Pressure Cylinder (IPC). IPC is a symmetrical dual
flow cylinder which means that steam after reheater (operating
point 6) enters into the cylinder and expands through both of its
parts (IPC-L and IPC-R). One half of the steam mass flow rate
expands through IPC-L (left part of the IPC), while the other half of
the steam mass flow rate expands through IPC-R (right part of the
IPC). Both IPC parts have three steam extractions for steam
delivering to high pressure feed water heating system, deaerator, to
Main Feed water Pump Turbine [15] and to low pressure feed water
heating system. In each extraction of both IPC parts is extracted the

Fig. 1. Analyzed complex four-cylinder steam turbine along with
operating points required for the exergy analysis
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The analyzed steam turbine is a complex one with four cylinders
where three of four cylinders are symmetrical dual flow cylinders.
Along with necessary knowledge of steam pressure and temperature
in each operating point from Fig. 1, special attention should be paid
on the proper calculation of steam mass flow rates through all
cylinders and in each extraction. Therefore, the mass flow rate
balances related to all required operating points in this analysis are
presented in Table 1 where 𝑚 is the steam mass flow rate in (kg/s),
while the operating point numeration is related to Fig. 1. Also, it
should be mentioned that additional losses related to the whole
turbine and each cylinder are in this analysis neglected [17-19].

The general definition of any component or the entire system
exergy efficiency is [27]:

Table 1. Steam mass flow rate balances for the analyzed turbine
Mass flow rate balance
Eq.
𝑚1 = 𝑚2 + 𝑚3 .
(1)
𝑚5 = 𝑚3 − 𝑚4 .
(2)
𝑚6 = 2 ∙ 𝑚7 + 2 ∙ 𝑚8 + 2 ∙ 𝑚9 + 2 ∙ 𝑚10 . (3)
𝑚11 = 2 ∙ 𝑚7 .
(4)
𝑚12 + 𝑚13 = 2 ∙ 𝑚8 .
(5)
𝑚14 = 2 ∙ 𝑚9 .
(6)
𝑚15 + 𝑚16 = 2 ∙ 𝑚10 .
(7)
𝑚17 + 𝑚18 = 𝑚16 .
(8)
𝑚17 = 2 ∙ 𝑚19 + 2 ∙ 𝑚20 .
(9)
𝑚21 = 2 ∙ 𝑚19 .
(10)
𝑚18 = 2 ∙ 𝑚22 + 2 ∙ 𝑚23 .
(11)
(12)
𝑚24 = 2 ∙ 𝑚22 .
𝑚25 = 2 ∙ 𝑚20 + 2 ∙ 𝑚23 .
(13)

3.2. Equations for the exergy analysis of the whole observed
steam turbine and each cylinder

𝜂𝑥 =

Equations for the exergy analysis of the whole observed steam
turbine and each of its cylinders are defined by using operating
point markings from Fig. 1 and mass flow rate balances from Table
1. All the equations are defined according to recommendations from
the literature [28, 29]:
High Pressure Cylinder (HPC)
- Developed mechanical power:
𝑃HPC = 𝑚1 ∙ ℎ1 − ℎ2 + 𝑚3 ∙ ℎ2 − ℎ3 .

(20)

- Exergy destruction:
𝐸 𝑥D,HPC = 𝐸 𝑥1 − 𝐸 𝑥2 − 𝐸 𝑥3 − 𝑃HPC .

(21)

- Exergy efficiency:
𝜂𝑥HPC =

𝑃HPC
𝐸 𝑥 D ,HPC +𝑃HP C

.

(22)

Intermediate Pressure Cylinder (IPC)
- Developed mechanical power:

The basis of exergy analysis is the second law of
thermodynamics [20, 21]. Second law of thermodynamics takes into
consideration the ambient state in which any component or the
entire system operates. The base exergy balance equation, valid for
any component or the entire system, according to [22] can be
defined as:

𝑃IPC = 2 ∙ 𝑃IPC −L = 2 ∙ 𝑃IPC −R .
𝑃IPC −L = 𝑃IPC −R =

𝑚6
2

𝑚6

(23)

∙ ℎ6 − ℎ7 +

− 𝑚7 − 𝑚8 ∙ ℎ 8 − ℎ 9 +
ℎ9 − ℎ10 .
(24)

𝑚6

2

𝐸𝑥output + 𝐸 𝑥D .

2

𝑚6
2

− 𝑚7 ∙ ℎ 7 − ℎ 8 +

− 𝑚 7 − 𝑚8 − 𝑚9 ∙

- Exergy destruction:

In the base exergy balance equation above, P is mechanical
power in (kW) and 𝐸 𝑥D is exergy destruction (exergy power loss)
in (kW). 𝑄EX is the exergy transfer by heat at the temperature T in
(kW), defined according to literature [23] as:

𝐸 𝑥D,IPC = 2 ∙ 𝐸 𝑥D,IPC −L = 2 ∙ 𝐸 𝑥D,IPC −R .
𝐸 𝑥D,IPC −L = 𝐸 𝑥D,IPC −R =
𝑃IPC −L .

𝑇0

𝑄EX = (1 − ) ∙ 𝑄 .
𝑇
(15)

𝐸𝑥6
2

(25)

− 𝐸 𝑥7 − 𝐸 𝑥8 − 𝐸 𝑥9 − 𝐸 𝑥10 −
(26)

- Exergy efficiency:
𝜂𝑥IPC =

In Eq. (15), T is temperature in (K), 𝑄 is the energy transfer by
heat in (kW) and 0 is the index related to the ambient state. The last
undefined element from the base exergy balance equation is 𝐸 𝑥 - a
total exergy power of fluid flow in (kW), which definition is [24]:

𝑃IPC
𝐸 𝑥 D ,IPC +𝑃IPC

.

(27)

Low Pressure Cylinder 1 (LPC1)
- Developed mechanical power:
𝑃LPC 1 = 2 ∙ 𝑃LPC 1−L = 2 ∙ 𝑃LPC 1−R .

𝐸 𝑥 = 𝑚 ∙ 𝜀,
(16)

𝑃LPC 1−L = 𝑃LPC 1−R =
ℎ19 − ℎ20 .
(29)

where 𝜀 is fluid specific exergy in (kJ/kg), calculated as [25]:
𝜀 = ℎ − ℎ0 − 𝑇0 ∙ (𝑠 − 𝑠0 ).
(17)

𝑚 17
2

∙ ℎ17 − ℎ19 +

(28)
𝑚 17
2

− 𝑚19 ∙

- Exergy destruction:
𝐸 𝑥D,LPC 1 = 2 ∙ 𝐸 𝑥D,LPC 1−L = 2 ∙ 𝐸 𝑥D,LPC 1−R .

In Eq. (17), h is fluid specific enthalpy in (kJ/kg) and s is fluid
specific entropy in (kJ/kg∙K). During standard operation of any
component or the entire system, fluid mass flow rate leakage did not
occur, therefore the valid mass flow rate balance is [26]:
𝑚input =
(18)

,

however, it should be highlighted that proper exergy efficiency
definition varies according to operating characteristics and type of
the analyzed component or the entire system.
Presented balance and equations will be used in exergy analysis
of the whole observed steam turbine and each cylinder.

3.1. Overall exergy analysis balances and equations

𝐸𝑥input = 𝑃output +

cumulative exergy input

(19)

3. Exergy analysis equations

𝑄EX + 𝑃input +
(14)

cumulative exergy output

𝐸 𝑥D,LPC 1−L = 𝐸 𝑥D,LPC 1−R =

𝐸 𝑥 17
2

(30)

− 𝐸 𝑥19 − 𝐸 𝑥20 − 𝑃LPC 1−L . (31)

- Exergy efficiency:

𝑚output .

𝜂𝑥LPC 1 =

𝑃LPC 1
𝐸 𝑥 D ,LPC 1 +𝑃LPC 1

.

Low Pressure Cylinder 2 (LPC2)

4

(32)
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- Developed mechanical power:
𝑃LPC 2 = 2 ∙ 𝑃LPC 2−L = 2 ∙ 𝑃LPC 2−R .
𝑃LPC 2−L = 𝑃LPC 2−R =
ℎ22 − ℎ23 .
(34)

𝑚 18
2

∙ ℎ18 − ℎ22 +

(33)
𝑚 18
2

− 𝑚22 ∙

- Exergy destruction:
𝐸 𝑥D,LPC 2 = 2 ∙ 𝐸 𝑥D,LPC 2−L = 2 ∙ 𝐸 𝑥D,LPC 2−R .
𝐸 𝑥D,LPC 2−L = 𝐸 𝑥D,LPC 2−R =

𝐸 𝑥 18
2

(35)
Fig. 2. Developed mechanical power of the whole observed steam
turbine and each cylinder

− 𝐸 𝑥22 − 𝐸 𝑥23 − 𝑃LPC 2−L . (36)

Exergy destructions (exergy power losses) of each cylinder and
the whole observed steam turbine are presented in Fig. 3.
Observation of all cylinders shows that cylinder exergy
destruction continuously increases as the steam expands through the
turbine. Therefore, the lowest exergy destruction is calculated in
HPC (13.07 MW), followed by the IPC (20.95 MW), while the
highest exergy destructions are calculated for low pressure cylinders
(24.37 MW for LPC1 and 27.17 MW for LPC2). The whole
observed steam turbine has exergy destruction equal to 85.56 MW,
Fig. 3, which is obtained as a sum of exergy destructions in all
cylinders, Eq. (39).

- Exergy efficiency:
𝜂𝑥LPC 2 =

𝑃LPC 2
𝐸 𝑥 D ,LPC 2 +𝑃LPC 2

.

(37)

Whole Turbine (WT)
- Developed mechanical power:
𝑃WT = 𝑃HPC + 𝑃IPC + 𝑃LPC 1 + 𝑃LPC 2 .

(38)

- Exergy destruction:
𝐸 𝑥D,WT = 𝐸 𝑥D,HPC + 𝐸 𝑥D,IPC + 𝐸 𝑥D,LPC 1 + 𝐸 𝑥D,LPC 2 .

(39)

- Exergy efficiency:
𝜂𝑥WT =

𝑃WT
𝐸 𝑥 D ,WT +𝑃WT

.

(40)

4. Steam operating parameters for the exergy analysis
Steam operating parameters required for the exergy analysis of
the observed steam turbine and each of its cylinders are steam
temperature, steam pressure and the steam mass flow rate in each
operating point from Fig. 1. These operating parameters are found
in the literature [30]. Steam specific enthalpy, steam specific
entropy and steam quality in each operating point of Fig. 1 are
calculated from known steam temperature and steam pressure by
using NIST REFPROP 9.0 software [31]. The base ambient state
required for the calculation of steam specific exergy is defined
through the ambient pressure of 1 bar and the ambient temperature
of 25 °C.

Fig. 3. Exergy destruction of the whole observed steam turbine and
each cylinder
Exergy efficiencies of each turbine cylinder and the whole
observed steam turbine are presented in Fig. 4.
Comparison of all turbine cylinders shows that cylinder exergy
efficiency continuously decreases as the steam expands through the
turbine. Therefore, the highest exergy efficiency has HPC (95.12%),
followed by the IPC (94.90%) and LPC1 (74.25%), while the
lowest exergy efficiency of all cylinders is calculated in LPC2
(72.89%).
The whole observed steam turbine has exergy efficiency equal to
90.20%. The exergy efficiency of the whole observed steam turbine
is much closer to exergy efficiencies of HPC and IPC (which are
dominant mechanical power producers) than to exergy efficiencies
of LPC1 and LPC2 (which are not dominant mechanical power
producers), Fig. 4.

5. Exergy analysis results and discussion
While observing all cylinders, it can be seen that in IPC is
developed the highest mechanical power (389.85 MW), with a note
that half of developed mechanical power in IPC is developed in left
cylinder part (IPC-L), while the other half is developed in right
cylinder part (IPC-R). The lowest mechanical power of all cylinders
is developed in LPC1 (70.29 MW) – again, half of that mechanical
power is developed in LPC1-L and the other half in LPC1-R, Fig. 2.
Further observation of developed mechanical power related to all
cylinders shows that HPC develop a notable mechanical power
(254.67 MW), regardless of the fact that HPC is the only single
flow cylinder from the observed steam turbine. Also, from Fig. 2
can be clearly seen that both low pressure cylinders develop
significantly lower mechanical power in comparison to HPC and
IPC. LPC2 develop slightly higher mechanical power in comparison
to LPC1 (73.06 MW in comparison to 70.29 MW). The whole
observed steam turbine develop mechanical power equal to 787.87
MW, Fig. 2.

Fig. 4. The exergy efficiency of the whole observed steam turbine
and each cylinder
From the observations above it can be concluded that LPC1 and
LPC2 have higher exergy destructions and much lower exergy
efficiencies in comparison to other cylinders from the observed
turbine. Also, exergy efficiencies of LPC1 and LPC2 are much
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lower in comparison to other low pressure dual flow cylinders from
comparable steam power plants [32].

6. Conclusions
In this paper is performed an exergy analysis of a complex fourcylinder steam turbine, which operate in a coal-fired power plant.
Exergy analysis takes into consideration exergy parameters of each
cylinder and the whole observed steam turbine. The most important
conclusions from the analysis are:
- When observing all turbine cylinders, the highest part of
cumulative mechanical power is developed in IPC (389.85 MW),
followed by HPC (254.67 MW), while both low pressure cylinders
develop a small part of cumulative mechanical power (70.29 MW in
LPC1 and 73.06 MW in LPC2). A cumulative mechanical power
developed in the whole observed steam turbine is 787.87 MW.
- Cylinder exergy destruction (cylinder exergy power loss)
continuously increases as the steam expands through the turbine.
The lowest exergy destruction is calculated in HPC (13.07 MW),
followed by the IPC (20.95 MW), while the highest exergy
destructions are calculated for low pressure cylinders (24.37 MW
for LPC1 and 27.17 MW for LPC2). The whole observed steam
turbine has exergy destruction equal to 85.56 MW.
- Cylinder exergy efficiency continuously decreases as the steam
expands through the turbine. The highest exergy efficiency has HPC
(95.12%), followed by the IPC (94.90%) and LPC1 (74.25%), while
the lowest exergy efficiency of all cylinders is obtained in LPC2
(72.89%). The whole observed steam turbine has exergy efficiency
equal to 90.20%.
- Low pressure cylinders from the observed steam turbine (LPC1
and LPC2) have higher exergy destructions and much lower exergy
efficiencies in comparison to the other cylinders. Therefore, future
research and possible improvement of the analyzed steam turbine
should be based firstly on both low pressure cylinders.
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On the study of some characteristics ensuring loading capacity of rack drives
Emilia Abadjieva
Institute of Mechanics - Bulgarian Academy of Science, Sofia, Bulgaria
abadjieva@gmail.com
Abstract: This research deals with the study of some kinematic characteristics, which can be used to ensure the loading capacity of the rack
drives, including its hydrodynamic component. A brief analysis of the spatial rack drives in terms of their load capacity is realized. When
mutually enveloping tooth surfaces are synthesized, it is possible to appear singular contact points appear on the active tooth surfaces. Two
kinds of singular points exist, depending on the normal vector to the meshed tooth surfaces in their common points: singular points of firstorder (called ordinary nodes), and singular points of second-order. Singular points of first order should be registered and eliminated from
the mesh region since increased specific friction, worsen lubrication, and heat transfer are present, which result in a decreased loading
capacity of the gear set A special accent is placed on the registration and elimination of singular points on the tooth surfaces of the
synthesized rack drives. Analytical expressions are written defining total transference velocity and its normal component to an instantaneous
contact line at an arbitrary contact point.
Keywords: RACK DRIVES, SINGULAR POINTS, HYDRODYNAMIC LOADING CAPACITY,

2. Study of the Singularity of Tooth Surfaces
Materials

1. Introduction
The choice of a rational form of spatial gearing (as a basic
element of any mechanical transmission) is an essential problem,
the optimal solution of which is related to the following
requirements:
 satisfying the preliminary given loading capacity with
minimal energy consumption for operation;
 ensuring optimal accuracy of the realization/implementation
of the law of motions transformation;
 application of the most effective technological approaches in
the technical realization of the mechanical system.
The object of the current study is spatial rack mechanisms, in
which the rotating link has helical surfaces with a constant axial
pitch. The theoretical synthesis of the studied mechanisms is
subordinated to the second principle of T. Olivier [1].

The researches, related to the singularity of the conjugated
active tooth surfaces of the hyperboloid gear mechanisms, are
dedicated studies of many scientists including A. Georgiev
((independently [2] and in co-authorship with V. Goldfarb [3]), V.
Ganshin [4], I. Dusev and V. Vasilev [5], F. Litvin [1, 6], S. Lagutin
[7, 8], K. Minkov [9], V. Abadjiev [10], W. Nelson [11] and others.
The author of the current study in co-authorship with other
researchers has devoted several of her publications on this topic,
related to the study of spatial gears of the Wildhaber type [12] and
Planoid gears [13-15].
Here is presented a study (see Fig. 1) of the conditions, under
which in the process of meshing of the kinematic conjugated
surfaces  1 and  2 of the spatial rack drives, the contact points
"degenerate" into nodes (singular) points. This research is based on
the theoretical approach offered by F. Litvin [1, 6]. According to it
the nodes in the most common case are those common points

When comparing the different types of rack drives in terms of their
loading capacity, it is necessary to take into account the
technological approaches to their practical realization. Here it is
necessary to mention that to fully reach the given loading capacity
(power transmitted through the transmission) it is necessary to
realize the planned tooth contact with optimal accuracy. This is
achieved by ensuring optimality between the working (theoretical)
and instrumental (technological) conjugation of the tooth surfaces
of the movable links. This requires searching for technical
approaches for the exact elaboration of the tooth surfaces of both
the worm and the gear rack. This is achieved when the
manufacturing technology is ensured the appropriate finishing
operations that accompany the generation of the tooth surfaces of
the movable links. Technologically-based and effective approaches
of the mentioned type can be provided when the rotating movable
link is an involute worm or a worm with a circular profile of the
teeth. These approaches create conditions for the final processing of
the active tooth surfaces of the movable links after heat treatment
by grinding. This ensures increased hardness, smoothness, and
durability of the working tooth surfaces of the tooth links, which is
a premise for increasing their contact strength and hydrodynamic
loading capacity. Increasing the load capacity of the rack drives and
in particular, its hydrodynamic loading capacity is achieved by
choosing the appropriate geometry of the conjugated tooth surfaces.
This is achieved by satisfying the quality of gearing within the mesh
region by registering and eliminating the occurrence of the singular
contact points in the mesh region of the synthesized gear set;
selection of appropriate placement of the contact lines between the
tooth surfaces of the movable links in relation to the transference
velocities of the links in the different contact points, which are part
of them, etc.

between

1

2 ,

and

for which the condition their relative

velocity on one of the contacting surfaces ( i
the fixed coordinate system:

 1, 2 ), written in

i  i (ui ,i ,  i ) ,

(1)

to be equal to zero is fulfilled, i.e., :

Vr ,i 

 i dui  i di
.

.
 0.
ui dt i dt

(2)

The expression (2) is correct because it refers to the relative
velocity of a point on a particular contact line corresponding to

 i  const.

For the studied case, both mutually enveloping

surfaces are presented by the meshing parameter of the rotating

1  1 ,  2  j211 , j21  const . Depending on
the behavior of the normal vector ni in the common contact point
of the conjugated surfaces  1 and  2 , there are two types of
link, i.e.

singular points:
- singular points of the first-order (ordinary contact nodes), for
which it is fulfilled

ni  0

and hence,

nr ,i  0 ( nr ,i

relative velocity at the tip of the normal vector

The focus of the study is put on some kinematic characteristics,
which can be used to ensure the loading capacity of the rack drives,
including its hydrodynamic component.

is the

ni );

- singular points of second-order (undercutting points), for
which it is fulfilled

8
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Further, the character of the two types of singular points are
going to be explained in the context of kinematically conjugated
tooth surfaces, the synthesis of which is realized in accordance t the
second principle of T. Olivier. It will be searched for vector and
analytical dependences, which define the conditions for their
appearance on the mesh region, respectively on the meshed tooth
surfaces of the synthesized gear mechanism, as well as possible
approaches for their elimination in the process of the synthesis.

contact lines. Their existence in the mesh region should be
registered and eliminated from the mesh region since increased
specific friction, worsen lubrication, and heat transfer are present,
which result in a decreased hydrodynamic loading capacity in the
synthesized transmission.
Let’s consider the case when on the meshed tooth surfaces

1

and  2 of the spatial rack drive, there is a singularity of first-order.
Equation (6) is written in the form:

niV12  niV12  0,

(7)

V12  V1  V2 ,
V12  V1  V2   1  1  1   1  V2 .

(8)

where

When the contact points are ordinary nodes, the condition
is fulfilled. Besides
( V2

 1  0

( 1

 const )

and

ni  0
V  0
2

 const. ) and from (7) and (8) it is obtained:
niV12  ni (1   1 )  0.

(9)

а) Spatial rack drives are synthesized in accordance with the
second principle of T. Olivier and the instrumental surfaces
(preliminary defined) are the active tooth surfaces  1 of the

Fig. 1. Geometric-kinematic scheme of spatial motions transformation of
type rotation into translation

rotating link, i.e.

For the contact points in the fixed coordinate system, as points from
the mesh region it can be written:

 1   2  V ,

 i

1  (1  n1 ),
Since n
equality is obtained
(4)

contact point;

Vir

 i ; Vi

i ; V

 1  V1 ,

then from (10) the following

(11)

b) Spatial rack drives are synthesized in accordance with the
second principle of T. Olivier and the instrumental surfaces

- transference velocity of the

- relative velocity vector belonging to

(preliminary defined) are the surfaces

-

2

n 2 r  0

of the gear rack, i.e.

velocity of the contact point as a point of the mesh region.

V2 r  0 , ni  n2  0

In addition to the vector equalities (3) and (4) for the contact points

Then, analogously to the above cases, it can be written

of the mutually enveloping surfaces  1 and  2 the basic equation
of meshing is valid, which in this case is presented in the form:

niV12  f i (ui ,i ,1 )  0.

n2 (1 V2 )  0.

and

2

(12)

(13)

The equalities (11) and (13) are equivalent since at the common
contact point of the conjugated surfaces  1 and
rack drive, the following condition is fulfilled:

(6)

ni .1 .V2  0, (i  1, 2) .

The equalities (3), (4), (5), and (6) are fulfilled for every contact

1

.

In this case from (9) and (12) it is obtained

The equation of meshing (5) is fulfilled for every value of the
meshing parameter, which determines the ability to differentiate it,
i.e:

point of the conjugated tooth surfaces
rack drives.

and

n2  (2  n2 )  0,  2  V2 .

(5)

f i dui f i di f i d1
.

.

.
 0.
ui dt i dt 1 dt

.

(10)

(1  n1 )V2  0.

is an absolute velocity vector of the contact point that

belongs to the surface

n1r  0

n1V12  n1 (1   1 )  0.

(3)

V1  V1r  V2  V2 r  V ,

and

Then (9) is of the type

respectively

where

V1r  0 , ni  n1  0

 2 of the spatial
(14)

From (14) follows, that in order to exclude the singular points of
first-order from the mesh region of the rack drive, in the process of
its synthesis, the following inequality is a sufficient condition:

of the studied

ni .1 .V2  0, (i  1, 2) .

Registration and elimination of the ordinary nodes on the mesh
region. It is possible to exist undesired ordinary nodes (singular
points of first-order) on the conjugated tooth surfaces of spatial gear
mechanisms. They are points of contact or intersection of the

(15)

According to the task, illustrated in Fig. 1 and Fig 2, it is obvious
that inequality (15) is equivalent to
9
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ni , x  0

surface  2 have no tangent contact, and they intersect in the
undercutting points.
( j)

(16)

Undercutting, as a rule, leads to weakening of the tooth and
deterioration of the bending gear strength. The curvature of the
tooth in the vicinity of the undercutting points assumes values
unfavorable for the contact strength of the generated teeth.
The study of the appearance of singular points of second-order on
the action surface/mesh region of the spatial rack drive is realized
for the case in which the generating tooth surfaces are the surfaces

1

of the rotating link. For this case, the result of avoidance of

undercutting points on  2 is an absence of undercutting.
According to the accepted methodology [1] and taking into account

 2 is
composed only of non-singular points, i.e. for all points from  2 ,
the vector equality (4), if the generated tooth surface

Fig. 2. Orientation of the coordinate system
cylindrical surface

S 2 (O2 , x2 , y2 , z 2 )

that belongs to the action surface, the following equality is valid:

of the

2

 2  V2  V2 r  V .

Let us accept, that the spatial rack drive is synthesized in
accordance with the conditions described in (a). Let us write the
equation of meshing

tan  

n1, y
n1, z



p  j21 cos  r
 const.
j21 sin  r

It is known, [1, 6], that the absolute velocity V of an arbitrary
point from the action surface/mesh region, lies in the tangential
surface to it, i.e. the following form of the equation of meshing is
true:

[16] for the case of

n ASV  n ASV2  n ASV2 r  0,

the existence of ordinary nodes in the mesh region, i.e. when the
condition is fulfilled:

n1, x  0 .

where

n AS  0 , V2 r  0 ,

(18)

After simple transformations based on (18) it can be written a
sufficient condition under which the singularity of the first order is
missing in the region of mesh:

n AS .V2  0 .

(19)

p  p z0
p  j21 cos  r
.

j21 sin  r
j21 sin  r

and the directed line – a contact line for an arbitrary
(20)
The normal vector

curve of the cross-section coincides with

n1V12  f 1 (u1 ,1 ,1 )  f (u, ,1 )  0,
where

u1  u, 1  

are curvilinear coordinates of

(26)

1 .

The curve of the cross-section of the action surface is found by
the projection of an arbitrary contact line (corresponding to an

( j)



Let, the action

1  1 (u1 ,1 ,1 )   (u, ,1 ),

undercutting of the surfaces  2
( j  1, 2 ), when their
generation is realized in accordance with the second principle of T.
Olivier, concludes that the transition surface formed by the tip of

active surface

n AS .

surface be presented through the contact points, that belongs to the
rotating link i  1 :

Registration and elimination of the undercutting points from the
action surface. The singular points of second order should be
eliminated from the action surface/region of mesh since they are
undercutting points in instrumental meshing or points of
interference in the case of work gearing of the conjugated tooth
surfaces of the synthesized gear transmissions. The process of

J

in every point that belongs to generatrix, is

Let us consider a cross-section of the action surface/region of mesh
with a plane perpendicular to the axis Oz . The normal line to the

i. е. if the helical parameter of the helical gear with the helical teeth
is equal to the parameter of the relative helices of the sliding
velocity vector field, then tan   0 and condition (19) is always
fulfilled.

( j)
2

n AS

1  const.

the same.
(21)

the cutting edge of the instrumental surface

(25)

From [16] and Fig. 2, the action surface/region of mesh is a
cylindrical surface with a generatrix -a line parallel to the axis Oz

From (20) it can be seen that if the condition is fulfilled

p  p z0 ,

(24)

Then from (23), it follows that the sufficient condition that there are
no undercutting points on the action surface/mesh region is:

Besides

tan  

is a normal vector to the action surface/mesh region in

Since the mesh region is composed only of non-singular points for
which it is fulfilled

For this case, the equation of meshing is of the type

p   x tan .

n AS

(23)

its arbitrary point.

(17)

( x  j21 sin  r ) tan   j21 cos  r  0.

(22)

arbitrary 1  const .) on the plane Oxy ( z  0 ). Without
disturbing the community of arguments, let this in the contact line

takes part of the

corresponds to the

. In this case, the transition and the active tooth

1  0 .

Then the system (26) is written of the type:
10
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   (u,,0), f (u,,0)  0,

Then, substituting (29) and (35), in (25), it is established the
following dependence:

(27)

and the analytical type of the action surface obtains:

x  x(u ,  ), y  y (u ,  ),
z  w, w  (,), f (u ,  ,0 )  0.

n AS , y j21 sin  r  0,

i.e. when sin  r  0 the conditions for the absence of
undercutting points on the action surface of the spatial rack set are

(28)

As can be seen from (28), the equation of meshing is an implicit
function. From the theorem for functions given implicitly [17],
when

f   0

x f
x f
.

. , f (u , ,0)  0.
u   u

there is a derivative,

d
f u

du
f 

,

Contact-hydrodynamic theory of lubrication is a branch of Fluid
Mechanics and explains the phenomena arising from fluid friction
between moving solid surfaces [18]. This theory takes into account
both the hydrodynamic and heating processes occurring in the
lubricating fluid and the elastic deformations of firm surfaces. The
mentioned phenomena are present in all types of gear mechanisms
[1, 10, 19]. For this type of mechanical system, it is necessary to
transfer forces from one friction surface to another by using an oil
film located between them. The lubricating fluid adheres to the
friction surfaces and during their relative motion, a hydrodynamic
pressure arises in it, the equivalent of which - the hydrodynamic lift
force, balances the external load applied to the gears. In turn, the
hydrodynamic pressure acting on the conjugated tooth surfaces
causes their elastic deformation at the points of contact. This affects
the backlash between the meshed tooth surfaces and therefore the
size and type of the hydrodynamic pressure distribution. The brief
comment made here shows that the solution of the contact
hydrodynamic problem is a problem of extreme complexity, which
according to the information available to the author is still not
enough studied. Clarification of one or another side of it is related
to the prevention of such damages on the active tooth surfaces of
the treated mechanical systems such as pitting, scuffing, accelerated
wear, etc.

(30)

Then action surface can be written as:

  (u , w), w  (,) ,

(31)

or

x  x[u , (u )], y  y[u , (u )],
z  w, w  (,).

(32)

Using (32) for the normal vector of the action surface it can be
written:

n AS 

y
n AS , x  u
z
u
z
n AS , y  u
x
u
x
n AS , z  u
y
u

 
,

u w

y
w  y  y d ,
z u  du
w
z
w   x  x d ,
x
 u  du 
w
x
w  0.
y
w

(33)

This study does not offer a solution to the hydrodynamic and
contact task for spatial rack mechanisms. It is subject to the
analytical definition of the magnitude of the total transference
velocity and its normal component to the instantaneous contact line
at an arbitrary contact point. This component of the total
transference velocity is placed on the tangent plane between the
conjugated tooth surfaces at an arbitrary contact point. The

(34)

magnitude V total transference velocity V is determined in
accordance with the given symbols in Fig. 3, i.e.:

V  V1  V2  1  1  V2 ,
It is written the (38) in the fixed coordinate system
and the following is obtained:

After substitution of (2.94) into (2.100):

n AS , x 


(38)

S (O, x, y, z ) ,

V   yi  ( x  j21 sin  r ) j  j21 cos  r .k .

y y f u


u  f 

Then for the magnitude of

1  y f y f 


,
f   u   u 

 x x f u 
 
n AS , y   

u



f




1  x f x f 



,
f   u   u 
n AS , z  0.

(37)

3. Total Transference Velocity

(29)

as well a function

   (u ) .

(36)

V

(39)

it can be written:

V  V2, x  V2, y  V2, z 
 x  y  j  2 j21 sin  r .x
2

2

.

(40)

2
21

(35)
The normal component of

V , n1

to the instantaneous contact line at

an arbitrary contact point is determined by using the symbols shown
in Fig. 3, through the scalar triple product:
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kinematic of the studied transmissions. Increasing this kinematic
characteristic leads to an improvement in the hydrodynamic loading
capacity of the transmission.

4. Conclusion
This work deals with the research of some kinematic characteristics
that can be used to ensure the loading capacity of the rack drives,
including its hydrodynamic component. Here, an analysis of the
spatial rack drives in terms of their loading capacity is done. A
special accent is put on the study of the singularity of the tooth
surfaces of the rack drive, and the condition for registration and
elimination of the ordinary nodes and undercutting points from the
mesh region of the synthesized rack drive are written. Analytical
expression, defining the total transference velocity and its normal
component to an instantaneous contact line at an arbitrary contact
point therewith. The defined relations are important for the
improvement of the hydrodynamic loading capacity of the
transmission.
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Abstract: The research of the technology of obtaining new copper-ferrochrome composite material has been done. The results of its structure
and properties analysis are presented. The material structure consists of the copper base, non-dissolved coarse inclusions of ferrochrome,
diffused zones, forming around these inclusions and phases, having formed in the place of completely dissolved inclusions of ferrochrome
fine particles. The material has good mechanical properties and a high wear resistance due to the formed solid solutions of the carbides in
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The workpieces with the dimensions 12.6x54.3x10.0 mm and
10% porosity were pressed from the obtained mix material in the
moulds in the hydraulic press. The lubricant – molybdenum
disulfide – was applied on the matrix surface. The mass of the
powder sample for pressing workpieces, which was calculated
considering the mass loss during the pressing and sintering, was
53.7 gr. The pressing pressure was taken as equal to 600 MPa. The
rated force of the pressing was 410.5 kN.
The pressings were sintered in the synthesis gas environment in
the furnace according to the stepped regime with equalizing during
25 minutes at the temperatures 200-220оС and 300-320оС, the
growth up to 400-420оС, equalizing during 90 minutes, heating up
to the temperature 500-520оС and 600-620оС with the equalizing of
25 minutes at each temperature, the rise up op the temperature of
900-920оС and equalizing of 90 mins.
The sintered workpieces were stamped in the closed stamp with
the cross flow of the metal with a fringe for 90 о, and then were
sintered in the same environment at the temperature of 780-820оС
for 30 minutes. The stamping pressure was 800 MPa, and the
stamping strength was 535.7 kN. The samples for tension testing
with the diameter 5 mm and the initial calculating length was 25
mm were turned from the prismatic samples.
While doing the researches the visual examination was done,
the mass and the sizes were controlled. The samples for pressing
workpieces were weighed on the laboratory scales with the
precision up to 0.05 gr, the mass of the produced samples was
determined by weighing on the electronic scales with the precision
up to 0.0001, the density was calculated.
The hardness was measured by Brinnel hardness test with the
ball of 5 mm under the load of 2452 N. The structure was
researched on the metallographic sections before the etching, and
after the etching in the iron acid the structure was studied by the
microscope MIM8 (МИМ8). The microhardness was determined by
the device PMT-3 under the load of 200 N.

1. Introduction
To manufacture antifriction and construction details the alloys
on the copper base – bronze and brass – are widely used. The
products from these materials are obtained by casting and pressure
treatment of compact materials [1] or from metallic powders by
pressing and sintering [2]. The mechanical properties of the powder
materials depend on the chemical composition, obtaining
technology, porosity, dispersion of the initial powder components:
having the same porosity, they increase with the decrease of the size
of the powder particles. The promising tribotechnical materials are
powder bronzes, being alloyed with chrome [3]. The disadvantage
of cast and powder bronzes is their comparatively low carrying
ability and a high price for the tin. Due to this, the development of
the technology for obtaining composite material on the base of
copper, and being reinforced by the dispersed inclusions, is of great
interest.

2. Premises and means for the problem solution
The works [4, 5] present the results of researching the properties
of the composite materials tin bronze – ferrochrome FC 800 with
the particles’ size of 40-50 μm. It is ascertained that during the
sintering of the samples with low porosity the more increase in the
sizes occurs the more the content of Fe-Cr is, the highly porous
samples undergo the shrinkage. At the porosity of 15 % the increase
of Fe-Cr content up to 3 % leads to the increase of the yield point
and to the decrease of the unit elongation. With the further increase
of Fe-Cr content the strength and the plasticity decrease. The
composition, containing 5% of Fe-Cr, has the maximum
tribotechnical characteristics. The researches have shown that to
work in the loaded units it is efficient to use pore-free composite
material on the copper base, containing ferrochrome and a solid
lubricant, i.e. graphite. Such material can be obtained by the
technology of the powder metallurgy which includes the following
actions: mix material preparation, pressing the porous workpieces,
sintering, compaction up to the pore-free state. Moreover,
considering a high cost of the copper powder, it is reasonable to use
a cheaper copper powder, got from the industrial waste.

4. Results and discussion
The visual examination of the samples after pressing, sintering
and stamping showed that cracks, tightening, fissures and other
defects of the shape were absent.
The composite has a high compression rate. The density of the
compressed workpieces was 7.74-7.59 g/cm3, this corresponds to
the calculating porosity 6-10%. However, during sintering there was
a growth of the samples, it is explained by the “hydrogenous
disease” of the copper. The decrease of the sizes was 1.3% in
length, 1.6% in the width, 8.7% in the height. As a result the
porosity increased up to 19-20%.
The density of the stamped samples was 8.44 gr/ cm3, i.e.
practically pore-free material was obtained (the calculating porosity
does not exceed 0.4 %). The hardness of the material after stamping
was НВ 68-72. As a result of annealing the sizes and the density of
the samples did not change, while the hardness decreased and was
НВ 42-47. The limit of the strength under tension was 117 MPa, the
unit elongation was 1.6 %, it is lower than of the chrome-tin
bronzes.
To determine the wear resistance the tests were done on the
friction machine according to the scheme “disc-block” of the tested

The given paper presents the results of researching the structure
and properties of the composite material on the copper powder base,
obtained from the copper electric conductor waste, mixed with
ground ferrochrome.

3. The problem solution
The samples for the research were made from the mixture of
copper powders 93.8 %; ground ferrochrome of FC-400A brand 5
% (ISO 5448-81) and 1.2 % fine-dispersed graphite. The
ferrochrome and the copper powder were sifted through the sieve
with the cells of 80 μm.
According to the conducted chemical analysis, the ferrochrome
contains 54.97 % Cr, 3.8 % C, the rest is iron. When introducing the
mix material of FeCr – 5%, C – 1.2 %, Cu – 93.8% into the
composition the content of the components in the mixture will be as
follows: Cr – 2.75%, Fe – 2.06% and C – 0.19%. The density of the
powder pore-free composite material, calculated by the additivity
formula, is 8.46 gr/cm3.
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material and a known antifriction powder material on copper base
(APMCP), containing 5-10.5% of chrome [4]. The counterbody
from steel 45 had the hardness HRC 43. The pressure on the
samples was 5.25 MPa, the rubbing speed was 2.1 m/s. Before the
tests the samples were weighed on the analytical balance, and were
well-lubricated, the lubrication consisted of molybdenum disulfide
and machine oil. During the test the lubrication was not supplied to
the friction zone. After the test end the samples were washed out by
acetone, then dried and weighed again. The wear resistance was
evaluated by the intensity of the wear:
W
I ,
(1),
L
where:
W is the value of the linear wear of the friction samples;
L is the friction length of the given sample, the friction length
corresponds to the wear W , m.

steel is not found in the reference literature. It is possible to
presume that carbides dissolve in the copper well due to the fact that
  Fe has a face-centered cubic lattice with the period 0.3645 nm
and the atomic radius 0.1411, the copper also has a face-centered
lattice with the period 0.3608 nm and the atomic radius 0.1413.
Table 2 presents the results of measuring the microhardness of
different phases of the composite material. The microhardness of
powder copper without alloying additions is given for comparison.
As it is seen, the hardening of the copper base happens. It is
possible to presume that the copper hardening takes place due to the
formed solid solutions of the carbides in the copper. The structure
of the diffused zone can be presented by a mechanical mixture of
solid solutions on the basis of copper and carbides.

While determining the wear by weighting, the value of the
linear wear W was determined by the formula:
G
(2),
W
,
A
where:
G is the change of the samples’ mass under the test, kg;
 is the density of the worn out materials, kg/m³;
A is the contour contact area of the samples, m².

а

Table 2. The results of the microhardness’ measurement
Limits of the
Average value,
Material
microhardness
MPa
values, MPa
Unalloyed powder copper
748-944
845
before annealing
Unalloyed powder copper
228-412
345
after annealing
Copper as the base of the
616 – 719
706
composite material

The friction length was defined by the ratio:
L  dN ,
(3),
where:
N is the amount of full disc turns (determined by the counter
registration of the turns’ number on the friction machine);
d is the diameter of the roller, mm.
As it is evident from the tests’ results, presented in Table 1, the
wear resistance of the researched material is by 1.9 times higher and
it wears out the counterbody by 1.7 times faster.

Diffused zone
Ferrochrome in the
composite

Table 1: The results of the trial on the friction machine
The intensity of the wear,
micron/km
Material
Counterbody
The tested material
Antifriction powder material
on copper base (APMCP)

5.2210-6

2.6210-8

The tested one

2.9810-6

1.3910-8

b

Fig. 2. The microstructure of the samples from the copperferrochrome composite material after etching: а – 320х; b – 500х

1463 -1738

1553

10478 – 19855

14955

The carried out researches have demonstrated that the copperferrochrome composite material has very good mechanical
properties and a high wear resistance. Such material can be used for
manufacturing details, working in the friction units. The obtained
results also indicate that further enhancement of the composite
properties is possible due to the use of more dispersed ferrochrome
particles, and also due to the thermal material processing, i.e.
hardening and aging.

The structure of the obtained material is heterophase, and
consists of the copper base, non-dissolved coarse inclusions of
ferrochrome, diffused zones, forming around these inclusions and
phases, having formed in the place of completely dissolved
inclusions of ferrochrome fine particles (Fig. 1, 2).

5. Conclusion
The research of the new copper-ferrochrome composite material
has been done. The material structure consists of the copper base,
non-dissolved coarse inclusions of ferrochrome, diffused zones,
forming around these inclusions and phases, having formed in the
place of completely dissolved inclusions of ferrochrome fine
particles. The material has sufficient strength properties and high
wear resistance. The reason for this is hardening of the copper due
to the formed solid solutions of the carbides in the copper.
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Fig. 1. The microstructure of the non-etched samples from the
copper-ferrochrome composite material: а – 320х, b – 500х

According to the chemical analysis, ferrochrome contains 3.8 %
of carbon. Apparently, it contains a great amount of carbides of the
following type (Cr, Fe)7С3 and (Cr, Fe)23С6. Besides, it may contain
solid and fragile  -phase (intermetallic compound FeCr). The
carbides (Cr, Fe)7С3 and (Cr, Fe)23С6 have a complex crystalline
lattice. Such carbides easily dissolve in the steels under heating in
  Fe [6]. The information about dissolubility of carbides in the
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Abstract: The study of the microstructure evolution during forging in a new design strikers implementing alternating deformation based on
computer modeling by the finite element method was carried out. The influence of the flat face inclination angle was studied, for which
models with an inclination angle of 0, 15, 30 and 45 degrees were studied. It was established that the most optimal option is the use of
strikers with an angle of 30°. On this strikers configuration the influence of the workpiece heating temperatures and the punch movement
speeds was studied. The analysis of these technological parameters on the microstructure evolution showed that both parameters affect the
structure grinding intensity, while the influence of the heating temperature is more significant.
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the value of the friction coefficient was set to 0.25. An absolute
tetrahedral grid was built on the blank, condensed on the surface for
better rendering of the round shape. The minimum size of the
element was set to 0.3 mm, the maximum size of the element was
set to 0.6 mm, the parameters for the grid remesing were set by
default.

1. Introduction
In traditional metal forming operations, to improve the metal
quality by grinding the structure to a fine-grained state, it is
necessary to significantly change the workpiece sizes, which leads
to significant energy and labor costs. However, it is often necessary
to obtain a blank, the dimensions of which differ slightly from the
initial one. The implementation of these two principles in practice is
possible due to the intensification of shear and alternating
deformations [1]. At the same time, for a high-quality processing of
the initial structure, it is necessary to ensure such a technological
process of deformation that sufficient shear or alternating
deformation occurs in the entire deformable volume [2]. Currently,
to solve this problem, a number of new forging processes and tools
for their implementation have been developed [3-7], which allow
implementing a high level of shear or alternating deformations.
In the work [8] the technology of broaching in lock strikers
was developed and studied, which allows to realize intensive shear
deformation over the entire volume of metal, and a forging tool for
its implementation was proposed. This technology showed very
good results, which consisted in improving the quality of the metal
of forgings [9]. But this technology has its own small drawbacks this technology is mainly applicable for forgings of only rectangular
cross-section, and there are concentrators of tensile stresses due to
the angles in this design.
Therefore this tool has been improved so that it is possible to
use it for round forgings and to avoid the occurrence of even small
concentrators of tensile stresses. At the same time, the design of this
tool (Fig. 1) will allow for more significant alternating deformations
over the entire volume of the deformed workpiece.
The purpose of this work is to study the influence of the faces
inclination angle of the strikers shown in Figure 1, as well as
kinematic and temperature factors on the microstructure evolution.

Figure 1 - Tool for broaching: 1 – upper striker; 2 - lower striker;
3 - flat working surface of the striker;
4 - working surface of the striker, made in the form of a circle
segment
During computer modeling, the influence of the flat face
inclination angle, as well as kinematic and temperature factors on
the microstructure change was studied. The value of 60 microns
was taken as the initial grain size. 4 deformation cycles were carried
out with the workpiece turning at 90° after each compression. When
analyzing each model, the study of the selected parameters was
carried out on the last cycle.
First, the influence of the flat face inclination angle was
studied. For this purpose, models with an inclination angle of 0, 15,
30 and 45 degrees were built. In order to identify the most rational
strikers design, it is necessary to introduce a criterion of optimal
values. The following criterion for grain size was adopted - "less is
better".

2. Computer simulation
Computer simulation of the forging process with an additional
macroshift was carried out using the Deform software package.
5HV2S steel was chosen as the billet material. The initial billet had
a diameter of 45 mm. The deformation was carried out at a
temperature of 1000 °C. A non-isothermal calculation type was set
for the simulation. The vertical speed of the upper striker was 1
mm/sec. When the workpiece came into contact with the strikers,
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а)

c)

b)

d)
а – 0°; b – 15°; c – 30°; d – 45°
Figure 2 – Grain size change in strikers with different inclination angles of a flat face
dynamic recrystallization. When the heating temperature decreases
to 800 °C, on the contrary, the intensity of structure grinding
increases significantly. This is due to the fact that for steel 5HV2S,
the temperature of the beginning of recrystallization is 775 °C
(point AC1). Heated to 800 °C, the workpiece gradually cools
down, bypassing the AC1 point, as a result, the recrystallization
processes are completely suppressed.
When considering models with different values of the upper
striker speed, it was found that this parameter affects the intensity of
structure grinding, although not as significant as the heating
temperature. When the upper striker speed increases to 10 mm/s, the
intensity of grain grinding decreases, and when the upper striker
speed decreases to 0.1 mm/s, the intensity of structure grinding
increases. This phenomenon is also associated with recrystallization
processes. The recrystallization intensity depends on the workpiece
temperature, the intensity of change of which depends on the strain
rate. At a reduced upper striker speed, the total duration of the
deformation process increases. As a result, the workpiece has time
to cool down more, which affects the level of grain grinding. At an
increased strain rate, the intensity of cooling of the workpiece
decreases, which leads to a decrease in the level of grain grinding.
Based on the data obtained, the most optimal conditions
from the point of view of the final grain size are the heating
temperature 800 °C and the upper striker speed 0.1 mm/s. However,
in order to approve these parameters, it is necessary to evaluate the
resulting deformation forces in the models under consideration,
since this parameter is critical at the stage of implementation of the
developed technology. Summary data on grain size and deformation
force are presented in Table 2.
It can be seen that despite the minimum grain size obtained,
the option of lowering the heating temperature of the workpiece to
800 °C is not optimal, since in this case, due to cooling and
lowering the plasticity of the metal, the force level increases almost
2.5 times compared to the basic level. At the same time, all three
options for the upper striker speed can be recommended for the

The analysis of the microstructure evolution (Figure 2)
showed that in all variants the grain grinding area covers most of
the cross-section of the workpiece. At the same time, the initial
grain is crushed most intensively in strikers with flat face
inclination angle of 0° (11 microns) and 30° (13 microns). Based on
the accepted optimality criterion of the grain size "less is better", the
following sequence was identified in descending order: 15° → 45°
→ 30° → 0°.
Thus, the most optimal option would be to use strikers with an
angle of 30°, since in this case there is a fairly extensive distribution
of strain across the cross-section in the workpiece (the second in
terms of cross-section coverage after strikers with an angle of 0°)
with a significantly lower deformation force [10]. The result is the
second most intense level of grain grinding.
For further analysis of the influence of the technological
parameters in the new strikers on the microstructure evolution, it
was decided to use strikers with an inclination angle of flat faces of
30°. The temperature of metal heating and the speed of the punch
movement were chosen as variable parameters, since the values of
these parmeters are easy to change in real conditions. The resulting
model is shown in Figure 6b at a temperature of 1000 °C and the
upper striker speed of 1 mm/s was taken as the base model. As a
result, to study the influence of the technological parameters in new
strikers on the microstructure evolution, the following models were
additionally constructed:
- with heating temperatures of the workpiece up to 1200 °C
and up to 800 °C;
- with upper striker speeds of 0.1 mm/s and 10 mm/s.
Figure 3 shows the results of calculating the change in grain
size for various technological parameters. When considering models
with different values of the heating temperature (Figure 3 b-c), it
was found that this parameter has a very significant effect on the
grinding intensity of the structure. When the heating temperature
increases to 1200 °C, the grain grinding intensity decreases
significantly, which is the result of an increase of static and
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implementation of this process in practice. The key factor in
choosing the speed here will be the rated power of the pressing
equipment. With a sufficient margin of safety, it is desirable to
conduct the deformation process at reduced deformation rates,
which will lead to additional grinding of the initial grain.

Table 2 - Grain size and deformation force in models with different
technological parameters
Base
10 mm/s
1200 °С 800 °С 0,1 mm/s
model
Grain
13 µm
36 µm
6 µm
10 µm
19 µm
size
Force
202 kN
164 kN
495 kN
278 kN
185 kN

а)

b)

c)

d)

e)
a - base model; b – at 1200 °С; c – at 800 °С; d – at 0,1 mm/s; e – at 10 mm/s
Figure 3 - Grain size change in models with different technological parameters

of technological parameters on the microstructure evolution showed
that both parameters (upper striker speed and heating temperature)
affect the structure grinding intensity, while the influence of the
heating temperature is more significant. The most optimal heating
temperature of the workpiece in terms of grain size and the resulting
force is the base value of 1000 °C, while all three options for the
speed of movement of the punch can be recommended for the
implementation of this process in practice.

Conclusion
The paper presents the results of computer modeling of the
microstructure evolution during forging of round-section blanks in
new design strikers. The analysis of models with different
inclination angles of flat faces showed that the most optimal option
is to use strikers with an angle of 30°. The analysis of the influence

17

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 1/2022

6. Banaszek, G, T. Bajor, A. Kawałek, T. Garstka, Analysis of
the Open Die Forging Process of the AZ91 Magnesium Alloy.
Materials, 2020, Vol. 13(17), №3873.
7. A.V. Volokitin, A.O. Tolkushkin, E.A. Panin, I.E.
Volokitina, Study of closure of internal defects in the workpiece
when drawing in a stepped-wedge-shaped dies, Proceedings of the
"Materials, equipment and resource-saving technologies"
conference, Mogilev, Belarus, 2021, 35-36 (in Russian).
8. A.B. Naizabekov, S.N. Lezhnev, A.Zh. Bulebaeva, Study
of the process of deformation of workpieces in a special device
without a significant change in the initial dimensions, Izv.
universities. Ferrous Metallurgy, 6, 2001, 23-25 (in Russian).
9. A.B. Naizabekov, S.N. Lezhnev, Study of the deformation
of ingots in lock strikers, Proceedings of the "Science and
Education – the leading factor of the strategy "Kazakhstan -2030"
conference, Karaganda, Kazakhstan, 2002, 132-134 (in Russian).
10. A.O. Tolkushkin, S.N. Lezhnev, E.A. Panin,
Determination of optimal geometric parameters of a new forging
tool based on computer modeling in the Deform-3D software
package, International Conference of young scientists,
undergraduates, students and students "Native Land is the basis of
all the initiatives of the young generation", Rudny, Kazakhstan,
April 22-23, 2021, 168-173.

Acknowledgments
This research was funded by the Science Committee of the
Ministry of education and science of the Republic of Kazakhstan
(Grant № AP09259236).

References
1. A.B. Naizabekov, Conditions for the development of shear
deformation during forging, Almaty, Gylym, 1997 (in Russian).
2. A.B. Naizabekov, Scientific and technological bases of
increase of efficiency of the forging process with alternating
deformations, Almaty, Gylym, 2000 (in Russian).
3. V.A. Tyurin, Innovative forging technologies using macroshifts, Forging and stamping production, 11, 2007, 15-20 (in
Russian).
4. B.P. Cherny, New technology and equipment for radial
forging of precious metal blanks with high compression and
additional macro-shifts, Eastern European Journal of Advanced
Technologies, 1, 2005, 39-43 (in Russian).
5. A.A. Bogatov, D.S. Nukhov, Development of a method
blacksmith drive without changing the shape and size of the initial
billet, Vestnik of Nosov Magnitogorsk State Technical University,
4, 2015, 16-21 (in Russian).

18

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 1/2022

Analysis of specific absorption rate of electromagnetic field, generated by smartphone
Magdalena Garvanova
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Abstract: This article analysеs the Specific Absorption Rate (SAR) and outlines the thermal effect in depth of the human head. SAR is the
most important dosimetric value when the human body is irradiated with signals in the radio frequency range. For this purpose, a computer
model is created using COMSOL Multiphysics software, taking into account the specific characteristics of the human head and the
parameters of a working smartphone. This model is suitable for studying the effects of radio waves on humans.
Keywords: Specific Absorption Rate, computer model, thermal effect
A distinction between the instantaneous SAR and the
permissible SAR should be made, where an average value is
measured for a given mass of tissue and a specified period of time.

1. Introduction
Creating a model to study the process of absorbing
electromagnetic energy, emitted by a mobile phone and the
subsequent thermal effect in the human body, is crucial in analyzing
the effects, caused by the use of wireless smart devices. The
purpose of the model is to facilitate the research and understanding
of the processes leading to an increase in the temperature of the
human head as a result of the absorbed radiation, emitted by a
mobile device [1].

The increase of the temperature can be estimated by the
equation [5]:
∆𝑇 =

𝑆𝐴𝑅𝜏
1 − 𝑒 −𝑡
𝑐𝑝

𝜏

(3)

where 𝜏 is the thermal time constant. The created computer model
examines the interaction of heat transfer between tissues due to the
presence of two heat sources. It does not take into account the
influence of vascular geometry on heat transfer.

Biophysical effects such as tissue heating and nervous
stimulation of the body by strong electromagnetic fields are wellknown to scientists, as radio frequency radiation is not ionizing and
therefore cannot directly cause damage to human DNA [2], [3].
According to researchers, the most significant effect of radio waves
is the heating of the tissues of the human head. Harmful thermal
effects cause cataract, but there are also non-thermal effects that are
controversial [4]. It should be noted that not all biological effects
necessarily lead to negative consequences on human biophysical
conditions.

3. Computer model of SAR
The created model is a combination of a model of a human head
and a model of an antenna built into a mobile phone. The human
head pattern includes layers of varying thickness, skin, skull, and
brain tissue patterns. This model allows to simulate the processes of
penetration and absorption of electromagnetic energy from the
tissues of the head, as well as to observe the thermal processes,
caused by high-frequency fields. The characteristics of the human
head and the parameters of the biological tissues, used in the model,
are as close as possible to the real ones.

In addition to the characteristics of the electromagnetic fields,
the thermophysiological processes of the human body and the
parameters of the environment such as the specific heat capacity of
the tissues, the cooling of the blood circulation and the ambient
temperature should be taken into account. The aim of the present
study is to create a computer model of the Specific Absorption Rate
of the electromagnetic field, generated by a working mobile phone.
Its verification will be carried out through author’s experimental
research, done via thermal images from a thermal imaging camera
and electroencephalogram – EEG.

The design and geometry of the human head are provided by the
IEEE, and the model was imported into the COMSOL Multiphysics
software from a file named sar_in_human_head.mphbin (Fig. 1).

2. Specific Absorption Rate
As already mentioned, SAR is a characteristic that describes the
absorption of the power of the electromagnetic field that propagates
in different types of tissues [5]. Local SAR is defined as the loss of
power 𝑑𝑃1 , absorbed in an infinitesimally small mass dm, and can
be described by the following equation:
𝑆𝐴𝑅 =

2
2
𝑑𝑃1 𝜎𝑒𝑓𝑓 𝐸𝑟𝑚𝑠
𝐽𝑟𝑚𝑠
=
=
𝑑𝑚
𝜌
𝜌𝜎𝑒𝑓𝑓

(1)

where 𝐸𝑟𝑚𝑠 and 𝐽𝑟𝑚𝑠 are the root mean square values of the electric
field strength and the density of electricity, respectively 𝜎𝑒𝑓𝑓 is the
effective conductivity of human brain tissue and 𝜌 is the tissue
density. As it is known, the energy from the electromagnetic fields
in the radio range is absorbed into the tissue of the human body and
transformed into heat. This leads to another definition of SAR,
namely:
𝑆𝐴𝑅 = 𝑐𝑝

∆𝑇
∆𝑡

(2)

where 𝑐𝑝 is the specific heat capacity of the tissue and ∆𝑇 is the
change in temperature over a period of time ∆𝑡.

Fig. 1. Human head model
The source of electromagnetic radiation is a model of a mobile
phone that was added manually (Fig. 2). The electromagnetic
parameters of the biological tissues of the human head are modelled
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using an interpolation function that applies the characteristics of a
particular tissue inside the human head.

electrical and magnetic components of the electromagnetic field.
SAR values are higher in the surface layers of the human head.

Fig. 2. Human head model and GSM

Fig. 3. Human head SAR model

The output data for this function is directly taken from a system
file that is created using multiple magnetic resonance images of
human head sections. The model is obtained from 109 images, each
with a size of 256 by 256 pixels. The sar_in_human_head_interp.txt
system file can also be used to visualize the dielectric permittivity
and perfusion inside the head.

The created computer model calculates only the local value of
the SAR parameter. The maximum value of the local SAR is always
higher than the maximum value of the average SAR value.
The propagation of electromagnetic waves in biological tissues
takes the form of absorbed energy. Most of the absorbed energy is
converted into heat, which leads to an increase in temperature in
biological tissues. The thermal effect, obtained from
electromagnetic radiation of a mobile phone, is most pronounced on
the surface of the head skin (most often the area of a person’s ear)
[2]. The increase in temperature depends on the physiological
properties of the tissues (blood perfusion) and can be calculated
using a biothermal equation that takes into account heat loss due to
blood circulation in the human body. The thermal effect on and in
the human head for a frequency of 900 MHz is shown in Fig. 4.

The pattern of propagation of the electromagnetic field is
simulated by a mobile phone, located one centimeter on the left side
of the human head (Fig. 2). The distribution of the strength of the
electric field 𝐸 is obtained by solving the equation [6]:
∇×

1
∇ × 𝐸 − 𝑘02 𝜀𝑟 𝐸 = 0
𝜇𝑟

(4)

where 𝜇𝑟 is the relative permeability, 𝑘0 is a wave vector and 𝜀𝑟 is
the permittivity of the tissues.
The depth of penetration of the electric field into the biological
tissue of the human head depends on the frequency of
electromagnetic waves and is determined by the formula:
−1 2

1 𝜀𝑟 𝜇𝑟
δ=
𝜔
2

1+

2
𝜎𝑒𝑓𝑓

𝜔 2 𝜎𝑟2

(5)

−1

At the frequency of the electromagnetic field at 𝑓 = 900 𝑀𝐻𝑧
the depth of penetration for different tissues of the human body is
shown in Table 1.
Table 1. Depth of penetration of the electromagnetic field
Tissue

Skin

Fat

Muscle

Skull

Brain

δ[𝑚𝑚]

40.2

164.5

42.3

131.8

47.5
Fig. 4. Thermal effect in the depth of the head

4. Results
It can be seen that the temperature is highest in the area near the
source of electromagnetic radiation, where the mobile phone is
positioned. The temperature of the brain tissue rises about 0.6°C
and decreases inside the head. The validity of this computer model
was experimentally confirmed using a thermal imaging camera and
EEG. The results of the experiment for the distribution of the
temperature on the surface of the head after using a mobile phone
are outlined in Fig. 5.

The simulation of the created computer model in the
environment of COMSOL Multiphysics allows to estimate SAR on
any shape and tissue of the human body. The local SAR value in a
human head at an electromagnetic field frequency of 900 MHz is
demonstrated in Fig. 3. When a human head is irradiated with an
electromagnetic wave, it penetrates the tissue and gives part of its
energy to the head or the wave is absorbed into the head tissue.
Electromagnetic energy affects the particles in the tissue due to the
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Fig. 7. A participant during the experimental procedure
Fig. 5. Temperature distribution at the surface after 15-minute
phone call

Temperature distribution at the surface of human head is in
correlation with ambient temperature while the temperature inside
biological tissues does not depend on it. It is interesting to know
that the microwave change in the temperature of the human head
can lead to an increase in the temperature of the hypothalamus (Fig.
6) by about 0.2-0.3°C, which may cause health problems [7].

Fig. 8. SAR model and points of change in human brain activity

Fig. 6. Hypothalamus

The hypothalamus has some basic functions such as controlling
body temperature, hunger, thirst, libido, heart rate, releasing
hormones from the pituitary gland, producing digestive juices,
balancing body fluids, etc. As the body’s various systems send
signals to the brain, they alert the hypothalamus to any imbalances.
As a result, the hypothalamus responds by releasing the right
hormones to balance the body.
The influence of mobile phone exposure on the nervous
response was studied in [8], [9] by analysing electrophysiological
measurements of brain wave activity. EEG test measurements were
taken in two situations when the participant was not using and when
using a mobile phone (Fig. 7).
A series of paired samples t-test analysis on spectral power,
conducted over the EEG spectral band delta – δ (2-4 Hz), theta – θ
(4-8 Hz), alpha – α (8-13 Hz), and beta – β (13-32 Hz) for all points
was applied. The results with p-values less than 0.05 indicate
statistically significant differences in EEG power in T3 (θ, α, and
β), T5 (θ and α), and F7 (θ and α) points as shown in Fig. 8.

Fig. 9. Distribution of SAR in the human head

In the points, which are in the immediate vicinity of the GSM
device with highest absorption of the electromagnetic field, a
significant change of the signal spectrum is observed (Fig. 8), as
revealed our previous research [8], [9], [10].

A section of the head at the level of maximum absorption (Fig.
9) shows coincidence of the sites of change in brain activity with
the maximum SAR levels. The change in brain activity due to
prolonged use of a mobile phone is a prerequisite for loss of
concentration, memory problems, feelings of fatigue, anxiety, and
intense affective states [11], [12].
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Journal, vol. 34 (12), pp. 1904-1914, 2019.
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CroDiM: International Journal of Marketing Science, vol. 4
(1), pp. 141-148, 2021.

5. Conclusion
This article examines the Specific Absorption Rate (SAR), as
well as the thermal effect, caused by the use of a mobile phone. The
study is conducted using a computer model via COMSOL
Multiphysics software, which takes into account the specific
characteristics of the human head and the parameters of a mobile
phone. The advantage of the simulation compared to the thermal
imaging camera is possibility to analуse temperature distribution
through head and inside biological tissues. The validity of the
created computer model is confirmed by a series of experimental
studies using thermal images and EEG.
The results of research show that the temperature to which the
tissues of the head are heated depends on the amount of energy,
absorbed by the human head. The resulting high SAR values on the
skin surface are not biologically hazardous, as peripheral blood
circulation and thermal conductivity to the environment effectively
cool the skin. More worrying is the fact that prolonged use of a
mobile phone leads to a change in the brain activity of the user. Our
future research efforts are oriented towards creating a
comprehensive model for studying the risk factors of excessive use
of smart technologies among children and adults.
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Electricity generation from PV plants up to 2MWp in Albania. Case study:
Tërbuf-Divjaka Municipality
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Abstract: Albania has a significant potential of Renewable Energy Sources (RES) and therefore represents a promising energy source for
Albania. The use of PV for electricity generation supports the long-term objective of the country's energy policies set out in the national
energy strategy 2018-2030, including support for the development of economic sectors, increasing security of energy supply and
environmental protection. The use of Renewable Energy Sources (RES) will help reduce dependence on energy imports and increase the
security of energy supply, with quality and without interruption. The possible benefits generated by the PV system implementation for the
selected region should be highlighted, as well as the effects of the most sensitive parameters. The solar potential in Tërbuf-Divjakë showed
that PV can be the best solution to provide electricity installed on saline non-agricultural lands near the Adriatic coast.
Keywords: PV-PUMP STATION, CO2, GHG, RETScreen Expert.

1. Introduction

2. Site background and installation of proposed PV
plant

The physical phenomenon responsible for converting light to
electricity-the photovoltaic effect-was first observed in 1839 by a
French physicist, Edmund Becquerel who noted that a voltage
appeared when one of two identical electrodes in a weak conducting
solution was illuminated. The PV effect was first studied in solids,
such as selenium, in the 1870s. The photovoltaic (PV) effect is the
basis of the conversion of light to electricity in photovoltaic, or
solar, cells. Described simply, the PV effect is as follows: Light,
which is pure energy, enters a PV cell and imparts enough energy to
some electrons (negatively charged atomic particles) to free them. A
built-in-potential barrier in the cell acts on these electrons to
produce a voltage (the so-called photovoltage), which can be used
to drive a current through a circuit. In the 1880, selenium
photovoltaic cells were built that exhibited 1 up to 2% efficiency in
converting light to electricity. Selenium converts light in the visible
part of the sun's spectrum; for this reason, it was quickly adopted by
the then-emerging field of photography for photometric (lightmeasuring) devices. Even today, light-sensitive cells on cameras for
adjusting shutter speed to match illumination are made of selenium.
In the 1920s and 1930s, quantum mechanics laid the theoretical
foundation for our present understanding of PV. A major step
forward in solar-cell technology came in the 1940s and early 1950s
when a method (called the Czochralski method) was developed for
producing highly pure crystalline silicon. In 1954, work at Bell
Telephone Laboratories resulted in a silicon photovoltaic cell with a
4% efficiency. Bell Labs soon bettered this to a 6% and then 11%
efficiency, heralding an entirely new era of power-producing cells
achieving an overall efficiency of 20% for on-grid electricity
generation. Considerable, interest in renewable energy sources
(RES) and significant increases in cost of imported oil have
compelled various countries to search for low-cost energy sources
and improved technologies such, wind turbines, and synergies
between systems to achieve lower cost of electricity generation. The
world is now moving towards reliable and feasible hybrid
renewable energy affected by the depletion of fossil fuel reserves
and the negative effect on the environment as well as the potential
attributes to merits of hybrid combinations. The share of renewable
energy in the world is expected to increase from 19% in 2008 to
about a third in 2035 while Albania is expected to increase its share
of renewable energy in the total energy consumption to 42% by
2030 [1]. Solar and wind energy largely depends on the climatic
conditions in a particular location, they depend on the availability of
sunshine and wind flow respectively, hence it’s very important in
the renewable energy sector to conduct feasibility studies before
implementing a project.
In the beginning of 2022 Albania is facing with energy crisis
leading to high electricity cost. It is therefore important to give a
boost to Albanian energy policy by increasing the RES share in the
country’s energy mix to drive down the high cost of energy
generation and to build a climate friendly environment for the
future. This requires considerable research, planning and
development to help integrate renewable energy into the existing
transmission and distribution system.

The 2MW photovoltaic plant will be installed on the ground in
Tërbuf. The property is located 14.8 km from the city of Divjaka,
73.6 km from the Albanian capital, Tirana.

Figure 1: Location of the 2MW PV project. Village of Tërbuf,
Divjakë Municipality, Albania.
From the model and data provided from Albanian Meteorological
Institute it is shown that this region has a high solar potential.
From [2] and its Earth Science research program has long supported
satellite systems providing important weather data capable to be
fully integrated in RETScreen model. These data include long-term
climatologically averaged estimates of meteorological quantities
and surface solar energy fluxes. These satellite and model-based
products have been shown to be accurate enough to provide reliable
solar and meteorological resource data over regions where surface
measurements are sparse or non-existent. The highest values are
observed during the summer season of the year, while the lowest
values are observed in the winter months. The highest solar
radiation value 6.834 kWh/m2/d is reached in July, while the lowest
value 1.55 kWh/m2/d hits in December. According to Albanian
Institute of Geo-Sciences, Energy, Water and Environment the
annual mean solar radiation for Divjaka region is 4.082 while
referring to NASA and 4.56 kWh/m²/d (11% lower).
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Daily solar Iradiation (kWh/m2/d)

10

24,8

9
7,64

8
6,59

7

6,622

6

5,25

5

4,15

4
3
2

13,9

1,92

7

7,8

20,8

20

6,64
6,834
16,1

15

5,943
5,1

5,742

4,612

4,576

10,2
2,75

25

24,2

21,6
7,72

18,3

Table 2: Distribution of primary energy supply by demand sector,
2018. Source: [1]
Sector
%
40
Transport
24
Residential
20
Industry
10
Services
6
Other

30

NASA_Daily solar Iradiation (kWh/m2/d)
Albanian Inst_Daily solar Iradiation(kWh/m2/d)
Air temperature (°C)

11

Air temperature (°C)

12

10,6

3,39

10

3,459
3,075
2,05

2,568

7,6
1,55
1,999

1,873

Table 3: Fuels going through Final Energy Consumption in
Albania, 2018. Source [1]
%
57
Crude, NGL and Feedstock
25
Hydro electricity
9
Solid fuels
8
Biomass (Fuelwood)
1
Solar energy
Negligible
NG
0
Derived heat
Distribution of energy by fuel type going to the final energy
consumption in Albania is given in table 3. Crude oil cover around
57% of the final energy consumption in the country followed by
hydroelectricity 25%, biomass as wood fuel type 8%, solid fuel 9%
and the rest (1%) comes from solar energy. Albania’s electricity
demand grew rapidly in 1995- 2000. This was due to demographic,
economic and social trends, including rural-to-urban migration,
increased use of electricity for space heating and cooling and rising
living standards [16].
The Albanian power system is dominated by hydropower,
representing more than 95% of the country’s installed capacity with
a total of 2,506 MW installed. The majority of the installed capacity
(1448MW) 58% is owned by the Albanian Power Corporation
(KESH) and the rest 42% belongs to the private producers
(1058MW) [4] (where the installed capacity of independent
producers is 436 MW, while 622 MW belongs to the producers with
priority). According to [4] the installed hydropower capacity
comprises mainly large hydropower installations (i.e., above
10 MW in size) constituting 1904MW, while small hydropower
installations amount to 192MW. The country has a 98MW fossilfuel thermal power plant representing 4% of the total installed
capacity that has not been put into use since its construction in 2011
due to a failure in its cooling system.
The remaining 1% (10 MW) of installed capacity in 2018
comprised small-scale (i.e., each less than 2 MW) solar photovoltaic
(PV) plants. The electricity import varies and depend on weather
conditions. Historically about 3TWh/year of electricity is imported
from regional market [4]

5
1,579

1
0

0

Jan. Feb. Mar. Apr. May Jun.

Jul.

Aug. Sept. Oct. Nov. Dec.

Figure 2: Comparative climate data between data obtained from
NASA and meteorological station, Tërbuf village, Divjakë
Municipality, Albania. Daily solar radiation kWh/m2/day at the
proposed location.
Table 1: The site-specific solar energy data. Divjaka region. [3]
As shown in Table 1, the specific photovoltaic energy produced by
each kWp installed produces approximately 1554.8kWh of specific
electricity (kWh/kWp). However, these values remain to be
confirmed by the energy model selected for this feasibility analysis
through RETScreen Expert. The suggested optimal angle of
inclination of the photovoltaic module is 34o.
Specific photovoltaic power PVOUT
1554.8 kWh/kWp
output
specific
Direct normal irradiation
DNI
1725.2 kWh/m2
Global horizontal irradiation
GHI
1640.9 kWh/m2
Diffuse horizontal irradiation DIF
620
kWh/m2
Global titled irradiation at GTI
1912.5 kWh/m2
optimum angle
opta
Optimum tilt of PV modules
OPTA
34/180 o
o
Air temperature
TEMP
17.4
C
Terrain Elevation
ELE
2
m
From Global Solar Atlas, energy planers can generate suitable site
information for preliminary studies in EU-28 countries as they
consider default values for many factors that are important for a
design of a photovoltaic system. For more professional and detailed
estimation it is used PVsyst tool that allow configuration of the
proposed projects using more detailed solar and weather data as
primary inputs to the simulation.

3. Albanian’s Energy System overview.

Production(GWh/Yr)
Yearly Energy balance 2007-2018 (GWh)

Having in mind the fact that electricity comes from RES
(almost100% hydro sources), a balanced configuration of the
energy system dominated by fossil fuel powered vehicles (100%),
will be preferred by an energy system with opposite fuel portions.
This fact, together using technical approach of the current study will
help in the selection of the optimal RES configuration in the
transport sector. Combining different technologies that support new
fuel types in compliance with the main two objectives of the
national energy strategy and sector strategic action plan is
mandatory. This analysis is very hard and may require the use of
technologies that are still in the early stages of development. The
total final energy consumption in Albania referring 2018 is 24 TWh
(2081ktoe) where the consumptions by different sectors in Albania
is given in table 2. Indeed, the transport sector is by far the biggest
consumer of energy sharing 40% of PES in Albania. According to
in 2018, Albania’s total primary energy supply (TPES) amounted to
2131(ktoe).

System Balance(GWh/Yr)

Consumption(GWh/Yr)

8500
6500
4500
2500
500
-1500
-3500
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Figure 3: Yearly electricity balance in Albania (GWh), 2007-2020.
[4]
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The net domestic electricity production of 5313 GWh is registered
during 2020. As can be seen in the graph in figure 3, the lowest
electricity consumption recorded in our country is in 2007 with
5,767 GWh and the highest electricity consumption is the one
recorded in 2013 with 7855 GWh. For 2020, electricity
consumption in our country is 7,588 GWh. Compared to 2019, there
is a slight decrease in electricity consumption in the country by 23.4
GWh. Generation of electricity for 2020 is about 9.7% lower than
average production for the 2009-2020 period. Despite the increase
in production capacity during 2020 due to a bad hydrological year,
the electricity production for this year has resulted in the amount of
5,313 GWh or 569 GWh less than average electricity production in
the 2009-2020 period. This indicator clearly represents the high
degree of hydrological risk in the production stability of electricity
in our country, which bases the production of electricity mainly on
hydro sources.
Technical and non-technical losses still remain critical issues for the
national power system accounting for around 21.7% of the total
electricity consumption in 2019. Between 2014 and 2018, the
amount of net energy imported varies from 12% of the TPES in
2015 up to 46% in 2017.

In the graph in figure 4 the global installed PV capacity is given.
The growth of PV capacity worldwide tends an exponential
progress and results 18 times more in 2020 compared to 2010.
The second national energy goal, compared to the baseline scenario
in 2016, should be fully in line with EU objectives, its commitment
is to reach a reduction of 11.5% of CO2 emissions by the end of
2030. Considerable interest in RES and significant increases in cost
of imported oil and very frequent services of related power
generation technologies have compelled various countries to search
for low-cost energy sources and improved technologies based on
RES, PV and synergies between systems to achieve lower cost of
electricity generation.

5. Economic aspects of PV systems
Three key factors are essential when designing PV power plants.
First there must be a sufficient source of solar potential in the
proposed region,
Second, PV technology must be promising as well as cost effective.
Studies has shown that it is cost-effective for small loads (less than
10 kWp) need lower capital costs than grid extension and have
lower O&M.
Third, possibility for shortest distribution lines and access to the
national distribution-transmission lines.
Any factor that leads to lower total lifecycle costs, or that yields
greater kWh over the chosen analysis period, lowers the LCOE of a
PV system. The total lifecycle cost in the numerator is a function of
the initial capital cost (which primarily includes the module, the
installation hardware and labour, and transaction costs for system
installers and financers), as well as ongoing operation and
maintenance expenses (which oftentimes includes inverter
replacement) and decommissioning costs including module
collection and recycling. The global weighted-average LCOE of
utility-scale PV plants declined by 82% between 2010 and 2019,
from around $0.378/kWh to $0.068/kWh in 2019, with a 13%
reduction year-on-year in 2019. At an individual country level, the
weighted average LCOE of utility-scale solar PV declined by
between 66% and 85% between 2010 and 2019.

4. Solar energy progress.
The Paris Agreement sets a goal to limit the increase in global
average temperature to well below 2°C above pre-industrial levels
and to attempt to limit the increase to 1.5°C. Implicit in these goals
is the need for a transition to a low-carbon energy sector, which
accounts for two-thirds of global emissions. RES, coupled with
energy efficiency gains, can provide 90% of the CO2 emissions
reductions in the roadmap to 2050. Renewable energy is therefore a
key component of Nationally Determined Contributions (NDCs)–
the central implementation tool for countries under the Paris
Agreement. At present, the level of detail contained in NDCs differs
from country to country, with little in-depth analysis and limited
quantitative information about the role of renewable energy in
meeting greenhouse gas (GHG) emission reduction targets [5].
Based on the targets projected in global level Albania is making
efforts to reduce import of electricity, improve its security of supply
and to attain the Paris Agreement. The Albanian ministry of Energy
and Transportation and its dependency institutions has compiled the
"The National Energy Strategy 2018-2030", consisting on 6
possible scenarios of energy's transition process toward a
sustainable and reliable energy by shifting Albania to
decentralized renewable energy market, and energy efficiency. This
strategy requires reaching a RES share of 42% to the total energy
consumption and also reducing CO2 (referring 2016) level up to
11.5% by the end of 2030. The first goal can be achieved by large
scale integration of RES capacities, especially wind generation
capacities [1] The RES share in global electricity generation
reached almost 27% in 2019, renewable power as a whole still
needs to expand significantly to meet the SDS share of almost half
of generation by 2030 which requires the rate of annual capacity
additions to accelerate [5].

6. PV Project Cost distribution
Although the cost of PV panels energy has dropped dramatically in
the last 10 years, technology requires a higher initial investment
than traditional fossil fuel generators. Approximately 55% of the
cost goes to module, 15% to inverter and the rest is belongs to BoS
and installation costs (see graph in figure 5).
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Rack installation
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Electrical parts
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13%
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Figure 5: Cost breakdown of PV system components (%).
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With very rapid reductions in solar PV module and balance of
system costs, utility-scale solar PV is now increasingly competing
head-to-head with alternatives and without financial support. Lower
solar PV module prices and ongoing reductions in balance of
system costs remain the main driver of reductions in the cost of
electricity from solar PV. The costs for renewable energy
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Figure 4: The global installed capacity trends of the PV systems.
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technologies reached new lows again last year. Solar and wind
power have emerged as the most affordable power source for many
locations and markets, with cost reductions set to continue into the
next decade. The latest improved manufacturing processes and
enhanced module efficiency enabled are the key drivers of lower
module costs. In addition, as project developers gain more
experience and supply chain structures continue to develop in more
and more markets, declining BoS costs have followed. This has led
to an increased number of markets where PV systems are achieving
competitive cost structures and resulted in falling global weightedaverage total installed costs [1]. In 2019, significant total installed
cost reductions have occurred across all the major markets such as
China, India, Japan, Republic of Korea and the United States. An
increasing number of cost competitive projects in India led to
weighted average total installed costs of $618/Kw in 2019, around a
fifth lower than in China. However, competitive costs structures are
not confined to established markets anymore. Between 2010 and
2019, total installed costs have declined between 74% and 88% in
markets where historical data is available back to 2010. The global
capacity weighted-average total installed cost of projects
commissioned in 2019 was $995/kW, 18% lower than in 2018 and
79% lower than in 2010 (see graph in figure 6). Based on the costs
of the developed projects around the globe, yearly variation of total
installation cost and LCOE is given graphically in figure 6.
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Figure 7: Global weighted average capacity factors for utility-scale
PV systems by year of commissioning, 2010–2019 [6].
The global weighted-average capacity factor for new, utility-scale
solar PV, increased from 13.8% in 2010 to 18.0% in 2019. This
was predominantly driven by the increased share of deployment in
sunnier locations. A constant increased between 2010 and 2018 of
the capacity factor is given in Figure 7. The development of the
global weighted-average capacity factor is a result of multiple
elements working at the same time. Higher capacity factors in
recent years have been driven by the shift in deployment to regions
with higher irradiation, the increased use of tracking devices in the
utility-scale segment in large markets and a range of other factors
that have made a smaller contribution (e.g., reduction in system
losses).

8. Operation and Maintenance Costs
The Operation and Maintenance costs of utility-scale solar PV
plants have declined in recent years. However, in certain markets,
the share of O&M costs in total LCOE has risen, as capital costs
have fallen faster than O&M costs. O&M cost declines have been
driven by module efficiency improvements leading to reduced
surface area required per MW of capacity. At the same time,
competitive pressures and improvements in the reliability of the
technology have resulted in system designs optimised to reduce
O&M costs and improved O&M strategies that take advantage of a
range of innovations from robotic cleaning to “big data” analysis of
performance data to identify issues and preventative interventions
ahead of failures driving down O&M costs and reducing downtime.
For the period 2018-2019, O&M cost estimates for utility-scale
plants in the USA have been reported at between $(10-18)/kW
per year. Recent costs there seem to be dominated by preventive
maintenance and module cleaning, with these making up as much as
75% and 90% of the total, depending on the system type and
configuration. The rest of the O&M costs can be attributed to
unscheduled maintenance, land lease costs and other component
replacement costs. The current benchmarks without inverter
replacement are $11.5/kW/year (residential), $12.0/kW/year
(commercial), $9.1/kW/year (utility-scale, fixed-tilt), and $10.4/
kW/year (utility-scale, tracking), significantly below previous
O&M, only benchmark estimates. Average utility-scale O&M costs
in Europe have been recently reported at $10/kW/year, with
historical data for Germany suggesting O&M costs came down 85%
between 2005 and 2017, to $9/kW/year.
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Figure 6: Global weighted average total installed costs, capacity
factors and LCOE for PV, 2010–2019 [6].
An important driver of improved competitiveness historically, the
downward trend in solar PV module costs continued during 2019.
By the end of 2009 and 2019, crystalline silicon module prices
declined between 87% and 92% for modules sold in Europe,
depending on the type. The weighted average cost reduction could
be in the order of 90% during that period. More recently the cost of
mainstream module technology declined 14% between December
2018 and December 2019, reaching $ 0.27/W. A wide range of
costs exists, however, depending on the type of module considered,
with costs for December 2019 varying from as low as $0.21/W for
the lower cost modules to as high as $0.38/W for all black modules.
The cost of high efficiency crystalline modules at $0.37/W was
slightly above thin film offerings, which sold for $0.36/W during
that period. These costs declines and the advances in the ability to
securely operate the grid with high shares of variable renewables
are not only decarbonizing the electricity sector but are unlocking
low-cost decarbonization in the end-use sectors in conjunction with
increased electrification. On average, in 2019, balance of system
costs (excluding the module and inverter) made up about 64% of
total installed costs. In 2019, total BoS costs ranged from a low of
48% in India to a high of 76% in the Russian territories. Overall,
soft cost categories for the evaluated countries made up around 40%
of total BoS costs and about a quarter, on average, of the total
installed costs. In 2016, these values were a third and 17%
respectively.

9. Results and discussion
PV configuration to supply on grid electricity in Albania was
presented. The perspective of a wide use of green power motivates
the scientific community to study the possibility of fabricating PV
modules providing on grid electricity production. The technical
aspects of module type selection are of particular importance as a
fairly technical choice of PV module type and type has a direct
impact on the annual revenue generated. Based on credible
references such as IRENA; IEA etc. PV should achieve CF at least
over 16%. In our case study, the proposed PV project located in
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Tërbuf village part of Divjaka Municipality referring the chosen PV
module, SunPower module performs satisfactorily and achieves an
efficiency of 19.3%.

Table 5: Summary of the proposed On-grid PV system.
Sunpower mono-Si - E19-310-COM
Unit
Power
Wp
310
Number of modules
Pieces
6452
CF
%
19.3
Annual energy production
MWh
3319
Area
m2
1.538
Weight
kg
18.6
Module Surface
m2
10364
Total soil area
m2
20728
Inverter 30KW 450-700V
Pieces
52
Max 900V LF Tr 50Hz
As it can be seen from table 5 the capacity factor of the chosen
module is 19.3%. For proposed PV system of 2MW of capacity is
needed approximately 6452 PV modules and 52 inverters.
To design a power electronic inverter for grid-tied PV system, an
overview of rules and regulations should be investigated in order to
be allowed to connect to the grid. There are various grid codes,
standards and related documents are available. As it can be seen
from in figure 9 the proposed PV system of 2MW of capacity can
generate 3319 MWh per year. The maximum of it production falls
in July exporting to the national grid approximately 380.9 MWh.

Table 4: Main technical parameters (electrical and physical) of the
PV module.
Model Type
SunPower model monoSi - E19-310-COM
Nominal Power (+5/-3%) (Pnom)
W
310
Efficiency
%
19
Rated Current (Impp)
A
5.67
Rated Voltage (Vmpp)
V
54.7
Short Circuit Current (Isc)
A
6.05
Open Circuit Voltage (Voc)
V
64.4
O
Nominal operating temperature of
C
45 ±2
cells (NOCT)
Maximum System Voltage
V
1000
O
Standard Operation Temperature
C
25
(Tc)
Specific energy (E)
W/m2
1000
Dimensions
mm
1559x1046
Weight
kg
18.6
Technology
mono-Si
Class
Class A
Impact Resistance
Hail – 25 mm at 23 m/s
Max load-550 kg/m² (5400 Pa), front (e.g. snow) w/specified
mounting configurations 245 kg/m2 (2400 Pa) front and back e.g. wind
Frame-Anodised aluminium alloy type 6063 (silver); stacking
pins
In the above table the electrical and mechanical features of the
chosen cell type are given. The type of module is chosen based on
the overall efficiency and prices available from the producer.
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Figure 9: Monthly electricity generation (MWh) from the proposed
PV plant.
Before making a network connection of a PV system, it should be
evaluated to show how it affects the network. From the simulation
in RETScreen Expert the annual energy production is 3319MWh.
Further investigation needs to be performed on how the system
synchronized with the network.

Figure 8: Current/voltage characteristics with dependence on
irradiance and module temperature.

2000000

It can be clearly seen that the cell output voltage related with the
temperature and the cell output current is affected by irradiation
level. Due to these characteristic dependencies, extraction of
maximum power from PV modules mainly changed by the
temperature and irradiance level Furthermore, for specifying rating
of power electronics equipment, these variations should be taken
into consideration. Open circuit voltage (𝑉𝑜𝑐) is primarily affected
by temperature and the relationship between them is inversely
proportional whereas the current is only slightly dependent. This
relationship can be extracted by using Equation (1).
𝑉𝑜𝐶 = 𝑉𝑜𝐶 −𝑆𝐺𝑇 − 𝛾 ∙ (𝑇 − 𝑇𝑆𝑇𝐶 )
1
γ" is a constant which can be obtained from datasheet of a PV
module. It is a negative value and shows change of open circuit
voltage by increasing or decreasing ambient temperature for 1 ºC.
𝐺
𝐼𝑆𝐶 = 𝑉𝑆𝐶−𝑆𝐺𝑇 ∙ (1 + 𝛼 ∙ (𝑇 − 𝑇𝑆𝑇𝐶 ) ∙
2
𝐺𝑆𝑇𝐶
Short circuit current (Isc) is mostly affected by irradiation level and
the relationship between them is directly proportional as shown in
Equation 2.
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Figure 10: Pay back period of the proposed PV power plant in
years.
From the cash flow analyse it results that the investment return
period occurs within 6.7 years. This is a positive indicator of the
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investment of the photovoltaic plant with a capacity of 2MW and
annual energy generated 3319MWh.
For a chosen total investment of 743€/kW and a benchmark of
electricity rate the SPP results 6.7 years. In the sensitivity analyses
it is clearly shown that the total investment cost and electricity
export rate are the most important parameters that affect other
economical indicators of the proposed system. In our calculation
other costs such as the grid extension cost and O&M costs is
considered.
30,0

to that of electricity generation and import ratio, in the last 10 years
our country has survived a positive balance only in 2010, 2016 and
2018, Albania has imported electricity from the region at a high
price, aggravating the economic situation of energy supply (refer
graph in figure 3) in the last 4 years, our country has imported
2915GWh, 913GWh, 2406GWh and 2276GWh electricity. The
maximum annual electricity that we can produce by the system is
3319 MWh and SPP results 6.7 years if the total installation cost is
assumed 743€/kW and electricity export rate 65€/MWh.
Hence, the implementation of small PV on grid power plants is very
important for the diversification of the energy sector in Albania,
will push the economy opening new jobs and reducing the
electricity import.
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Microstructure and hardness of Cu-Al-Ni-Fe alloy after precipitation hardening
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Abstract: Nickel aluminum bronze with the composition CuAl9Ni3Fe3 was investigated in this paper. After casting, the alloy was annealed
at 900 °C followed by quenching. Thermodynamic calculation of the existing phases was performed using the ThermoCalc software.
Quenched NAB samples were further aged for 1 h at 300 °C, 350 °C, and 400 °C. During the experiment, the values of hardness and
microhardness were examined using standardized Vickers measurement methods. Microstructural analysis was performed using scanning
electron microscopy equipped with an energy-dispersive spectrometer. During the precipitation hardening, β’ martensite eutectoidly
decomposed into α and κ phases causing an increase in mechanical properties.
Keywords: NICKEL ALUMINUM BRONZE, MICROSTRUCTURE, PRECIPITATION HARDENING
nickel and 3% iron. Because of that, the thermodynamic calculation
of the phase diagram of a CuNi3Fe3-Al system was performed
using the ThermoCalc software. Table 1 shows the phases and their
calculated composition of the investigated CuAl9Ni3Fe3 alloy at
878 °C.

1. Introduction
Nickel-aluminum bronzes (NAB) are copper-based alloys with
aluminum, nickel, and iron as alloying elements [1]. They have high
strength, good resistance to wear, and corrosion, which makes them
suitable as engineering materials for propellers, gears, bearings,
valves, and dies. The commercial NAB usually have a
microstructure consisting of α phase which is a copper-based solid
solution, some β phase, and intermetallic κ phases [2, 3]. Due to the
relatively low solubility of alloying elements in a metallic matrix,
designed of the α and β phases, it is characterized by dendritic
micro segregation [4]. The precipitation processes of the κ phases
were described in [5]. During cooling the melt, the κI phase rich in
iron precipitates the first. It is formed in a liquid alloy in the shape
of a large rosette. A κII phase precipitates next. Particles of the κII
phase are smaller than the κI particles and have a shape as rosettes
or globules. Further, a κIII phase rich in nickel precipitates at the α/β
boundaries. The κIII particles are small with a plate shape. A κIV
phase precipitates the last. Particles are smaller than the κI and κII
particles but as well rich in iron.

Table 1: Phases and their composition in the CuAl9Ni3Fe3 alloy at 878 °C.

To improve the mechanical properties of the NAB, some
techniques have been used for refining grains and changing the
microstructure: friction surfacing, equal channel angular extrusion,
friction stir processing, etc. However, these techniques are
expensive and have low efficiency. Because of that, heat treatment
is usually used to improve the mechanical properties of the NAB [6,
7].

Phases
B2_BCC#1
(κIII)
BCC_B2#1
(κI or κII)

Phase’s content, wt.%
3.64868

BCC_B2#2
(β)

15.74899

FCC_L12#1
(α)

78.40454

2.19779

Composition, wt.%
Ni
68.270
Al
31.730
Fe
84.280
Al
12.272
Cu
3.358
Ni
0.089
Cu
87.959
Al
9.320
Fe
2.699
Ni
0.021
Cu
90.649
Al
7.787
Fe
0.922
Ni
0.642

The samples were heated in the “T 40/600” tube furnace in the
atmosphere of pure hydrogen at 900 °C for 1 h. After solid-solution
annealing, the samples were quenched in cold water. The quenched
samples were aged in the electric resistance furnace “Heraeus K
1150/2” without the protective atmosphere at three temperatures
(300 °C, 350° C, and 400 °C) for 1 h.

There are a limited number of papers in the literature that
analyze the microstructural changes in the NAB during heat
treatment. Brezina found that the optimal quenching temperature for
the NAB was about 900 °C, while the optimal temperatures for the
precipitation hardening treatment were about 400 °C - 500 °C [8].
Liu et al. confirmed that precipitation began at lower temperatures
[9]. Therefore, in this paper, the precipitation hardening was
performed at the lower temperatures: 300 °C, 350 °C, and 400 °C to
follow the influence of aging temperatures on the properties of
CuAl9Ni3Fe3 alloy.

After the casting, quenching, and aging, hardness and
microhardness of phases were measured, and microstructure
analysis was conducted. The Vickers hardness test was performed
using the load of 10 kgf (98 N) during 15 s, on the “VEB Leipzig”
hardness tester. The microhardness was measured using the “PMT
3” microhardness tester; at the load of 100 gf (0.98 N) during 15 s.
Microstructural changes were analyzed using the scanning electron
microscope (SEM) “Tescan Vega 3LMU” equipped with an energydispersive spectrometer (EDS) “Oxford Instruments X-act”. After
standard metallographic preparation by grinding and polishing, the
samples were etched with an alcoholic solution of ferric chloride.

2. Experimental part
The alloy CuAl9Ni3Fe3 was obtained by a casting method.
After measuring the calculated amount of copper and alloying
elements, their melting was performed in a flame furnace with a
silicon carbide pot. The casting of melt was performed in a sandclay mold. Chemical analysis by the “Thermo Scientific Niton XL
3T Gold+” spectrophotometer showed 8.996 wt.% Al, 2.619 wt.%
Ni, 3.309 wt.% Fe and rest copper in the composition of an ingot.
The ingot was cut on samples with dimensions 43 mm x 15 mm x 6
mm, which were subjected to further heat treatment. Cutting was
performed using the cutting machine “Mesotom – Struers”.

3. Results and discussion
The microstructure of as-cast CuAl9Ni3Fe3 alloy was shown in
Fig.1. Since cooling speed was higher than that in equilibrium
condition, the microstructure of the alloy was composed of an α
solid solution (light phase), a residual β phase (dark phase), and
different κ phases rich in iron and nickel which appeared in the
rosette, spherical or platelet shapes. Four types of the κ phase
denoted as κI, κII, κIII, and κIV can be found in the literature [10, 11].
The κI phase appears as large rosette form particles which consist of
Fe3Al with copper and nickel. The κII phase has similar composition

For further heat treatment, there was not found in the literature
the vertical cross-section of a Cu-Al-Ni-Fe phase diagram with 3%
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but the particles are smaller and globular in form. The κIV are very
fine particles (significantly smaller than the κI and κII) based on
Fe3Al within grains. The κIII phase has a plate or lamellar shape and
it is rich in nickel [12].

to a decrease in the volume fraction of the α phase [10]. There was
no more the κIII phase and fine precipitates of the κIV phase because
they were dissolved in the α solid solution at 800oC and 850oC,
respectively [12]. In the microstructure of the quenched sample, the
α and β’ phases were presented together with un-dissolved
precipitates of the κI and κII phases. A phases’ composition of the
main α and β’ phases from Fig.2a was shown in Fig. 2b.
The hardness of CuAl9Ni3Fe3 alloy after different stages of
thermal treatment was shown in Fig. 3. The hardness of cast alloy
was around 152 HV10. After quenching from 900 °C, it increased
up to 185 HV10. Quenched samples were isochronally annealed at
300 °C, 350 °C, and 400 °C. After precipitation hardening of the
quenched sample at 300 °C, the hardness reached a value of 220
HV10. After aging at 350 °C, the hardness increased to 232 HV10,
while the maximum value of the hardness was reached at the aging
temperature of 400 °C when the hardness increased to 244 HV10.
The aging at 400 °C for 1 h caused an absolute increase in the
hardness for 59 HV10 compared to the quenched state, or 92 HV10
compared to the cast state, which corresponded to a relative
increase in the hardness for 32 % and 60 %, respectively.

Fig. 1 Microstructure of as-cast CuAl9Ni3Fe3 alloy.

Fig 3. The hardness of CuAl9Ni3Fe3 alloy after different stages of thermal
treatment (C – casting; Q – quenching; A-300°C – aging at 300°C; A-350°C
– aging at 350°C; A-400°C – aging at 400°C).

a)

Phases Al
α
8.2
β’
10.94

Fe
Ni Cu
3.38 2.43 85.99
3.49 3.52 82.05

b)
Fig. 2 Microstructure of quenched CuAl9Ni3Fe3 alloy (a) and EDS analysis
of the α and β’ phases (b).

Fig 4. Microhardness of α and β/β’ phases of CuAl9Ni3Fe3 alloy after
different stages of thermal treatment (C – casting; Q – quenching; A-300°C
– aging at 300°C; A-350°C – aging at 350°C; A-400°C – aging at 400°C).

Fig. 2a shows the SEM microphotograph of the CuAl9Ni3Fe3
alloy after quenching from 900 °C. It is noticed that the quenching
contributed to a significant change in the microstructure in
comparison to the as-cast sample (Fig. 1). The amount of the α
phase significantly decreased due to an increase in β’ martensite
content. The α phase gradually dissolved into the β phase, which led

The microhardness of the α and β/β’ phases in CuAl9Ni3Fe3
alloy after different stages of thermal treatment was shown in Fig.
4. The quenching of the cast sample caused an increase in
microhardness values of the β phase from 230 HV0.1 to 280 HV0.1,
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During the aging, fine particles of the κ phases precipitated
from the martensite β’ phase [13]. The κ precipitates formed during
the aging were finer compared to those formed during casting. The
κ phases were harder than β’martensite. However, the contribution
of the α phase increased with an increase in the aging temperature.
Two opposite effects occurred during the aging. The first effect is a
decrease in the hardness due to an increase in the contribution of the
α phase, and the second effect is an increase in the hardness due to
the precipitation of the fine particles of κ phases [14]. The second
effect became more dominant in comparison to the first one,
consequently, the hardness increased with increasing the aging
temperature.

due to its transformation to martensite β’ phase. Further, the
microhardness of the β’ phase increased during aging in comparison
to the quenched state. During the aging at 300 °C, the
microhardness value increased to 323 HV0.1. After the aging at 350
°C, the microhardness of the β’ phase increased intensively to 368
HV0.1, while its maximum value was achieved after the aging at
400 °C, and it was 382 HV0.1. The aging at 400 °C for 1 h caused
an absolute increase in the microhardness of a dark phase for 102
HV0.1 compared to the quenched state, or 152 HV0.1 compared to
the cast state, which corresponded to a relative increase in the
microhardness for 36 % and 66 %, respectively.
Quenching of the cast sample caused an increase in the
microhardness values of the α phase from 181 HV0.1 to 191 HV0.1,
However, the results of measuring the values of the microhardness
of the α phase during the aging showed different tendencies. It was
noticed that the values of the microhardness of the α phase were
lower after the aging compared to the quenched state. With an
increase in aging temperature, there is the tendency to a slight
decrease in the microhardness of the α solid solution. It decreased to
181 HV0.1, 173 HV0.1, and 174 HV0.1 after the aging at 300 °C,
350 °C, and 400 °C, respectively.

Fig. 5a shows the SEM microphotograph of CuAl9Ni3Fe3 alloy
after quenching from 900 °C and aging at 300 °C. The β’ martensite
needles with the κ phases spherical or rosette in a shape were still
observed. The needle martensite formed by the quenching at 900 °C
did not change its morphology into the banded martensite after the
aging at 300 °C. However, the martensite’s structure started to
transform into the α phase.
A phases’ composition of the main α and β’ phase from Fig.5a
was shown in Fig.5b. The content of the alloying elements in the β’
martensite is higher than in the α solid solution therefore, phase
changes that occurred in the β’ phase were the main causes of an
increase in the mechanical properties during the aging. The
precipitation of the fine κ particles in the β’ martensite is most
likely to occur [2, 10]. The EDS analysis of one κ phase particle
from Fig.5a was shown in Fig.5c.

4. Conclusions
Based on the experimental results on the investigation of the
effect of precipitation hardening on the microstructure and hardness
of the CuAl9Ni3Fe3 alloy, the following conclusions can be drawn:
• The microstructure of as-cast CuAl9Ni3Fe3 alloy consisted of
the α solid solution, the residual β phase, and the κI, κII, κIII, and κIV
phases.
• The quenching has caused microstructural changes. The
amount of the α solid solution decreased due to an increase in the
content of the β’martensite. The eutectoid rich in the κIII phase and
fine precipitates of the κIV phase were dissolved. Only the
precipitates of κI and κII pha’ses have remained.
• The aging of the quenched alloy further increased the values
of hardness and microhardness of the β’ phase due to the
precipitation of the fine κ particles from the β’ phase. The content
of aluminum in the β’ martensite was higher than in the α solid
solution, so phase changes that occurred within the β’ phase were
the main causes of an increase in the mechanical properties during
the aging.

a)
Phases
α
β’

Al
7.57
10.55

Fe
2.81
3.67

Ni
2.54
3.78

Cu
87.09
82.00

• Maximum values of hardness (244 HV10) and microhardness
of the β’ phase (382 HV0.1) were achieved after the aging at 400
°C.

b)

• The aging caused a decrease in the microhardness value of the
α solid solution. Due to the precipitation of the κ phase, the content
of alloying elements in the α solid solution decreased, causing a
decrease in the microhardness value.
• The martensite lamellas were still observed in the aged state,
which eutectoidically decomposed into the α and κ phases.
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c)
Fig. 5 Microstructure of quenched CuAl9Ni3Fe3 alloy after aging at 300 °C
(a) results of EDS analysis of α and β’ phases (b) EDS analysis of one κ
phase particle (c).
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Abstract: The paper proposes a reconstruction of the distillation of caprolactam for more complete removal of water from the finished
product, removing the droplet phase during the process in thin-film evaporators, will improve the final product performance by eliminating
the inappropriate indicators alkali content and the optical density of the final product and to ensure its stable high quality. The relevance of
the work presented directions for improving the process of production of caprolactam - raw ingredient for the preparation of polymeric
materials used in various sectors of the economy. Describes the causes affecting the quality characteristics of the finished products produced
from caprolactam. the implementation the liquid distributor and the centrifugal separator would reduce 5 - 6 times droplet entrainment to
ensure complete removal of moisture from the final product, will reduce the alkali content in the final product, reduce the rate of optical
density and thus bring trademark caprolactam by indicators «alkalinity» and «optical density» to the level of the highest quality product.
KEYWORDS: CAPROLACTAM, DISTILLATION, RECTIFICATION, ROTARY EVAPORATOR, SYNTHESIS, POLYAMIDE FIBER,
DEHYDRATION, LYSINE, DROPLET PHASE, DRAINAGE OF THE WATER
The combination of high mechanical strength and lightness with
good sliding and electrical insulation properties, as well as
corrosion and chemical resistance and the ability to absorb and
dampen vibrations have made polyamide plastics an important
material for the machinery and instrumentation industry. Important
parts of automobiles and aeroplanes are made of them. Despite a
wide range of modern plastics, polyamides remain the best material
for production of silent gears, bearing inserts, ship propeller blades,
fans, impellers of centrifugal and vortex pumps.
Caprolactam serves as a raw material for production of many
products of the national economy. Polyamide fibers are produced on
the basis of caprolactam. Complex of valuable properties of these
fibers defined their wide application in technical products and
consumer goods.
Polycaprolactam films are used as packing material, glass substitute
in construction of greenhouses, in medicine, etc.
The paper proposes design solutions for caprolactam distillation
unit in order to remove moisture from the final product more
completely, eliminate dripping during the technological process in
thin film evaporators, which will improve the performance of the
final product by eliminating the inconsistent alkali content and
optical density in the final product, and ensure its stable high quality.

1. Introduction
The necessity to improve the technology of organic synthesis and
refining industries is caused by environmental, energy and resource
saving problems. Partial solution of these problems can be achieved
by reducing the number of byproducts, which are waste ones of
production [1]. They still do not find qualified use and are mostly
incinerated.
Caprolactam is a cyclic amide of ε-aminocaproic acid (white
crystals, well soluble in water, alcohol, ether, benzene). Benzene is
used as an industrial raw material for caprolactam production.
When it is heated in presence of small amounts of water, alcohol,
amines, organic acids and some other compounds caprolactam
polymerizes to form polyamide resin to make a fiber - capron.
Aqueous solutions of acids and alkalis cause hydrolysis of
caprolactam to ε-aminocaproic acid [2].
Caprolactam production consists of the oxidation of cyclohexane to
cyclohexanone, its conversion to oxime and subsequent regrouping
into caprolactam. The oxidation and oxidate conversion processes
producing cyclohexanone (more than 99.9%) produce more than 50
different impurity compounds which contribute to contamination of
commercial caprolactam.
Caprolactam is a common product in the chemical industry and has
a fairly wide range of applications. This material is mainly used in
the production of polyamide plastics and fibers. The bulk of global
consumption is for yarns and fibers, a significant amount is also
consumed in the manufacture of engineering plastics. The
remainder is used for the manufacture of packaging films and other
materials. Polyamide fibers and yarns are generally used in the
production of textiles, carpets and industrial filaments, which are
used for the manufacture of tyre cord. Cord yarns are the largest and
fastest growing segment of the polyamide market, such as PA6.
PA6 resin is also a mainstay in the production of engineering
plastics used in the manufacture of electronic and electrical
components and automotive parts. The packaging industry uses
oriented polyamide films which are also based on PA6 resin. Small
amounts of caprolactam are used for lysine synthesis, and also as an
agent in polyurethane production [3].
Grodno Azot, JSC produces caprolactam, a valuable chemical
product, from which polymer, poly-ε-caproamide (polycaprolactam),
widely used in machinery and households, is obtained.
The most important application for polyamide fibers is in the tyre
industry. Capron and nylon are used to make cord, the main
reinforcing element for car and aircraft tyres.
The main direction of use of nylon fibers in production of consumer
goods is fabrics, hosiery and knitwear. Production of knitwear is
developing at an accelerated pace, which is explained by the
increasing demand and high economic efficiency. Its costs are
reduced by 15 % in comparison with the production of cotton and
viscose.

2. Discussion
2.1. Relevance of the topic
The world production of caprolactam is more than three million
tons per year and continues to increase [4]. Caprolactam is a
monomer of polycaproamide, from the melt of which polyamide
fibers are produced. The purity of the monomer is a prerequisite for
high quality polymeric materials. This also applies to caprolactam.
The consequence of wide application of polyamide fibers is the
widespread growth of caprolactam production capacity [5-11].
Properties of polycaproamide highly depend on impurities
containing in caprolactam. Their presence affects polymerization
process and heat resistance of obtained polymer. The main
impurities in commercial caprolactam are amines, alcohols, Schiff
bases, ammonium sulphate, iron ions and others. The composition
and amount of impurities depend on method of caprolactam
production [5].
The purification stage is not only the final step in the multi-step
process of caprolactam production, but also lays the foundation for
its processing into polyamide products with high technical,
economic and qualitative properties. Distillation and rectification of
caprolactam [4-11] is the main method completing the purification
process. It is preceded by evaporation [6-8].
Since caprolactam is not thermally stable, it is important to ensure
the lowest possible thermal impact. This requirement is provided by
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rotary-film and heat and mass transfer apparatuses - evaporators and
rectifiers.
The essence of work consists of working out of engineering and
design decisions on optimization of the technological scheme of
distillation and rectification of caprolactam. The work is based on
analysis of technological scheme of caprolactam distillation and
rectification at Grodno Azot, JSC with implementation of solutions
aimed at improvement of physical and mechanical properties of
caprolactam and provision of its stable high quality.

exceeding 1,2 MPa. Water steam from the steam ejectors and
lactam carried away from the condenser is condensed in the
condensers (total heat transfer area 15 m2) and drains to the
collector. From the bottom of the evaporator, the cube residue
enters the pump tank (volume 1.3 m3).
The lactam is pumped out of the collector by submersible pumps to
a storage tank or directly into rail tankers. The lactam is discharged
from the operating compartment of the collector by remote
controllers. Water drainage, during flushing of evaporators 1, 2 of
condensers 3, 4 is carried out to the collector of process water.
During operation of evaporators a number of drawbacks were
revealed: dripping; incomplete removal of moisture from the
finished product; high alkali content in the finished product;
inadequate optical density index [11]. The listed factors do not
allow to refer commodity caprolactam produced by Grodno Azot,
Jsc to products of the highest quality category, which reduces the
efficiency of production of commodity caprolactam fit for further
use. The efficiency is about 70%, and the rest of the product in the
form of cube liquid is forced to be recycled.
Since caprolactam is a thermally unstable product, in the process of
its distillation it is important to ensure the lowest possible thermal
impact. Rotor film and heat and mass transfer apparatuses evaporators and rectifiers - meet this requirement. They have a low
hydraulic resistance and the residence time of the product to be
processed is only a few seconds.

2.2. The purpose of our research work
The purpose of our research work is reconstruction of technological
scheme of caprolactam distillation and rectification for maintenance
of stable high quality of finished product.
To achieve this aim it is necessary to solve the following tasks:
- to offer optimized design of caprolactam distillation unit;
- to analyze developed thin film and rotary thin film evaporators;
- to offer engineering solutions on layout of technological
equipment on caprolactam distillation line.
Scientific novelty of the work consists of substantiation of optimal
choice of engineering and design solutions at optimization of
technological scheme of caprolactam distillation and rectification
for getting high quality of finished product.
Practical significance includes obtaining caprolactam distillation
unit at Grodno Azot, JSC providing more complete removal of
moisture from the finished product, elimination of dripping during
the technological process of distillation and allowing to improve
physical and mechanical properties of caprolactam, to ensure its
consistently high quality.

Table 1 Quality criteria of caprolactam
Patented solutions for evaporators and rectifiers for improving the
quality of the final product are analysed in this research work.

2.3. Research methodology

The norm for a variety

The object of the research is the technological scheme of
caprolactam distillation and rectification used in caprolactam
production at Grodno Azot, JSC.
The methods of computer simulation and design of technical objects
on the basis of software products Compass-3D V15 and AutoCAD
Mechanical 2013 have been used for modernization of the process
flow diagram, optimization of design solutions of thin film rotary
evaporators, design and technological documentation. Strength and
process calculations of optimized designs of rotary thin film
evaporators are performed by the standard methods [8-9].

Name of the indicator
1 Permanganate index, units.
PI, not more than
2 Colour of an aqueous
solution of caprolactam at a
mass fraction of 50%, units
Hazen, not more than
3 Volatile base content,
mmol/kg, no more than
4 Crystallisation
temperature, °C, not lower
5 Mass fraction of iron, %,
no more than
6 Mass fraction of
cyclohexanonoxime, %,
max.
7 Optical density of
caprolactam solution with
mass fraction of 50%, max.
8 Alkalinity, mmol/kg, max.

2.4. Main content of the work
Caprolactam (hexahydro-2H-azepine-2-one) is a cyclic amide
(lactam) of ε-aminocaproic acid, colourless crystals; boiling
temperature 262.5 °C, melting temperature 68  69 °C.
Depending on the grade, caprolactam shall meet the following
quality criteria as given in Table 1 [12].
According to the classification of the distillation processes
caprolactam is a heavy boiling product [13]. Distillation and
distillation of caprolactam are carried out at residual pressure from
260 to 660 Pa. In connection with caprolactam being a thermally
unstable product, it is necessary to provide the minimum possible
thermal influence, therefore distillation is carried out under deep
vacuum. The rotary thin film and thermo mass transfer apparatus –
evaporators and rectifiers fulfill this requirement. They have low
hydraulic resistance, the residence time of the processed product is
a few seconds [3].
The object of our research work is the technological scheme of
process of distillation of caprolactam which is presented in fig. 1
[14].
The lactam is distilled at a temperature not exceeding 131 °C and a
residual pressure not exceeding 1,1 kPa. A distillate of not more
than 50 % of the incoming lactam is distilled in the evaporator. The
lactam vapour is condensed in the condenser. The condensate flows
by gravity to the lactam collector or to the final product collector
(reserve compartment), depending on the quality. The residual
pressure in the evaporator and condenser is created by the steam
ejectors. The steam ejectors operate with steam pressure not

9 Acidity, mmol/kg, max.
10 pH of a 20% water
solution
11 Mass fraction of
water, %, max.

The
highest
4

The first
5

The
second
7

3,0

4,0

5,0

0,4

0,5

0,6

68,8

68,8

68,8

0,00002

0,00002

0,00002

0,002

0,002

0,002

0,04

0,05

0,06

0,1

0,1

0,05

0,05

0,05

0,1

6,7-8,5

6,7-8,5

6,7-7,5

0,07

0,07

0,07

There is a design of thin film evaporator protected by patent.
2372129 [15] that contains a vertical drum, a supply line situated in
the upper area of the drum for supply of evaporating medium, a
heating jacket situated at the drum periphery and generating vapour,
an outlet line for discharge of residue left in the lower part of the
drum, and a condenser supplied with refrigerant.
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designed for distillation of volatile components from liquid
mixtures of thermolabile substances during evaporation, distillation
and rectification in chemical technology. The aim of invention [17]
is increasing of degree of distillation of volatile components in one
pass during processing of thermolabile liquids. The aim is achieved
by the fact that device contains a housing with a heating chamber,
bounded by horizontal partitions, cylindrical tubes with a spiral
placed inside them and distributors of liquid. Liquid distributors are
located under the lower horizontal partition and are protruding
beyond the partition of the tubes, equipped with tapered diaphragms.
The advantage of the proposed direct flow tube evaporator over
known analogues is the possibility of obtaining a high degree of
volatile components distillation in one pass. In addition, it is much
easier to manufacture and install a helical coil in the form of a
helical strip than a circular coil made of a hollow tube connected to
a heating chamber.
The rotary section evaporator design pat. 2108840 [18] is also used
in industry. 2108840 [18], which is a vertical cylindrical casing
divided in height by sections, the diameter of which decreases from
the top to the bottom. Each section is provided with a jacket, which
is supplied with heat transfer fluid. Each section is divided into
several contact elements consisting of a drain plate, a rotating
atomiser with an inlet and a wall mounted drift eliminator which
form a single heat transferring surface with the heated casing.
Intense circulation of the solution on each contact element is
accompanied by multiple dispersion and turbulization of the liquid
film on the heat transfer surface. The proposed apparatus design
improves the efficiency of the evaporation process and expands the
range of liquid phase loads.
Design of film evaporator pat. 2266151 [19], includes a vertical
cylindrical body, end covers, upper and lower tube plates, heat
exchange tubes, film formers mounted with a gap inside the upper
ends of the heat exchange tubes, inlet and outlet connections for the
treated liquid, heating, secondary steam and condensate. In the
lower part of the shell there is a coil, one end of which is connected
with the fluid inlet connection and the other, straight part, is fitted
between the tube plates. The fluid inlet connection is mounted in the
lower end cap of the evaporator and has two additional tube boards
located under the upper and over the lower tube boards respectively,
in which the heat exchange tubes and film formers are installed,
located concentrically about the central axis of the casing. The
mechanism is equipped with pylons placed in the casing and
connecting the adjacent heat exchange tubes, as well as the inner
and outer walls in each foil forming unit. The pylons in the upper
part of the heat exchange tubes and two additional tube sheets
contain through holes for passing the treated liquid through the film
formers to the heat exchange tubes and further for passing the
secondary steam and condensate through the heat exchange tubes
and additional tube sheets, respectively. In addition, the evaporator
is equipped with a mechanism for axial movement of the film
formers, and the film formers and heat exchange tubes in the upper
part of the body have sections and reverse cone to regulate the size
of the passage gap of the treated liquid.
The invention provides an expansion of technological possibilities
by using aggressive media, as well as increasing the efficiency of
liquid treatment while changing its physical and chemical properties.
Simplicity of construction and possibility of micro miniaturization
of the evaporator using non-metallic materials such as quartz glass
is provided.
The analysis of patent sources [1519] has allowed to establish
disadvantages of existing technological scheme of distillation, and
also applied devices of distillation and to set ways of their
elimination. Developments in the sphere of caprolactam production
are directed on improvement of quality of caprolactam distillation
processes, creation of more perfect designs of evaporators.
The design developed by Stami carbon (Holland) for evaporator
"Sako" (fig. 2, a) for purification stage used in caprolactam
production at Grodno Azot, JSC (in vertical version) was chosen as
an optimization object.
Evaporators in the vertical version are manufactured with a heating
surface of up to 24 m2 with an average internal casing diameter of

1 - thin-film evaporator; 2 - rotary thin-film evaporator;
3, 4 – condensers
Fig. 1 Process diagram of a thin film evaporator installation
Temperature sensitive substances, such as pharmaceutical solutions
or food concentrates, can only be heated to boiling point for a short
time. To meet this requirement, so called thin film evaporators are
used, in which the medium to be evaporated or the solution to be
concentrated by evaporation is fed to the evaporator surface only in
the form of a thin film. In the case of the thin film evaporator, this
objective is achieved according to the invention under consideration
by providing an internal device in the vapour path from the heating
jacket to the condenser which affects the action of the thin film
evaporator, this internal device being preferably of circular cross
section and preferably arranged so as to be equidistant from the
condenser or directly resting on its outer surface. This internal
device serves as a substance transfer zone.
According to the invention [15] the rotary thin-film evaporator is
created, characterised by the fact that an internal device between the
condenser and the wetting device is provided for the evaporating
medium introduced into the drum from above, which can move
along the jacket of the drum. This invention can also be used for a
downflow evaporator, such an evaporator contains at least two
drums.
Design of the rotary thin film evaporator pat. 4370C1 [16]
comprises a shell with a heating jacket and process branch pipes, a
rotor mounted therein, and a drive, characterized in that the rotor is
made as at least one elastically deformed profile extending the
length of the shell, and at least one end of the rotor shaft is
connected to the drive, allowing uniform distribution of the solution
over the heating surface. The rotor is designed as a helical spiral
with variable cross section; the rotor shaft is fitted with a disc type
eliminator which provides centrifugal separation of liquid droplets
and prevents droplet carry over. The casing is arched and tapered in
the direction of product flow, which allows the heating surface to
expand or contract sharply and, if necessary, reduce the vapour
outflow rate from the casing space.
This design allows the treatment both highly mobile and highly
viscous suspensions, while improving the quality of the finished
product increases the functions of the unit and reduce energy costs.
A tube evaporator design has been developed pat. 2071802 [17],
which contains a housing with a heating chamber, bounded by
horizontal partitions, on which cylindrical tubes with tape spirals
placed inside are fixed, fluid distributors, which are tube bends
protruding under the bottom partition, equipped with tapering
diaphragms. Separators are fitted on the upper ends of the
cylindrical tubes projecting beyond the baffle. This device is
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up to 1.4 m. It can be up to several minutes in the horizontal
apparatus if the residence time of the product in the vertical «Saco»
apparatus ranges from 1.6 to 7 s.
The main apparatus for obtaining the finished product caprolactam
is a film rotary evaporator [20]. Chemical analysis of commercial
caprolactam produced by Grodno Azot, JSC revealed high alkali
content and inadequate optical density index. The alkali boils at
128 ºC and enters the finished product in the form of droplets. A
rotary ring centrifugal separator design was developed to prevent
drip liquid (Fig. 2, b).

housing 2. Cone 2 is fixed to the pipe 1 by ribs 5. Liquid distributor
is installed in evaporator casing by means of support ring, which is
fixed by ribs 6.

1 - pipe; 2 - conical body; 3 - spigot; 4 - support ring; 5 - fin; 6 - fin;
7 - vane
Fig. 3 Liquid film distributor
As can be seen from the process flowchart (Figure 1) the main
apparatus for removing residual moisture from caprolactam is the
film evaporator, which does not have a rotor. Lactam by means of
distribution ring with holes enters into the film evaporator, running
down the walls forming streams, reducing the heat exchange surface,
which does not provide uniform distribution of the film and
sufficient moisture removal from caprolactam.
The apparatus for the finished product is a rotary film evaporator.
The inconsistency with the highest product quality for commercial
caprolactam is traditionally due to the high alkali content. This
leads to deviations in optical density.
Knowing that alkali boils at high temperature, it can enter the
product in the form of droplets. To prevent drip liquid, a separator
was developed and fitted to the top of the film rotary evaporator
(Fig. 4).
The liquid film distributor consists of three swirlers, which give the
steam a stream breaking motion, thus ensuring uniform film
distribution and sufficient distillation of moisture from caprolactam.
As a separator in a thin film rotary evaporator it is proposed to use a
rotary ring centrifugal separator, the installation of which will
eliminate the above drawbacks in the evaporator.
Rotor ring centrifugal separator (figure 4) can be used for
purification of low pressure gas flows in combination with
centrifugal compensation stage. The separation stage is designed as
a set of flat rings 3 that form a stepped rotor placed in a shell 2, with
curved vanes 4 placed between them. Separation of impurities takes
place in two stages: before the separating rotor in the field of
centrifugal forces, created by fast rotor, and in rotating curvilinear
channels of the rotor.

a
b
1 - electric motor; 2 - V-belt transmission; 3 - mechanical seal;
4 - conical bottom; 5 - bearing pedestal; 6 - jacket; 7 - conical body;
8 - rotor; 9 - cylindrical drum; 10 - distributor; 11 - separating
device; 12 - flat lid
a - applied design; b - optimised design
Fig. 2 Design of the rotary thin-film evaporator
The column rotary thin-film evaporator (fig. 2) is used for
distillation process of caprolactam solution [4, 1519].
The rotary thin film evaporator is a vertical cylindrical conical body,
inside which the hollow vane rotor 8 rotates. Circumferential
rotation speed of the blades reaches 12 m/s. The clearance between
the blades and the apparatus wall is 0.4  1.5 mm. The casing is
provided with a heated jacket 6. In this case the surface F = 16 m2,
diameter D = 1250 mm, height H = 6 860 mm.
The caprolactam solution is fed through the top connection to the
distributor 10 and by rotating rotor 8 is distributed on the inside
surface of the casing as a swirling liquid film flowing downwards.
Steam pressure in the evaporator "jacket" is 0,3 to 1,1 MPa.
For operation under vacuum the rotor shaft is sealed by a double
acting mechanical seal 3, which allows operating the unit at
absolute pressure up to 100 Pa. The rotor lower bearing 5 is a
sliding bearing made of graphite with the addition of antifriction
materials.
As the film travels along the hot housing, lactam evaporates from
the solution. The lactam vapour condenses on the surface of the
rotor; the condensate is pushed back onto the heated wall. Multiple
evaporation and condensation takes place. The distillation of
caprolactam takes place at a temperature not exceeding 131 °C and
pressure not exceeding 1.1 kPa.
50 % main product is evaporated. The lactam vapour from the
evaporator is sent for condensation. From the lower part of the
evaporator, the lactam containing residue is discharged to the
collector.
To rotate the rotor 8 in the upper part of the evaporator, there is a
self aligning thrust bearing and a thrust ball bearing.
To increase the efficiency of caprolactam distillation unit it is
necessary to reconstruct it. It is proposed to install a liquid film
distributor in the thin film evaporator (fig. 3) and a rotary ring
centrifugal separator in the rotary thin film evaporator (fig. 4).
To eliminate this disadvantage thin film evaporator was equipped
with liquid distributor (fig. 3). The distributor of liquid is made in
the form of set of vanes 7 turned at angle 30 º in quantity of 16
pieces and fixed at branch pipe 3 and fixed at pipe 1, located in

1 - outer shell; 2 - inner shell; 3 - flat ring; 4 - curved blades
Fig. 4 - Rotary ring separator of counterflow type
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With low economic and operating costs, the reconstruction of the
unit will intensify the distillation and rectification of caprolactam
and produce high quality caprolactam [21, 22].

2008. - 51 p.
10. Yursha, I.A. Experience of introduction of energy saving
technologies in the nitrogen industry [Opyt vnedreniia
energosberegaiushchikh tekhnologii v azotnoi promyshlennosti] /
I.A. Yursha // Chemical Industry. - 2001. - № 4. - P. 14-16.
11. Karaseva, S.J. To a question about the quality of caprolactam
and polyamide [K voprosu o kachestve kaprolaktama i poliamida] /
S.Y. Karasev [et al.] // Russian Chemical Journal. - 2006 - T.50, №
3. - P. 54-58.
12. GOST 7850-2013 Caprolactam. Technical conditions. Introduced on 01.01.2015. - Moscow: Standardinform, 2019. – 4 p.
13. Druzhinina, Yu. A. Methods of processing caprolactamcontaining products based on the study of their chemical
composition: Ph. Druzhinina Y. A.; Samara State Technical
University. - Samara, 2009. - – 23 p.
14. Technological regulations of caprolactam-1 shop Grodno Azot,
JSC.
15. Thin film evaporator: Pat. 2372129 Russian Federation, IPC
B01D 1/22, B01D 3/00 / Glasl Wolfgang, Siebenhofer Matthäus,
Konkar Michel; applicant FTU-Engineering Planungs-und,
Beratungsgesellschaft M.B.H., Glasl Wolfgang. - No.
2006114674/15; application form. 01.10.2004; publ. 10.11.2009 //
Official Gazette / Federal Service for Intellectual Property. - – 2009.
- – № 31. - – P. 156.
16. Rotary thin film evaporator: Patent. 4370C1The Republic of
Belarus, MPK B01D1/22 / V.A. Shulyak, D.I. Berezuk, V.N.
Basharimova; applicant Mogilev Technological Institute - number
a19980340; application. 07.04.1998; publ. 30.03.2002 // Official
Newspaper /National Intellectual Property Centre. – 1996. - – № 27.
– P. 174.
17. Straight line tube evaporator: patent. 2071802 The Russian
Federation, IPC B01D1/06 / N.I. Saveliev, L.K. Zharikov, A.I.
Efremov, L.A. Savelieva, V.N. Mayorov, I.A. Militsin, V.G. Shkuro;
applicant Cheboksary Production Association "Khimprom". No.5040944/26; declaration. 06.05.1992; publ. 20.01.1997 //
Official bulletin / Federal Service for Intellectual Property. – 1997.
– № 2. – P. 125.
18. Rotary section evaporator: Pat. 2108840 The Russian Federation,
IPC B01D3/30 / A.F. Sorokopud; applicant Kemerovo
Technological Institute of Food Industry. - No. 95113925/25;
application. 02.08.1995; publ. 20.04.1998 // Official Gazette /
Federal Service for Intellectual Property. – 1998. – № 11. – P. 112.
19. Film evaporator: Patent. 2266151 Russian Federation, IPC
B01D1/22 / V.M. Firsov, Y. (NITI-Tesar, JSC). - No.
2004133981/15; Application form. 22.11.2004; publ. 20.12.2005 //
Official Bulletin / Federal Service for Intellectual Property. – 2005.
– № 35. – P. 86.
20. Zhdanuk E.N. Study of factors influencing the quality of
caprolactam / E.N. Zhdanuk E.N., Krutko E.T., Prokopchuk N.R. //
Proceedings of BSTU. Series Chemistry, Technology of Organic
Substances and Biotechnology. - – 2011. - – №4 (142). - – P. 21–25.
21. Materials speech of the chairman of the Grodno Regional
Committee of natural resources and environmental protection of
Kazac G.V. [Materialy vystupleniia predsedatelia Grodnenskogo
oblastnogo komiteta prirodnykh resursov i okhrany okruzhaiushchei
sredy Kazaka G.V.] // Grodno Oblast Committee of Natural
Resources and Environmental Protection [Electronic resource]. 2010.
Access:
http://www.ohranaprirody.grodno.by/news/aktualno/materialyvystupleniya-predsedatelya-grodnenskogo/page-209.html. - Access
Date: 10.05.2015.
22. Glazko I. L. Optimization of caprolactam distillation stage / I. L.
Glazko [et al.] // Russian Chemical Journal (Journal of Russian
Chemical Society named after D. I. Mendeleev). – 2006. – p. 1, №
3. – P. 59-64.

3. Conclusion
Development and implementation of design of rotary ring
centrifugal separator at caprolactam distillation unit will provide
high efficiency of a thin film evaporator in a wide range of gas
liquid loadings, will intensify the process of caprolactam distillation
and rectification, improve indicators of the final product and
provide its stable high quality. This will eliminate subsequent
purification of the caprolactam obtained when it is used in the next
cycle of the technological process. After the reconstruction the
hourly productivity of the unit will increase, while the unit
processing cost will decrease.
Implementation of liquid distributor and centrifugal separator will
reduce dripping by 5-6 times, provide more complete removal of
moisture from the finished product, will reduce the alkali content in
the finished product, will reduce the optical density indicator and
thereby bring commercial caprolactam by indicators "alkalinity"
and "optical density" to the product of the highest quality category.
Implementation of the separator will allow to increase selection of
commercial caprolactam from 70 % to 75 %, thereby reducing its
output in the form of cube liquid for recycling.
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Influence of heat treatment on metallographic and mechanical properties of ductile iron
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Abstract: Due to the mechanical properties (toughness, elongation, tensile strength) that characterize ductile iron, its application in
foundry technology is becoming more pronounced every day. The chemical composition and heat treatment of ductile iron have a great
influence on the required mechanical properties. Given the operating conditions, the main purpose of heat treatment of ductile iron is to
change the desired mechanical properties. Since the specific mechanical properties of ductile iron are generally related to the regularity of
the mined graphite nodules, the main objective in production is to produce ductile iron with the highest possible percentage of ductility. In
the experimental part of the paper, microstructure and hardness tests were carried out on specimens of ductile iron NL 400 and NL 700
before and after heat treatment by soft annealing (ferritization) and improvement. It was found that the type and corresponding parameters
of heat treatment significantly affect the microstructure and the achieved hardness values of the ductile iron test specimens.
Keywords: DUCTILE IRON, HEAT TREATMENT, STRUCTURES, HARDNESS

toughness of such cast iron depends much more on the strength of
the Fe-C base than, for example, gray iron. The tensile strength of
ductile iron ranges from 400 to 800 MPa, but due to heat treatment
and alloying of ductile iron, it can reach 1400 MPa. The properties
and microstructure of ductile iron are influenced by various factors
such as chemical composition, metallurgical processes in the melt,
and cooling rate during solidification and solid cooling [2]. The
shape of the graphite and the structure of the Fe-C matrix are
significantly influenced by the chemical composition. The declared
chemical composition of ductile iron is listed in Table 1.

1. Introduction
Casting is considered one of the oldest and most widely used
technologies for forming metal objects. The principle of casting
technology is based on molten metal, which solidifies by pouring
into the mold, thus maintaining the internal dimensions of the mold
cavity after cooling. The main advantages of this technology are
certainly the great repeatability of the process and the possibility to
produce the most complicated structural parts by casting. In the
production of semi-finished products and products by casting
technology, there are certain peculiarities in the process itself,
which should be well known in order to obtain the required
structure and, consequently, the desired properties. Since metal
casting is a continuous process, complete control during the process
itself is difficult [1]. Nowadays, ductile iron is increasingly used in
casting technology, which is still considered a relatively new type
of cast iron. Ductile iron has much higher strength than gray iron,
but its workability and vibration damping are lower than those of
gray iron. A particular advantage of ductile iron over unalloyed
steel, as well as the widely used gray iron, is its high value of yield
strength. The good mechanical properties of ductile iron are due to
the extraction of graphite beads in the Fe-C alloy, which are still in
the casting phase. The properties of ductile iron can be subsequently
improved by mechanical and heat treatments [2]. In this paper, the
heat treatment soft annealing (ferritization) and improvement
(hardening + high temperature tempering) are applied to prepared
ductile iron specimens NL 400 and NL 700, after which
microstructure and hardness tests were performed.

Table 1: Declared chemical composition of ductile iron [4].
Chemical composition, %
C
Si
Mn
P
S
Mg
3,2
2,4
0,1
0,005 0,002
0,03
÷
÷
÷
÷
÷
÷
3,8
2,6
0,5
0,045
0,01
0,05

Fe
rest

Because of its favorable mechanical properties, ductile iron is
used as a substitute for cast steel or steel forgings. Typical examples
of ductile iron are crankshafts and camshafts, cylinder liners for
engines and compressors, gears, valves, piping, plain bearing caps,
parts for wind turbines, pump rotors, etc. In the manufacture of
ductile iron products, various heat treatment processes are used to
simultaneously increase strength and toughness, such as isothermal
and classical improvement (hardening and tempering). Ductile iron
improvement processes also increase wear resistance. Also, the
amount and shape of graphite formed in ductile iron cannot be
affected by subsequent heat treatment. Nodularity is determined as
the volume fraction of graphite nodule accumulations relative to the
total number of graphite accumulations. During production, the aim
is to produce ductile iron with as high a proportion of ductility as
possible (usually above 90 %), since the specific mechanical
properties of ductile iron are generally related to the regularity of
the graphite nodules obtained [1]. The mechanical properties, i.e.,
tensile strength and dynamic resistance, decrease with decreasing
percentage of nodularity. In addition, lower fissility affects the
modulus of elasticity, lowers toughness and decreases electrical
resistance, but increases the ability to dampen vibrations.

2. Properties, heat treatment and application of
ductile iron
From the second half of the 20th century until today, the
production of ductile iron has increased exponentially. The
mechanical properties (toughness, elongation, tensile strength) of
ductile iron indicated its future successful application. Looking at
the mechanical properties, ductile iron is classified between steel
and gray iron. Ductile iron belongs to the group of castings with
high carbon content, whose mechanical properties are characterized
by the carbon precipitated in the form of graphite beads. The
extraction of the graphite spheres from the original sheet shape is
achieved by adding small amounts of e.g. cerium or magnesium to
the melt just before the base melt Fe-C is poured into the mold. If
the melt contains small amounts of nodulation inhibitors (e.g. lead,
titanium) or more than the allowable amounts of sulfur, the carbon
will not be precipitated in the form of pellets and ductile iron will
not form [3].

3. Experimental part
In the experimental part of the paper, samples of ductile iron
NL 400 and NL 700 were tested. After preparation of the test
specimens, heat treatments such as soft annealing (ferritization) and
improvement (hardening + high temperature tempering) were
performed. Microstructure and hardness tests were also carried out.

In such a case, gray iron is formed, in which the carbon is
formed in the form of flakes. Nodular graphite causes ductile iron to
be more ductile and tough than gray iron, but the strength and
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crack when cooled in water due to the high stresses. High
temperature tempering consisted of heating the specimens from
room temperature to 565 °C, heating rate vh = 250 °C/h. The
holding time at 565 °C was 2 h, followed by cooling in an oven to
240 °C (with the aim of relieving stresses, but also hardness),
cooling rate vc = 55 °C/h and cooling from 240 °C to room
temperature in still air.

3.1. Chemical composition test
The chemical compositions of the test specimens were
determined using a spectrometric analyzer. Table 2 shows the
measured chemical composition of the NL 400 ductile iron
specimen, while Table 3 shows the measured chemical composition
of the NL 700 ductile iron specimen.
Table 2: Measured chemical composition of ductile iron NL 400.
Chemical composition, %
C
Si
Mn
P
S
Cu
Mg
3,6
2,1
0,14
0,037
0,009
0,077
0,043
Cr
Ni
Mo
Al
V
Ti
Sn
0,036
0,045
0,007
0,012
0,008
0,018
0,007

3.3. Microstructure test
Microstructure testing was performed using a Leica DM 2500
M laboratory light microscope connected to a computer to save
photos after testing, Figure 2.

Table 3: Measured chemical composition of ductile iron NL 700.
Chemical composition, %
C
Si
Mn
P
S
Cu
Mg
3,54
2,072
0,676
0,035
0,008 0,0673
0,05
Cr
Ni
Mo
Al
V
Ti
Sn
0,055
0,051
0,011
0,010
0
0
0

Specimens made of ductile iron NL 400 and NL 700 with
dimensions Φ40x20 mm and specified chemical compositions were
selected for the test. Before starting the test, the specimens were cut
on a metal cutter, which has the possibility of intensive heat
dissipation by means of cold water circulation. The MC-80
specimen cutter is shown in Figure 1.

Fig. 2 Light microscope Leica DM 2500 M.

Figure 3.a shows the microstructure of ductile iron in the initial
unheated and unetched condition for test specimen 1.0 NL 400,
while Figure 3.b shows test specimen 2.0 NL 700. In both cases, it
can be seen that the percentage of nodule formation during casting
exceeded 90 %.

Fig. 1 Device for cutting specimens.

a)

3.2. Heat treatment of ductile iron

b)

Fig. 3 Microstructure of ductile iron
a) test specimen 1.0 NL 400; b) test specimen 2.0 NL 700.

After cutting the specimens, they were marked according to
Table 4, which also lists the parameters of heat treatment
(ferritization and improvement) and the designations of certain
specimens made of ductile iron NL 400 and NL 700.

Figure 4.a shows the microstructure of ductile iron in the initial
unheated and etched condition for test specimen 1.0 NL 400, while
Figure 4.b shows test specimen 2.0 NL 700. Etching was performed
using a three percent solution of nital. Figure 4.a shows the pearlitic
structure of ductile iron NL 400 with characteristic ferritic areas
around the sphere (the microstructure consists of pearlite and the
area around the sphere is called the "bull's eye"). In Figure 4.b,
ductile iron NL 700 has a pure pearlite matrix.

Table 4: Inscriptions and heat treatment parameters (ferritation and
improvement) for the specimens NL 400 and NL 700.
Ferritization
Improvement
Initial
(at 725 °C,
(quenching from 870
Specimen condition
cool in the
°C and tempering at
(at 20 °C)
oven to 345 °C
565 °C)
NL 400
1.0
1.1
1.2
NL 700
2.0
2.1
2.2

Before heat treatment, metallographic examinations of the
microstructure and hardness tests of the initial condition of test
specimens 1.0 NL 400 and 2.0 NL 700 were performed. Test
specimens 1.1 NL 400 and 2.1 NL 700 were heat treated by soft
annealing (ferritization). These specimens were heated continuously
from room temperature to 725 °C, at a heating rate vh = 250 °C/h.
After heating to 725 °C, it was necessary to hold 1 h of 1" thickness
at the soft annealing temperature.

a)

b)

Fig. 4 Microstructure of ductile iron
a) test specimen 1.0 NL 400; b) test specimen 2.0 NL 700.

Figures 5.a and 5.b show the microstructures of ductile iron
after soft annealing (ferritization) in the etched condition for
specimen 1.1 NL 400, while Figures 5.c and 5.d show specimen 2.1
NL 700. Etching was performed using a three percent solution of
nital. In Figure 5.a it can be seen for the specimen of ductile iron
1.1 NL 400 that the size and shape of the nodules did not change
after heat treatment by soft annealing (ferritization). A similar,
predominantly ferritic microstructure as in Figure 5.a was observed
in Figure 5.c for the specimen of ductile iron 2.1 NL 700. Ferrites

After holding at the soft annealing temperature, the specimens
were cooled to 345 °C in an oven at a cooling rate of vc = 55 °C/h
and then in still air. Specimens 2.1 NL 400 and 2.2 NL 700 were
processed by the heat treatment process of improvement (hardening
+ high temperature tempering). Quenching consisted of heating the
specimens to an austenitizing temperature of 870 °C, holding at this
temperature for 1 h, and then quenching in oil. Quenching of ductile
iron castings is usually performed in oil because the castings may
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Table 6: Results of hardness measurement on test specimens 1.1, 1.2 (NL
400) and 2.1, 2.2 (NL 700).
Ordinal
Hardness
Heat
Arithmetic
Specimen
number of
HB
treatment
value HB
measurements 5/750/10
1
143
Soft
1.1
145
annealing
2
147
1
288
1.2
Improvement
285
2
282
1
154
Soft
2.1
153
annealing
2
152
1
349
2.2
Improvement
349
2
349

with traces of pearlite were observed in Figures 5.b and 5.d for the
test specimens of ductile iron 1.1 NL 400 and 2.1 NL 700.

a)

b)

4. Analysis of the results and conclusion

c)

In the experimental part of the paper, microstructural
investigations and hardness tests were carried out on specimens of
ductile iron NL 400 and NL 700 before and after the heat treatment
of soft annealing, i.e. subcritical ferritization and improvement.
When analyzing the microstructure of ductile iron specimens NL
400 and NL 700 after the heat treatment of soft annealing
(ferritization), a change in the size and shape of the ferrite was
observed, around which traces of pearlite were observed.
Measurement of hardness after heat treatment of soft annealing
(ferritization) on test specimens of ductile iron NL 400 and NL 700
showed a decrease in the hardness value compared to the test
specimens in the unheated condition. Also, analysis of the
microstructure of ductile iron specimens NL 400 and NL 700 after
heat treatment of improvement revealed relaxed martensite.
Measurement of hardness after heat treatment of improvements on
ductile iron specimens NL 400 and NL 700 showed an increase in
hardness as a result of formation of the martensitic structure.
Particularly high hardness values were observed in ductile iron
specimen 2.2 NL 700, where the hardness value after the
improvement was 349 HB, compared to heat-treated ductile iron
specimen 2.0 NL 700, whose hardness value was 220 HB. In the
continuation of the research, the analysis of the influence of certain
factors in the improvement (austenitizing temperature and
quenching agent) on the microstructure and properties of ductile
iron is proposed. As the production of ductile iron castings
increases intensively every year, it is important to know how certain
chemical elements affect nodule formation and, consequently, the
structure of ductile iron. The structure of ductile iron affects the
required mechanical properties (toughness, elongation, tensile
strength) in certain industries such as automotive. The aim of heat
treatment of ductile iron is to change the desired mechanical
properties depending on the operating conditions. Heat treatment
parameters such as temperature and duration as well as heating and
cooling rates determine the type of heat treatment of ductile iron.

d)

Fig. 5 Microstructure of ductile iron
a) b) test specimen 1.1 NL 400; c) d) test specimen 2.1 NL 700.

Figures 6.a and 6.b show the microstructures of ductile iron
after heat treatment of the etched improvement for test specimen 1.2
NL 400, while Figures 6.c and 6.d show for test specimen 2.2 NL
700. Etching was performed using a three percent solution of nital.
Loose martensite can be seen in the above images.

a)

b)

c)

d)

Fig. 6 Microstructure of ductile iron
a) b) test specimen 1.2 NL 400; c) d) test specimen 2.2 NL 700.

3.4. Hardness test
The hardness test was performed according to the Brinell
method. A steel ball with a 5 mm cross-section was used for the
hardness measurements. The diameter of the ball and the injection
force in the Brinell hardness measurement are determined using the
condition F/D2 = const. which is 30 for steel. The injection force is
750 N for 10 seconds. Table 5 shows the results of hardness
measurements on test specimens 1.0 NL 400 and 2.0 NL 700, while
Table 6 shows the results of hardness measurements on test
specimens 1.1 and 1.2 (NL 400) and 2.1 and 2.2 (NL 700).
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Table 5: Results of hardness measurement on test specimens 1.0 NL 400
and 2.0 NL 700.
Ordinal
Hardness
Arithmetic
Specimen
number of
HB
value HB
measurements
5/750/10
1
173
1.0
172
2
171
1
219
2.0
220
2
221
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Structural researching of the inner, primary supporting layer from ductile cast iron with a
bimetalic roller shell with high-crome material used as an external (working) layer, during
a centrifugal casting method of production with a vertical axis.
Petar Ivanov
“Centromet”AD, Vratza
Abstract: The processes accompanying the formation of the so called carrier (inner) layer, which is formed in the production of bimetallic
castings by the method of centrifugal casting are analyzed. Attention is paid to the structural changes caused by the diffusion processes
occurring during the casting and crystallization process. Modification with a spheroidizing modifier with a Cr content in the melt above
0.6% was successfully carried out.
KEYWORDS: BIMETALLIC ROLLER SHELL, BEARING LAYER OF DUCTILE CAST IRON, DURABLE LAYER, VERTICAL AXIS
CENTRIFUGAL CASTING, MICROSTRUCTURAL STUDIES
1. Introduction
The technology of production of bimetallic rollers for the
ceramic industry by the method of centrifugal casting with vertical
axis has proved to be the most successful in terms of the quality of
the produced items [1,2,3,4,5] and the facilitation of the subsequent
machine processing of the casted product. Compared to stationary
produced rollers, centrifugally cast workpieces have an inner
(carrier) layer, typically of gray graphite or graphite gray cast iron.
In addition to the lower cost and the shorter modes of machine
processing, this layer largely bears the loads that are transmitted to
it from the outer, wear - resistant layer during the operation of the
roller. So it can be argued that for the normal operation of a bimetal
roller for the ceramic industry, the quality of the inner (bearing /
stabilizing) layer of the workpiece is of great importance.
In the production of a bimetallic mill roller with an outer
(working) layer of high chromium material, the selection of a
suitable brand of ductile cast iron for the carrier layer is further
hampered by the diffusion between the two layers during the
molding and crystallization processes of the workpiece. This leads
to the formation of chromium carbides in the inner layer. In
addition, a high Cr content (0.6 to 1.50%) prevents spheroidization
of free graphite. The result of incorrectly selected material for the
inner layer is shown in Figure 1.1

2. Determination of the optimum amount of the modifier to
produce free spheroidal graphite in cast iron with a chromium
content of more than 0.6%.
In the production workshop of Centromet JSC, two pieces of
sample items (Fig.2.1-Fig.2.3) were cast with the following
chemical composition:

Figure.2.1

Figure 1.1

Figure.2.2
Chemical composition in the furnace:
C – 3.44%
Si – 1.96%
Mn – 0.42%
P – 0.05%
S – 0.01%
Cr – 1.02%
Ni – 0.03%
Cu – 0.03%
V – 0.01%
Al – 0.003%

x200- Metal base + carbides + graphite plate
Figure 1.2
Figure 1.2 shows the microstructure of the inner layer:
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The quantities of the imported VL63M modifier in the two test
pieces are as follows:
Trial item №1 – 2.1%
Trial item №2 – 3,7%
Chemical composition of grinding №1:
C – 3.13%
Si – 3.08%
Mn – 0.40%
P – 0.05%
S – 0.01%
Cr – 1.00%
Ni – 0.05%
Cu – 0.04%
V – 0.01%
Al – 0.01%
Mg – 0.06%
Chemical composition of grinding №2:
C – 3.26%
Si – 3.90%
Mn – 0.40%
P – 0.05%
S – 0.01%
Cr – 0.95%
Ni – 0.04%
Cu – 0.04%
V – 0.01%
Al – 0.012%
Mg – 0.12%

x500- Metal base (perlite) + spheroidal graphite
Figure 2.5
The microstructure of grinding № 2 is shown in Fig.2.6 and Fig.2.7:

The microstructure of grinding №1, is shown in Fig.2.4 and Fig.5.5:

x50- Metal base (perlite) + carbides + spheroidal graphite + ferrite
Figure 2.6

Figure.2.3

x500- Metal base (perlite) + spheroidal graphite + ferrite
Figure 2.7
The mechanical properties of the two test pieces are:
Hardness:
sample with 2.1% VL63M: 294HB
sample with 3.7% VL63M: 285HB

x50- Metal base + carbides + spheroidal graphite
Figure 2.4
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Tensile strength (Rm):
sample with 2.1% VL63M: 601MPa
sample with 3.7% VL63M: 624MPa
Extension (A):
sample with 2.1% VL63M: 2.19%
sample with 3.7% VL63M: 2.18%

3. Production of bimetallic mill roller with outer layer of material
with high content of Cr and inner layer of ductile cast iron.
Based on the results obtained from the two test pieces in the
production workshop of Centromet JSC, a prototype of a bimetallic
mill roller was produced by the method of vertical axis centrifugal
casting. The working, wear-resistant layer is made of a material
with a Cr content of more than 20%, and the inner one is a carrier
layer, with the chemical composition and percentage of
the embedded modifier corresponding to model # 2.
The finished product is shown in Figure 3.1:

II x500 - Metal base (perlite) + ferrite + graphite
Figure 3.3
4. Conclusions:

1. Theoretical and experimental data of the technological
parameters for the centrifugal casting of two-layer castings of highchromium and spherographic cast iron material were obtained by
the method of sequential pouring of the melt casting.
2. Results have been obtained for the structures of the outer and
inner layers of the casting, which determine the properties of the
cased product.
3. The established technological parameters for the process flow
and the implementation of the process guarantee a solid diffusion
bond between the two layers,
as well as strength and durability of the outer surface and good
workability on the base inner surface.
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