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On intensifying the research processes of regular motions transformation
Valentin Abadjiev1 ,Emilia Abadjieva1,2
Institute of Mechanics, Bulgarian Academy of Sciences, Bulgaria 1
Graduate School of Engineering Science, Akita University, Japan 2
abadjieva@gipc.akita-u.ac.jp
Abstract: The study is a review of the scientific and applied content of the research carried out over the years on the topic, both worldwide
and by the authors. The research is structured in a way that presents the topic in its active development over the years, which substantially
proves its permanent relevance. The development of the researches of the spatial transformation of motions, oriented towards the synthesis
and analysis of spatial transmissions with innovative characteristics, at this stage and up to the present moment for Bulgaria are realized
exclusively at the Institute of Mechanics at Bulgarian Academy of Sciences (BAS). The content of the researches carried out at the Bulgarian
Academy of Sciences clearly determines their market orientation and, therefore, their place of development was in the “Centre of
competence MIRACle – Mechatronics, Innovation, Robotics, Automation, Clean Technologies" at the Institute of Mechanics. The above said
makes it inexplicable the decision of the former management of the institute, in the face of Prof. Vasil Kavardjikov (Director) and Assoc.
Detelina Ignatova (Project Manager), to ignore this topic when designing a project for the creation of the Competence Centre.
Keywords: SPATIAL TRANSMISSIONS, MATHEMATICAL MODELLING, ANALYSIS, SYNTHESIS, INNOVATIONS, COMPETENCE
CENTRE
The purpose of the researches:
The existing incompleteness and imperfections in the theoretical
and applied researches of the spatial mechanical transmissions is a
motive to realize an adequate analysis of the state and development
of this direction of the science of ―Applied Mechanics” - the
"Theory of Gearing", while adequate researches are planned
subordinated to the idea on one hand of expanding the theoretical
basis (on which synthesis is based) and on the other hand – on the
basis of the obtained new theoretical results to be developed
adequate practices in order to create innovative products.

1. Introduction
1.1. Field of Researches
The activities of this type of researches are oriented towards
serving one of the strategic directions of the science "Applied
Mechanics" - "Analysis and Synthesis of Mechanical
Transmissions". They constitute a systematic set of activities,
differentiated into directions of the science and technology, and
serving the theoretical and technical development and improvement
of both the approaches to the research of processes of regular
defined motions transformation, as well as the construction of more
sophisticated adequate mathematical models, that describe them.
The searched final result of the theoretical studies is the creation of
algorithms and computer programs oriented to the synthesis of
improved existing and new innovative products –multibody systems
for the transformation of motions.

2. Review of the Current State of Research
Problems
The methods of the science, studying the processes of the
regular motions transformation by means of preliminary defined
law between coplanar and non-coplanar axes of rotations and
between the axis of rotation and axis of rectilinear translations, by
means of three-links mechanisms, having one or more high
kinematic joints, will be applied in the present researches. This
science should be treated as an autonomous direction of the
scientific field "Applied Mechanics". It studies the kinematic and
the dynamic behavior of the mechanical multibody systems, in
relation to the geometric characteristics of the elements of the high
kinematic joints.

Actual existing multibody systems can be considered as a set of
a finite number of interconnected material bodies, as the location
and the motion of an arbitrary body is in dependence on the
locations and motions of the rest of the bodies included in the
system. In the context of the above definition, the body systems can
be divided into two main groups, according to the way the
relationships and interactions of the constituent bodies are
formulated:

Structurally and functionally, the above mentioned three-links
multibody systems can be divided into three main types [1, 2]:

Multibody systems with random (spontaneous) occurred
connections and interactions. These systems are a result of
accidentally occurring and ongoing events. In this case, the
connections and interactions between the bodies of the system are
not subjected to a regularity. These systems could include those that
occur in different types of accidents, catastrophes, and natural
disasters.



Multibody systems with forced (regular) occurred connections
and interactions. These systems are purposefully designed in such a
way that they, as a whole or separate bodies (respectively parts) of
them, to realize specific law for the motions transformation. In this
case, the connections and interactions between the bodies exist
indefinitely, or the duration of their existence is precisely defined.
These systems may include predominant mechanisms and
machines. The prevailing mechanisms and machines can be referred
to these systems.





1.2. Object and Purpose of the Researches
The object of the researches extends to the second direction of
the multibody systems in their most general type "spatial
mechanical systems", which are dedicated to realizing a preliminary
defined law of spatial motions transformation.

3

Mechanisms, realizing rotations transformation by means of
one high kinematic joint.
For them, the motions
transformation is realized due to the friction forces between
the elements of the joint, which have a tangential contact,
caused by normal contact forces induced in the contact zone.
Mechanisms that work on this principle are called friction
drives.
Mechanisms, for which the rotations transformation between
coplanar and non-coplanar axes are realized by means of the
system of high kinematic joints, which elements come into
and go out from a tangential contact. These mechanisms are
known in the literature as ―gear drives‖. For them, the
rotations transformation occurs as a result of the action of
normal forces in the places of tangential contact of the
elements of high kinematic joints.
Mechanisms in which, for a given rotational motion of one of
the movable links relative to the posture (the fixed link ), the
other link performs an uniquely defined rectilinear translation,
by means of a system of high kinematic joints, are called rack
drives. The rack drive can be considered as a special case of
the gear set, i.e. as a gear drive obtained from a three-link gear
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-

mechanism, with the following structural and kinematic
changes:
increasing to ―infinity‖ the number of the teeth (elements of
high kinematic joints) belonging to one of the rotating links;
the number of contacting elements (meshed gear surfaces)
remains finite;
the axis of rotation of the link with an "infinite" number of
teeth moves to "infinity";
the rotation of the same movable link is transformed into a
rectilinear translation.



In the years of the second half of the 20th century and the
beginning of the 21st century, the vast amount of scientific and
industrial (applied) researches in the mentioned direction of the
science ―Applied Mechanics‖, called as a "Science of Gear
Mechanisms", gave a strong impetus for its development toward the
formation of two relatively autonomous scientific directions: The
Theory of Gearing and The Geometry of Gearing (Geometrical
Theory of Gear Mechanisms).

A number of scientists, in their researches, have elaborated
tasks related to the geometry of gearing of different types of
hyperboloid gear sets.
The geometry of helical gears with increased loading capacity
was developed by V. Schultz and F. Litvin [Russia][3].A number of
monographs have been dedicated entirely or partially, as well as a
number of publications, on the geometry of the helical surfaces and
their application to the synthesis and design of worm gears.
Methodological instructions for their geometric and strength
calculations can be found in specialized handbooks. Cylindrical
worm gears with a nonlinear profile of helical worm threads were
studied by G. Nieman, E. Heyer, F. Litvin [Germany, USA] [3, 4,
5].

Theory of Gearing. In essence, it is a theory of high kinematic
joints, considering their application in closed multibody systems,
which the main representative is ―gear mechanisms‖. The ―theory of
gearing‖ deals with the common principles to which the regular
motions transformation is subjected, by means of three-links
mechanisms with high kinematic joints, for all possible placement
of the axes of rotation and direction of rectilinear translation. This
theory offers a method for analytical and computational (computer)
study of the various types of gearings. In this sense, the current
theory is divided into the ―theory of plane gearing” and the ―theory
of spatial gearing”.

Widespread industrial application of hypoid gear drives is a result
of the foundation of their geometric theory and technology of
manufacture on the basis of a variety of advanced scientific and
engineering studies, related to the theory and practice of their basic
and optimization synthesis. Over the last few decades, scientists
have been actively working on methods for the synthesis of hypoid
gear drives. The researches of F. Litvin [USA] [5,6], K. Pismanik
[7], G. Lopato, N. Kobatov, M. Segal [Russia][8], K. Minkov
[Bulgaria] [9-15] and many others are devoted to this scientific and
technological problem. The Gleason systems – USA, Oerlicon Switzerland, Klingelberg– Germany are well-known to the
specialists, as they are applied in the world of industrial practice for
the generation of the tooth surfaces of the hypoid gears.

Geometry of Gearing. It represents the geometric theory of
concrete types of gear mechanisms. This direction of the science
emerges as a result of the constantly changing demands of industry
to the technological and exploitation qualities of mechanical
transmissions. On the basis of the elaborated analytical method, in
the theory of gearing, the following tasks are solved to a greater or
lesser extent:






Choice of rational form and geometry of the teeth of different
types of gear mechanisms.
Establishment and scientific justification of methodologies for
defining of the quality characteristics of the theoretically
conjugated and non-conjugated tooth surfaces (tooth profiles).
Creation of specialized computational methods for basic and
optimization synthesis of new classes of the modern gear
transmissions.
Providing an adequate classification of the gear systems based
on new and actual characteristics.
Defining relations between the elements of the tooth geometry
and the essential technological and exploitation features of
modern gear mechanisms and etc.

The skew-axis gear drives of type Spiroid and Helicon are a
relatively new type of hyperboloid gear transmissions, and it is not
without reason that specialists consider them as one of the most
attractive types of spatial high-reduction gear sets. The first
information about this class of transmissions is contained in the
publications of F. Bohle [16], O. Saari [17], N. Nelson [USA] [1820], and others for the period of1955-1962. From the same period
of time, the first patents and the beginning of the introduction of
these gears in the USA from the Chicago Company ―Illinois Tool
Works‖ have been started. At the end of the mentioned period, the
Spiroid gearing rises the scientific interest of a number of European
researchers. Special attention should be paid here to the Russian
scientists A. Georgiev [21-27], V. Goldfarb [27-33], S. Lagutin
[34], V. Ganshin [Russia] [35, 36] and others who have devoted
numerous publications, including their dissertations, to these gear
sets. In this filed are the studies of European scientists D. Schwager
[Germany] [37-38], V. Bolos [Romania] [39], I. Dudas [Hungary]
[40] and others.

Quite naturally, the first steps in the development of geometric
theory are realized in the field of plane gearing, and in particular in
the scientific fields dealing with involute gear mechanisms.
In the context of the commented studies, we will make a brief
overview on that group of problems dealing with the spatial gear
mechanisms, the solution of which has given a strong impetus and
provided a rapid development of the geometric theory of the spatial
gearing and as a final result - wide application of spatial gear
mechanisms in various branches of technics. An object of analysis
here is the spatial gear sets with crossed axes (shafts) of rotation
(skew-axis type gears), known in the technical literature as
"hyperboloid gear drives". The family of these gears comprises the
following two main groups:


and worm gear sets, as well as the gear mechanisms of type
"Wildhaber".
Here it includes spatial gear drives, which mesh region is
displaced from the axis (offset axis) of the crossed lines (axes
of rotation) in the general case, both along one of the lines, as
well along on the other one. Hypoid gear sets, as well as
Spiroid, Helicon and Planoid gears, belong to this group.
Here, it should be included as well, the gear mechanisms that
mesh region is displaced from the axis of the crossed axes
(lines) of rotation, along only one of the rotations’ axis (lines).
They are some type of toroid gear mechanisms.

In the context of the defined purpose, tasks and object of study
here are briefly analyzed the current actual researches, which are
grouped as follows:


Gear mechanism, which mesh region is placed on the fixed
surface that is located close or passing through the axis of the
crossed axes, around which the rotation of the gears is
realized. Typical representatives of these gear sets are helical

4

Summarizing much of the researches realized over the years by
the Russian researchers L. Korestilev, A. Georgiev, V. Goldfarb
[Russia], etc., as well as his own theoretical results, S. Lagutin
[Russia] [41, 42] introduces into ―scientific circulation" the term
―space of gearing‖, which is a fixed three-dimensional space
defined by the rotation axes of the movable links of a threelinks gear mechanism. The elements of this space - the vectors
of relative velocities and the normals at them at each point, isosurfaces and iso-lines in which the synthesized gear set has
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certain features, etc. - are characteristics applicable to the
synthesis of spatial gear drives.
Geometric theory of spatial gearing includes studies defining
geometric-kinematic characteristics that provide optimum
conjugation quality for the specific types of hyperboloid
transmission with an exact meshing of teeth. It should be noted
that in the field of spatial conjugate gearing, a series of works
have been written, oriented towards creating algorithms that
limit and eliminate singularity of the active tooth surfaces. The
most attractive publications in this field belong to I. Bernatsky
[Russia] [43], A. Georgiev [Russia] [23, 24], V. Ganshin
[Russia] [35, 36], K. Minkov [Bulgaria] [11, 12], F. Litvin
[USA], W. Nelson [USA] [18], and others.
Publications by L. Korestilev [44] and S. Lagutin [Russia] [41,
42, 44] also refer to the theme dealing with the type and quality
of the mesh region. They propose the idea of worm gear sets’
design which conjugated tooth surfaces have instantaneous
contact over the closed-loop contact line. Based on the defined
hypotheses related to the character of the lubrication and the
resulting from it hydrodynamic loading capacity, criteria for its
control are formulated by control of the type and size of the
tooth surfaces (limited in the frame of the contact line),
lubricating fluid, etc.
As a result of the analysis of the scientific research in the
reference literature sources, the fourth group of publications
was formulated oriented towards the creation of hyperboloid
gear sets with linear tooth contact and reduced sensitivity to
manufacturing and assembly errors, having the qualities for
simple and secure regulation and elimination of backlashes in
the gearing. The only gear drives that have these qualities as
"organic" features are the high-reduction spatial skew-axes
gears, of type Spiroid and Helicon.

On their basis, constructive-technological documentation for the
realization of selected technological models as well as for the
organization of regular manufacture of new type Helicon reductors
and Helicon motor-reductors are elaborated. Twelve Bulgarian
patents are elaborated in this scientific field, as two of them are
implemented.
The researches over the last 10 years are summarized in the
dissertations of the authors of the present research [1, 2]:




Abadjiev, V. Gearing Theory and Technical Applications of
Hyperboloid Gears, Sc. D. Thesis (Dissertation for "Doctor of
Technical Sciences". Scientific subject: 01.02.02 "Applied
Mechanics", Specialized Scientific Council in Mechanical
Technologies and Transport at the Higher Attestation
Commission), Institute of Mechanics, Bulgarian Academy of
Sciences, Sofia, 2007, 309 p.
Abadjieva, E. Mathematical Models of the Kinematic
Processes in Spatial Rack Mechanisms and Their Application,
Ph.D. Thesis (Dissertation for "Philosophy Doctor". Scientific
subject: 01.02.02 "Applied Mechanics", Specialized Scientific
Council in Applied Mathematics and Mechanics at the Higher
Attestation Commission), Institute of Mechanics, Bulgarian
Academy of Sciences, Sofia, 2010, 165 p.

Scientific significance of
dissertations.

the solved

problems in

the

The development of mathematical models adequately
describing the spatial motions transformation applicable to the
construction of algorithms for the synthesis of the hyperboloid gear
mechanisms and spatial rack drives determine the scientific
significance of the studied problems in the dissertations. At the core
of its theoretical essence, each of the dissertations is based on the
definition and elaboration of mechano-mathematical models, which,
as well as the corresponding computer software products, can be
assigned to:

3. Own Experience in This Field of Study
3.1. Brief Review



The authors of this review are devoted their theoretical and
applied researches during the last few decades to the kinematic and
geometric, and technological synthesis of spatial gear motions
transformers.



The main focus in the researches is put on the definition and
justification of concepts for kinematically oriented approaches for
the synthesis of spatial gear sets, and on this basis - for the creation
of adequate mechanical and mathematical models for the
calculation, design, and construction of real engineering objects
with innovative characteristics.

Models and programs, realizing theoretical studies in order to
establish new kinematic characteristics (properties) of the
researched gear transmissions;
Models and programs, oriented to the geometric and
technological synthesis and to the virtual prototyping.
Practical usefulness and applicability of elaborations.

The theoretical methods, elaborated in the dissertations, are
created the preconditions for defining new and advanced
approaches for solving tasks, related to the analysis and synthesis of
the spatial gear drives. On their basis, the following is realized:

For many years, among the various gear mechanisms, from the
viewpoint of the character of the tooth contact, the gear mechanisms
with an exact meshing dominate. These gear drives, when achieving
the optimal accuracy of elaboration and assembly, realize motions
transformation with high accuracy of the preliminary given gear
ratio.





The realized researches, as well the planned ones, are dedicated
to the hyperboloid gear mechanisms with an exact meshing and
spatial rack drives with exact meshing. The researches,
summarizing the experience of the scientists from the Institute of
Mechanics- Bulgarian Academy of Sciences, are a summary of their
many years of researches on the analysis, synthesis, and practical
experimentation of the mentioned transmissions.
The created approaches of the modeling are applied in the
elaboration of new algorithms and computer programs for the
design of less known and applied in the world practice and
unknown for Bulgaria, classes of spatial gear mechanisms. The
conducted theoretical researches are the basis for the created
algorithms and computer programs for synthesis.

There are elaborated mathematical models, algorithms and
computer programs for the synthesis of hyperboloid gear
mechanisms of type – Spiroid, Helicon, Planoid and Wildhaber
(see Fig. 1);
There are elaborated mathematical models, algorithms and
computer programs for the synthesis of conic, cylindrical and
spatial rack drives from convolute, Archimedean and involute
type (Fig. 2).

Fig. 1 Family of special hyperboloid gears

By using the elaborated algorithms and the computer programs,
prototypes of hyperboloid gear sets and spatial rack drives (design
specimens) are synthesized and designed.

5
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In the future, bio-robots will perform various complex tasks in
communicating with the user-human. Such robots will be equipped
with many anthropomorphic fingers, similar to the human ones. The
main purpose of this mechatronic system, a bio-robot, is to replace
the human presence when dangerous tasks are accomplished in
areas such as industrial production, space, the seabed, and other
similar places.
One of the other future applications of the bio - robot hand is to
be send as a prosthesis for people with disabilities and also as a
device for medical diagnostics. Therefore, the requirement for such
bio-robot hands is to possess characteristics of exact positioning and
smooth motion.

Fig. 2 Spatial rack drives:a )Archimedean conic rack mechanism; : b )
Archimedean cylindrical rack mechanism

The results of the study for the practice are as follows:

The five-fingered bio-robot hand (Fig. 4) is elaborated in
„Kawasaki & Mouri Laboratory‖ at the Engineering Department of
Gifu University, Gifu Japan. The aim of this robot-hand is to be
applied as a standard platform for an adequate grasping and
manipulating of the various objects as well as for diagnostics of the
tumors in female breasts.

 creation of innovative constructions of hyperboloid gear
mechanisms and technological and instrumental equipment for
their elaboration (manufacture), for some of them there are 12
Bulgarian patents.
 Development of constructive-technological documentation and
elaboration of computer and technological models of the studied
gears;
 Elaboration and implementation in regular manufacture of three
types of Helicon gear reductors, which are the object of
Bulgarian patent (see Table 1, Fig. 3).

A summarized study commented below is conducted by authors
together with Prof. Kawasaki and Associate Professor Mouri at Gifu
University, Japan.
The purpose of the research is dictated by the need to improve
the exploitation properties of the bio-robot.

Table 1: Technical characteristics of motor-reductors type
Helicon.
Technical
characteristics
Offset, mm
Gear ratio
Maximum input
power, kW
Rated driving
torque, Nm
Rated inlet
revolutions,

RH 31

RH 45

RH 50

31,5
13,3...105
0,370

45
20...80
1,1

50
20...80
1,5

50

100

150

1500

1500

1500

One of the tasks related to the above-mentioned goal is to find a
solution of the problems related to the necessity of increasing the
number of simultaneously contacting (meshing) tooth surfaces as
well as to create preconditions for controlling the coefficient of
overlapping between the mated active teeth surfaces of the
conjugated gear pairs, which drive the fingers of this hand. This is
achieved by the replacement of the plane bevel gear with straight
teeth from the mechatronic driving of the robot-hand with the
kinematic and strength equivalent spatial gear pair of type Spiroid
or Helicon.
The realized researches conducted over the years at the Institute
of Mechanics at Bulgarian Academy of Sciences made it possible to
formulate three approaches for the synthesis of hyperboloid gear
sets (skew-axis type gears):

min 1
Theoretical
efficiency, %
Weight without the
motor, with:
- cast iron housing
parts, kg
- aluminum housing
parts, kg

40...92

40...92

40...92

12

34

38

6

24,5

26,6





Synthesis upon a pitch contact point;
Synthesis upon a mesh region;
Synthesis upon a pitch contact point and region of mesh.

On the basis of the constructed mathematical models and
algorithms, that described them, computer programs for preliminary
and optimization synthesis of Spiroid and Helicon gear drives are
elaborated.
The third approach is applicable for the creation of ―3D
software technology‖, oriented to the virtual and real prototyping of
special small modules and small sizes Spiroid and Helicon
transmissions.
In this concrete case, two types of Spiroid and two types of
Helicon drives (with gear ratios respectively - z 2 : z1  32 : 8

: z1  40 : 10 ; zi (i  1  number of threads of pinion
and i  2 - number of teeth on gear ) were developed (see Fig. 4 and z 2

Fig. 3 Helicon motor-reductors MRH 31(a) and Helicon motor-reductors
МРH 50 (b)

Fig. 8) [45 - 47]. The gear sets were specially synthesized by
choosing an optimal structure and geometric characteristics, after
that - CAD modeled. From an exploitation viewpoint, these gear
drives are suitable for integration into the existing construction of
the bio robot-hand, as they have to be an alternative to a conic plane
gear drive with the same gear ratio. The hypoid displacement

3.2. 3D Software Technology
―3D software technology‖ is a specific technological approach
for the elaboration of a small series of highly accurate hyperboloid
gear sets with a small tooth module and miniature sizes of gear
drive. In the last few years on its basis, models of gear
transmissions with crossed axes and face mating gears, which is
intended for incorporation into drivings of two type’s robots: biorobot hand and a walking robot with four insect-type legs, are
elaborated.

(offset) aw (see Fig. 1) and the curvilinear character of the meshing
tooth surfaces (in the alternative chosen type of transmissions)
result in an increasing of the overlap coefficient of the new types of
gear drives. This and the possibility for the control of the backlash

6
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in the mating teeth, lead to improvement of the technical accuracy
of the transmissions, which drive the robot hand's fingers.

Fig. 8 Helicon gear drive with offset

z2 : z1  40 : 10

Fig. 4 Model of robot hand: a) whole hand; b) bevel gear with straight teeth
with gear ratio

u21  z 2 / z1  4 ; z1  10 , z 2  40 , m  0,5 mm

aw  4

mm, gear ratio

(axial module 0, 5 mm): a) 3D CAD model; b) 3D

printed model (the shown scale is in mm)

The novelty of this design solution is that the synthesized
Helicon and Spiroid gear drives have small boundary gear ratios.
This is a challenge for both their synthesis and design, as well as
their technical realization. The reason for this is that Spiroid and
Helicon gear sets usually ensure rotations transformation with a

Fig.

5

ratio z 2

Spiroid

gear

: z1  32 : 8

drive

with

offset

aw  3,25

gear ratio u21  z2 : z1 greater than 10 to 400. The extreme
difficulty of elaboration with the available technical and
technological equipment, as well as the high production cost,
determine the reason for using ―3D software technology‖ to
produce the above-mentioned gear systems. With this technology,
the final stage is 3D printing.
mm,

gear

We will summarize in conclusion that the offered ―3D software
technology‖ includes the following stages:
 mathematical modeling for an optimization synthesis of
hyperboloid gear sets ―upon a pitch contact point”;
 elaboration of the mathematical model for synthesis upon
"region of mesh" (development of 3D CAD model);
 3D printing of the synthesized transmissions.
By using the same prototyping approach, two types of Helicon

(axial module 0, 5 mm): a) 3D CAD model; b) 3D

printed model (the shown scale is in mm)

gear

sets

with

gear

ratios:

z2 : z1  41:2

and

available

z2 : z1  76:1 (Fig. 9 and Fig. 10) are created.

Fig.

6

Helicon

ratio z 2 : z1

gear

 32 : 8

drive

with

offset

aw  3,25

mm,

gear

(axial module 0, 5 mm): a) 3D CAD model; b) 3D

printed model (the shown scale is in mm)

Fig. 9. Helicon gear drive with offset

aw  17 mm, gear ratio z2 : z1 

41:2 (axial module 0, 937 mm): a) 3D CAD model; b) 3D printed model
(the shown scale is in mm)

Fig. 7 Spiroid gear drive with offset aw

z2 : z1  40 : 10



4 mm, gear ratio

(axial module 0, 5 mm): a) 3D CAD model; b) 3D

printed model (the shown scale is in mm)
Fig. 10. Helicon gear drive with offset

aw  17 mm, gear ratio z2 : z1 

78:1 (axial module 0, 45 mm): a) 3D CAD model; b) 3D printed model (the
shown scale is in mm)
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They are intended to be tested as alternative mechatronic drives
when they are incorporated in the transmissions of insect-type legs
for a walking robot.
The usage of ―3D software technology‖ is a guarantee for:

Shortening the cycle "innovative idea - innovative product";

Impetus the development of innovative strategies and
enhancing the quality of prototypes by improving their
accuracy and rapid realization of various modifications
(variants) of the physical prototype;

Speeding the process of establishing a competitive
environment;

Stimulating the innovation activity of engineers, designers,
and scientists.



4. Partnerships with Companies and ScientificResearches Centers
4.1. Partnerships with Companies in Bulgaria




During the period 1980-1990, with the cooperation of the
Madara Group- Shumen, the first generation (cutting) of the
gear pairs of type Helicon are realized. For the same period of
time, prototypes of non-orthogonal hyperboloid gear drives
with face mating, an object of Bulgarian Patent, are
elaborated. During that time the first Helicon reductor is
elaborated and tested (with the cooperation of the Madara
Group -Shumen, Laboratory for Testing Automobile
Aggregates at the Institute of Engines and Vehicles– Sofia
and the Institute of Heavy Investment Mechanical
Engineering – Ruse, with the assistance of State Enterprise
―Heavy Machinery‖ – Ruse), a ―Device to the Tooth Milling
Machine‖ was experimentally implemented in accordance
with another Bulgarian invention. Large-sized Helicon gear
pairs were generated through the device with a big hypoid
displacement (offset).



5. Future Development
The process of Bulgaria's joining to the European Union is
accompanied by a continuous and extreme increase in the
importance of enhancing the competitiveness of the Bulgarian
industry companies and their ability to withstand competitive
pressure and economic factors. In this regard, the implementation of
scientific achievements and new technologies as well as the
development of innovation potential are crucial for strengthening
the Bulgarian manufacture and hence for increasing employment
and achieving an economic growth. In accordance with the
objectives set in the Economic Reform Program accepted by the
European Union (EU) in 2000, Lisbon, expanded in Gothenburg
and improved in Stockholm and Barcelona, the actions of the
countries, which are members of EU have to be focused on certain
priority areas and the crucial importance between them has given to
the promotion of the innovations.

During the period 1994–2006, three types of Helicon
reductors were created and implemented at Business
Innovation Centre ―CIME‖ JSCo—Sofia city. The created
products are the result of a license agreement for a patent
implementation. The technical design documentation was
developed by the patent author.

These partnerships are realized under the leadership and
management of Prof. Sc.D. Valentin Abadjiev.

4.2. Partnerships with Non-Bulgarian Scientific
Institutions

The Lisbon process requires instruments to be found in order to
promote the competitive industries with a potential for future
development that could have a major impact on the restructuring of
the economy. A key instrument for achieving a high
competitiveness of our economy is the elaboration and consistent
application of a policy for the implementation of the Bulgarian
(national) innovations.

The next two partnerships are realized by Assoc. Prof.
PhD Emilia Abadjieva:


Transmissions with boundary gear ratios (in this case, 4) are
rarely used in the technique. The necessity to use such gear
mechanisms incorporated into the driving of the Japanese biorobot hand is determined by the requirements for smoothness
of the rotations transformation and to control the backlash
between the mating teeth.
The time between December 2014- October 2015 is
determined for participation in post-doctoral specialization in
the Department of Embedded Intelligent Technologies at the
Institute of Information and Communication technologiesBAS under the project AComIn: „Advanced Computing for
Innovations‖ - FP7-REGPOT-2012-2013-1,
Contract
316087. The subject of the specialization is ―Analytical and
software synthesis of spatial three-links mechanisms through
3 D software technology‖. As a result, the opportunity
appears to formulate the principles of innovative technology
through 3D printing, in the practical realization of the
analytical and software synthesized small modules
hyperboloid gear drives of type Spiroid and Helicon with a
small gear ratios. In this way, participation in this project
created an opportunity to continue the ongoing researches in
Japan.
From November 2015 to the present time, Dr. Abadjieva
works as an Associate Professor at Akita University, Akita,
Japan. This period is characterized by work on improving the
3D software technology for the practical implementation of
small-module, small sizes miniature spatial gear
transmissions.

In the period November 2012 - November 2014 a postdoctoral specialization at the University of Gifu, Gifu city,
Japan is realized. The subject of specialization is
"Mathematical modelling for the synthesis of spatial gear
mechanisms, oriented to integration in precision mechanical
systems". During the specialization period, an optimization
synthesis of two constructive types of Spiroid gear sets and
two constructive variants of Helicon type hyperboloid gears

Without going into details on our national innovation policy, we
will note that by Decision No 723/08.09.2004, “The Innovative
Strategy of the Republic of Bulgaria” was accepted by the Council
of Ministers of the Republic Bulgaria; and the constructed and
further improved "Innovative Strategy for Smart Specialization
2014-2020" (Council of Ministers Decision No 384 of 13.07.2017)
again puts the emphasis on the development of the scientificresearches and innovation infrastructure of the Bulgarian industry,
as well as on the technological modernization in the manufacturing
sector.

with z2 : z1  40:10 and z2 : z1  32: 8 gear ratios are
realized. These are small module micro-gears designed to be
incorporated in a bio-robot hand, belonging to the
Engineering Faculty of Gifu University, Japan, as an
alternative of the plane bevel gear sets with straight teeth - an
element of the bio robot-hand construction. The novelty of
this design solution is that the elaborated Helicon and Spiroid
gear transmissions have small boundary gear ratio. This is a
challenge for their optimization synthesis and design in terms
of their technological realization. The reason for this is that
traditional gear-pairs of this type ensure reduction
transformation of rotations with gear ratios above 10 to 400.

One of the permanent main goals of the Innovation Strategy is
to create conditions for stimulating researches, in order to create
innovative technologies and products and their subsequent
integration into companies. The commented strategy envisages a
number of measures for its realization, among which the essential
one is an optimization of the science-technology-innovation
relations.
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On 03.11. 2015, with the Decision No 875 (Council of
Ministers of the Republic Bulgaria) the new project of the
innovation strategy 2014-2020is approved. Its aim is: By 2020,
Bulgaria will move from the group of "modest innovators" to the
group of "moderate innovators".

6.3. Educational Programs in the Research Field



The objectives and measures contained in the two national
innovation strategies show unequivocally that the traveled road of
researches in the treated field is right. The optimal realization of
what has been done so far and the adequate continuation and
refinement of the research results would be guaranteed in the
conditions of a laboratory established within the ―Centre of
competence MIRACle – Mechatronics, Innovation, Robotics,
Automation, Clean Technologies" at the Institute of Mechanics






6. Strategy for Achieving the Purpose

7. Conclusion

6.1. Summary Tasks












This review-study was part of the authors' offer to establish a
laboratory for the analysis, synthesis, design and technical
implementation of innovative spatial mechanical transmissions, as a
structural element of mechatronic actuators in robotics. This
laboratory, in our opinion and proposal, had to be structured within
the framework of the elaborated Project NoBG05M20P001-1.002001, with which the Institute of Mechanics - BAS applied to the
Ministry of Education and Science of Bulgaria for the construction
of the ―Centre of competence MIRACle – Mechatronics,
Innovation, Robotics, Automation, Clean Technologies" in 2019.

Improvement of the created and applied kinematic approach to
the mathematical modeling of spatial transmissions. The
theoretical researches in this direction are dictated from the
necessity of the motions transformers with non-typical
characteristics, in order to be incorporated in various technical
systems (transport systems, lifting equipment, robots and
manipulators, measuring instruments, devices for military and
space industry and etc.).
Elaboration of theory of gearing and geometry of new spatial
mechanical transmissions with internal and border (face)
mating, intended for transformation of type ―rotation into
rotation‖.
Elaboration of hyperboloid friction mechanisms: application of
the kinematic theory and kinematic geometry for analysis and
synthesis.
Elaboration of ―3D software technology‖ with application of 3D
printing for synthesis and prototyping of gear transmissions
with crossed axes of rotations.
Elaboration of models and prototypes of the synthesized
innovation products by applying classical metal-cutting
technologies, by means of 3D printing engineering plastics,
polymers, including polymer nano-composite with graphene
and etc.
Synthesis, design and technical realization of hyperboloid
transmissions, including nano-gear transmissions from nanocarbon materials.
Incorporation of the innovative ―pilot‖ spatial gear mechanisms
in industry and mechatronics products.
Testing of the functional characteristics of the created
innovative products.

Competence centers are known to be established in order to
meet the basic requirement of the measures envisaged within the
Operational Program "Science and Education for Intelligent
Growth", namely to reverse the negative trends in the development
of Bulgarian science (outdated facilities, lack of modern
management approaches, lack of professionally trained staff, lack of
coordination and complementing the available facilities) in the
direction of enhancing top-level and market-oriented scientific
research.
Despite the theoretical and applied results achieved by the
authors in the field of the theory and practice of spatial mechanical
transmissions, which are corresponding to the above mentioned
requirements, the management of the Institute of Mechanics,
represented by its former director Prof. Vasil Kavardjikov and the
head of the Scientific and structural unit "Mechatronics" - Assoc.
Prof. Detelina Ignatova (project manager), they ignored the
scientific topics presented. They did this authoritarian without
informing us. In our opinion, this voluntarism in the policy of the
former leadership of the Institute of Mechanics destroys an
important part of the innovative competence of this institution and,
consequently, of the Bulgarian Academy of Sciences! The authors
of this review, publishing the study at this prestigious international
scientific conference, express their disagreement with the
unjustified action of the former management of the Institute of
Mechanics - BAS. We will be grateful to the scientific community
for its opinion on the usefulness of this type of researches for
Bulgaria.

6.2. Activities to Solve the Tasks








Studying the principles and approaches of virtual prototyping.
Studying the technologies of the usage of software and
hardware for implementation of the processes of 3D scanning
and 3D printing processes.
Studding of the modern technology for teeth generation by
cutting, when the researched spatial gear transmissions are
elaborated, as well as through the application of 3D printing and
adequate nanotechnology.
Study of nanotechnologies for the realization of nano-gear
drives by using carbon nanotubes.
Studying the European and world regulatory base, which
controls the quality of existing spatial mechanical
transmissions. Creating of databases.

Formulation of the common approaches for conducting of the
theoretical studies and researches: construction of the elements
of the kinematic geometry of the spatial motions transformation.
Expanding the field of application of the geometric and
kinematic primitives (kinematic and geometric pitch
configurations) of the synthesis.
Creation of algorithms and computer programs for analysis and
synthesis of the primitives, as elements of the kinematic
geometry of the spatial motions transformation.
Elaboration of the elements, which construct different
technological approaches for virtual and real prototyping of the
innovative products. Application of 3D printing using polymer
nano-composites.
Patenting of the created (established) innovative methods and
devices.
Development of methodologies in accordance with current
world standards, for evaluation of the quality characteristics of
the created products.
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Exergy analysis of steam condenser at various loads during the ambient temperature
change
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Abstract: The paper presents an exergy analysis of steam condenser at three different loads and in the ambient temperature range between 5
°C and 20 °C. An increase in the condenser load and increase in the ambient temperature resulted with an increase in steam condenser
exergy destruction (exergy power losses). At low load, condenser exergy destruction is for the order of magnitude lower if compared to
middle and high condenser loads. Decrease of the condenser load and decrease of the ambient temperature resulted with an increase in
condenser exergy efficiency. The highest steam condenser exergy efficiencies are obtained at the lowest observed ambient temperature of 5
°C and amounts 81.47 % at low condenser load, 76.10 % at middle condenser load and 74.54 % at high condenser load. From the exergy
viewpoint, the optimal condenser operating regime is low load and the lowest possible ambient temperature.
KEYWORDS: STEAM CONDENSER, EXERGY ANALYSIS, LOAD CHANGE, THE AMBIENT TEMPERATURE CHANGE
The analyzed steam condenser is closed heat exchanger
(operating fluids exchange heat, but are not mixed together - heat
exchange occurs on the condenser tubes). So, steam condenser
exergy analysis can be performed as for any other closed heat
exchanger [9].

1. Introduction
A constituent component of any steam power plant, regardless of
plant type, operation or produced power is steam condenser. Steam
produced in steam generator expanded through the turbine (or more
of them) after which is led to the condenser. Condenser ensures
steam condensation with heat transferring from steam to cooling
water [1] (or in some cases heat is transferred from steam to cooling
air [2]).
Pressure inside the steam condenser is significantly lower than
the atmospheric pressure (usually vacuum between 90 % and 95 %),
so condenser operation also has an important influence on the lowpressure turbine process, [3, 4]. Primary vacuum in the steam
condenser is ensured with steam condensation process (significant
decrease in the steam volume) after which the vacuum is maintained
with steam ejectors, in the most of the cases.
For the steam condenser exergy analysis, heat transfer inside the
condenser, number of condenser tubes or cooling water passages
through the condenser, as well as condensation type which occurs
on the condenser tubes are not essential elements. Steam condenser
exergy analysis can be performed by knowing temperatures,
pressures and mass flows of all the fluid streams at the steam
condenser inlet and outlet [5].
In this paper are presented the results of the steam condenser
exergy analysis at three different loads. The analyzed steam
condenser is a water cooled condenser. As the exergy analysis is
very dependable on the ambient temperature, at each condenser load
the ambient temperature is varied in order to obtain steam
condenser exergy losses and efficiencies at different ambient
temperatures.

Fig. 1. Steam condenser scheme and marked operating points
necessary for the exergy analysis

3. Equations necessary for the exergy analysis
3.1. Exergy analysis overall equations
Exergy analysis of any system or a control volume is defined
according to the second law of thermodynamics, [10, 11]. The
exergy balance equation for a control volume or a system in steady
state, according to [12], can be defined by following equation:

2. Analyzed steam condenser description, scheme and
required operating points

 OUT   OUT   m
 IN  IN  Eex,D .
X heat  P   m

(1)

The mass balance equation for a control volume or a system in
steady state, according to [13, 14], with assuming of no leakage
occurrence, is defined as:

Analyzed steam condenser operates in a cogeneration power
plant [6]. Steam condenser main scheme and operating points
necessary for the exergy analysis are presented in Fig. 1.
Condenser main function is to condense steam after expansion in
a steam turbine. In an ideal situation, condensate temperature is the
same as steam temperature, but in the real process due to losses,
condensate has lower temperature. Analyzed condenser, along with
steam condensation must ensure complete condensation of the
additional condensate stream which is delivered to condenser from
the low-pressure condensate heater (operating point 2, Fig. 1).
To ensure steam condensation, heat is transferred from steam to
cooling water which passes through condenser tubes. Cooling water
is delivered to steam condenser by pump from cooling tower, and
after heat transferring, cooling water with increased temperature is
delivered back into the cooling tower which decreases its
temperature. There are several types of condensation process which
can occur on the condenser tubes [7]. After steam condensation,
obtained condensate at the condenser bottom is taken by condensate
pump [8] and delivered to condensate heating system.

 IN   m
 OUT .
m

(2)

Specific exergy is defined by an equation [15]:

  (h  h0 )  T0  (s  s0 ) .

(3)

The heat exergy transfer ( X heat ) at temperature T [16], is:
T
X heat   (1  0 )  Q .
T

(4)

The exergy power of any fluid flow, according to [17], can be
defined as:
E ex  m    m  (h  h0 )  T0  ( s  s0 ) .

The overall definition of exergy efficiency is [18]:
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ex 

Exergy output
.
Exergy input

Table 1. Operating parameters of the analyzed steam condenser low condenser load

(6)

Specific Specific
Temperature Pressure Mass flow
enthalpy exergy
(°C)
(bar)
(kg/s)
(kJ/kg) (kJ/kg)

3.2. Analyzed steam condenser exergy analysis equations

O.P.*

Exergy analysis of the steam condenser is performed with the
same equations at each observed load (the changeable elements
were temperatures, pressures and mass flows in each condenser
operating point presented in Fig. 1). Steam condenser exergy
analysis (as well as exergy analysis of any control volume or entire
system) is dependable on the conditions of the ambient in which
control volume or system operates.
The selected ambient conditions for the steam condenser exergy
analysis are the ambient pressure of 1 bar and the ambient
temperature of 15 °C. These ambient conditions are declared as the
base ambient state. Ambient state in the steam condenser exergy
analysis will be changed with a change in the ambient temperature
(the ambient pressure will remain unchanged and equal to 1 bar).
Several scientists performed an exergy analysis of steam systems
[2] or its components [19] by varying the ambient temperature.
Change in the ambient temperature during steam system or its
component operation can be significant and can have a notable
impact on the exergy analysis [20].
Equations for the exergy analysis of steam condenser investigated
in this paper are presented in relation to steam condenser operating
points from Fig. 1:

41.51
0.08
14.750 2348.00 187.880
1
41.51
0.08
1.833 490.80 31.415
2
41.51
0.08
16.583 175.80 4.878
3
29.41
5.00 826.389 123.70 1.857
4
38.84
5.00 826.389 163.10 4.306
5
* O. P. = Operating Point (according to Fig. 1)
Table 2. Operating parameters of the analyzed steam condenser middle condenser load
O.P.*

49.42
0.12
22.361 2372.00 238.900
1
49.42
0.12
3.222 564.40 46.022
2
49.42
0.12
25.583 207.70 7.961
3
30.48
5.00 826.389 128.20 2.079
4
44.82
5.00 826.389 188.10 6.435
5
* O. P. = Operating Point (according to Fig. 1)
Table 3. Operating parameters of the analyzed steam condenser high condenser load

Mass flow balance
- Steam/condensate mass flow balance:

O.P.*

3  m
1  m
2 .
m

(7)

(8)

Exergy balance
- Steam condenser exergy power input:

 1  1 m
 2  2 m
 3  3 .
E ex,IN  m

5. Results of steam condenser exergy analysis at three
different loads and discussion

(9)

- Steam condenser exergy power output:

 5  5 m
 4  4 .
E ex,OUT  m

Each calculated operating parameter in the steam condenser
exergy analysis is presented for the various ambient temperatures.
The ambient temperature was varied in a range from 5 °C to 20 °C,
with a step of 5 °C.

(10)

- Steam condenser exergy destruction:

E ex,D  E ex,IN  E ex,OUT 
 m 1  1 m 2  2 m 4  4 m 3  3 m 5  5

.

The change in exergy power of three the most dominant exergy
flows from the analyzed steam condenser are presented in Fig. 2 - at
high condenser load. The exergy power of each flow stream, at any
ambient temperature, is calculated by using Eq. 5.
The most dominant exergy flows are steam flow at the condenser
inlet (operating point 1, Fig. 1) due to the highest specific exergy
when compared with other stream flows. The second and third most
dominant flows are cooling water flow at the steam condenser inlet
and outlet (operating points 4 and 5, Fig. 1) due to the highest mass
flows when compared with other stream flows.

(11)

- Steam condenser exergy efficiency:

 ex 

E ex,OUT
m 5  5  m 4  4

.
m 1  1 m 2  2  m 3  3
E ex,IN

Specific Specific
Temperature Pressure Mass flow
enthalpy exergy
(°C)
(bar)
(kg/s)
(kJ/kg) (kJ/kg)

51.03
0.13
23.417 2358.00 246.960
1
51.03
0.13
3.139 553.60 46.399
2
50.40
0.13
26.556 211.00 8.320
3
30.58
5.00 826.389 128.60 2.100
4
45.44
5.00 826.389 190.70 6.681
5
* O. P. = Operating Point (according to Fig. 1)

- Cooling water mass flow balance:

4  m
5 .
m

Specific Specific
Temperature Pressure Mass flow
enthalpy exergy
(°C)
(bar)
(kg/s)
(kJ/kg) (kJ/kg)

(12)

4. Steam condenser operating parameters at three
different loads
Data for steam condenser exergy analysis (temperatures,
pressures and mass flows of each fluid stream) are found in [6] for
each condenser load. The steam condenser load is defined according
to steam mass flow which enters into the condenser after expansion
in the turbine (operating point 1, Fig. 1) - higher steam mass flow
which enters into the condenser denotes higher load, Table 1, Table
2 and Table 3.
For any fluid flow stream at each observed steam condenser load
specific enthalpies and specific exergies were calculated by using
NIST REFPROP 9.0 software [21]. Specific exergy of each fluid
flow stream is dependable on the ambient conditions; therefore
specific exergies of each fluid flow stream in Table 1, Table 2 and
Table 3 are presented for the base ambient state.

Fig. 2. Change in exergy power of three dominant steam condenser
flows for the different ambient temperatures - high condenser load

13

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 1/2020

Steam condenser exergy power input at each condenser load and
at each ambient temperature is calculated by using Eq. 9.
Considering of steam condenser load, the highest condenser
exergy power input can be seen at the high condenser load, while
the lowest condenser exergy power input is calculated on low
condenser load, Fig. 3, regardless of the ambient temperature.
Decrease of the ambient temperature resulted with an increase in
condenser exergy power input, regardless of condenser load.

From the viewpoint of steam condenser exergy destruction only,
for the analyzed steam condenser will be preferable to operate at the
ambient temperature as low as possible.

Fig. 5. Change in analyzed steam condenser exergy destruction for
the different ambient temperatures at three condenser loads
Eq. 12 is used for calculation of the analyzed steam condenser
exergy efficiency at all observed ambient temperatures and at all
observed condenser loads.
Exergy efficiency of steam condenser is the highest at low
condenser load and ranges between 67.00 % and 81.47 % in the
observed ambient temperature range, Fig. 6. In the same observed
ambient temperature range, condenser exergy efficiency is between
62.03 % and 76.10 % at middle and between 60.23 % and 74.54 %
at high condenser load. Therefore, it can be concluded that the
lowest condenser exergy efficiencies will be obtained at the high
condenser load - decrease in condenser load will result with an
increase in condenser exergy efficiency, regardless of the ambient
temperature. At each observed steam condenser load, the highest
exergy efficiencies are obtained for the lowest observed ambient
temperature of 5 °C - 81.47 % at low condenser load, 76.10 % at
middle condenser load and 74.54 % at high condenser load.
An increase in the ambient temperature significantly decreases
analyzed steam condenser exergy efficiency, regardless of observed
condenser load, Fig. 6.

Fig. 3. Change in analyzed steam condenser exergy power input for
the different ambient temperatures at three condenser loads
At each condenser load and at each ambient temperature
analyzed steam condenser exergy power output is calculated
according to Eq. 10.
Change in condenser exergy power output at any load and at any
ambient temperature has identical trend as the change in condenser
exergy power input, Fig. 4. The highest condenser exergy power
output is calculated at high condenser load and the lowest condenser
exergy power output is calculated at low condenser load, regardless
of the ambient temperature. An increase in the ambient temperature
resulted with a decrease in condenser exergy power output,
regardless of condenser load.

Fig. 4. Change in analyzed steam condenser exergy power output
for the different ambient temperatures at three condenser loads
Fig. 6. Change in analyzed steam condenser exergy efficiency for
the different ambient temperatures at three condenser loads

Exergy destruction (exergy loss) of the analyzed steam condenser
at any ambient temperature and at any load is calculated by using
Eq. 11. From Fig. 5 can be seen that condenser exergy destructions
at low load are much smaller in comparison with exergy
destructions at middle and high condenser load, therefore they
cannot be presented at the same vertical axis. Regardless of the
condenser load, decrease in the ambient temperature resulted with a
decrease in condenser exergy destruction, so the lowest condenser
exergy destructions are obtained at the lowest observed ambient
temperature.
Regardless of the ambient temperature, steam condenser exergy
destructions are the lowest at low condenser load and then increases
with an increase in condenser load. At the base ambient state (the
ambient temperature of 15 °C), condenser exergy destructions
amounts 724.35 kW - low load, 1687.44 kW - middle load and
1921.92 kW - high load. From the lowest to the highest observed
condenser load, exergy destructions are the lowest at the ambient
temperature of 5 °C and amounts 701.16 kW, 1630.52 kW and
1856.39 kW, while at the highest observed ambient temperature of
20 °C condenser exergy destructions are the highest and amounts
735.82 kW, 1715.90 kW and 1954.87 kW, Fig. 5.

Further research of the analyzed steam condenser will be based
on its optimization by using several artificial intelligence
approaches [22, 23].

6. Conclusions
The paper presents an exergy analysis of steam condenser from
cogeneration power plant. Steam condenser is analyzed at three
different loads and in a range of the ambient temperatures (ambient
temperature is varied between 5 °C and 20 °C). Presented analysis
detected steam condenser operating regime and the ambient
temperature at which the condenser operation will be preferable
from the exergy aspect. The most important conclusions of the
steam condenser analysis are:
- The change in steam condenser exergy power inputs and
outputs has the same trend - condenser exergy power inputs and
outputs increases with an increase in condenser load and also
increases with a decrease in the ambient temperature.
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Steam condenser exergy destruction is for the order of
magnitude lower at the low condenser load when compared to
middle and high condenser loads.
An increase in the ambient temperature resulted with an
increase in condenser exergy destruction, what is a valid
conclusion regardless of condenser load.
The highest steam condenser exergy efficiencies will be
obtained at low condenser load - increase in condenser load
resulted with a decrease of condenser exergy efficiencies,
regardless of the ambient temperature.
The highest steam condenser exergy efficiencies are obtained at
the lowest observed ambient temperature of 5 °C and amounts
81.47 % at low condenser load, 76.10 % at middle condenser
load and 74.54 % at high condenser load.
The analyzed steam condenser should operate at the low load
and at the lowest possible ambient temperature.
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NOMENCLATURE
Latin Symbols:
the total flow exergy, kW
E

h
m
p

P
Q
s

specific enthalpy, kJ/kg
mass flow rate, kg/s
pressure, bar
power, kW
heat transfer, kW

T

specific entropy, kJ/kg·K
temperature, °C or K

X heat

heat exergy transfer, kW

Greek symbols:

specific exergy, kJ/kg



efficiency, -

Subscripts:
ambient state
0
destruction (exergy loss)
D
exergy
ex
IN
OUT

inlet (input)
outlet (output)
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Abstract: There is an increasing interest in saving energy through improving single phase induction motors (SPIMs) efficiency due to recent
environmental concerns and industrial trends. According to the latest efficiency standards the minimum efficiency that the SPIMs have to
present is that of IE3 (premium efficiency). Aiming to meet this target, the researchers have focused on the implementation of new
manufacturing techniques, the development of effective design methodologies and the incorporation of advanced but also low-cost materials.
In the most cases, the SPIMs rotor is constructed of a high-conductivity material, such as the die-cast copper, which benefits the motor's
efficiency, but deteriorates its starting performance. Thus, the aim of this work is to investigate if the use of die-cast magnesium alloys, which
present lower electrical conductivity and cost than the corresponding ones of copper, could lead to the development of topologies with
enhanced efficiency and starting capability. To make this happen, the authors proceeded to several investigations regarding the rotor slot
configuration and the selection of the proper windings turns ratio along with the run-capacitor value. The derived topologies satisfied all the
set requirements and have been proven to be advantageous over the die-cast rotor SPIMs by considering several operational characteristics.
KEYWORDS: ELECTRICAL MACHINE DESIGN AND MANUFACTURING, HIGH PERFORMANCE, INDUSTRIAL STANDARDS,
MAGNESUM ALLOYS, PREMIUM EFFICIENCY, SINGLE-PHASE INDUCTION MOTOR
metals, such as silicon, zinc and manganese in order to acquire
greater stability and improved mechanical properties. According to
the conventional wisdom a squirrel-cage rotor made by magnesium
can only benefit the motor's starting capability, as its resistance will
be high. Thus, lower efficiency ratings are expected compared to
the corresponding ones achieved when a copper rotor is used. This
is true, but only when the rotor slot topology and the rest motor's
design parameters remain constant.

1. Introduction
The single-phase inductions motors are widely used in several
household and industrial applications, where the three-phase supply
is not available. Their application field range is quite extensive and
involves among others: refrigerators, fans, centrifugal machines,
compressors, heating-circulating pumps, etc. Their horsepower
ranges from 0.25 to 3.0 HP and millions of them are produced every
year. Moreover, many types of them, such as split-phase, capacitorstart/induction-run, shaded pole, capacitor-start/induction-run and
capacitor-run SPIMs are available. Among the above topologies, the
last one gains increased research and industrial interesting, as it
exhibits low manufacturing cost, high power factor and simple
structure. It consists of a main and an auxiliary winding which is
connected in parallel with the first one. A run-capacitor is
permanently connected to the auxiliary winding, while a squirrelcage configuration is adopted for the rotor. Despite the
aforementioned advantages, the efficiency of the run-capacitor
SPIMs is relatively low. The ordinary efficiency of commercial
SPIMs varies from 64% up to 74.5% according to the data retrieved
from the catalogues of plenty SPIMs manufacturers. The recent
industrial efficiency standards published by the International
Electrotechnical Commission (IEC) and the National Electrical
Manufacturers Association (NEMA) impose that the commercial
SPIMs have to comply with the specifications set by the energy
class IE3 (premium efficiency).

Taking the above into consideration, the authors present here an
overall design methodology for the development of die-cast
magnesium rotor SPIMs with both enhanced efficiency and starting
performance. To make this happen, several investigations are
conducted regarding the effect of important design parameters, such
as the rotor bars slot cross-sectional area, the run-capacitor value
and the auxiliary to main windings turns ratio on SPIM operational
characteristics. The final topologies are compared to those with
copper rotors. The post-processing analysis of the results reveals
that the magnesium alloys are a realistic and attractive alternative
for the construction of SPIM squirrel-cage rotors.

2. Proposed Design Methodology
The perspective of developing high performance magnesium
rotor SPIMs is examined for the case of a 4-poles motor with 24
stator slots and 30 rotor bars. Its output power is equal to 1.0 HP.
The geometrical representations of the considered stator, rotor and
end-ring topology are depicted in Fig. 1. A semi-closed trapezoidal
rotor slot configuration has been selected, as it is also frequently
chosen by the manufacturers. According to the IE3 class
specifications, the motor's efficiency (η) has to be higher than
82.5% and its starting to nominal torque ratio (TS/TN) has to be at
least equal to 0.35. The rest operational characteristics of the motor
under study and the relative constraints are summarized in Table 1.

Aiming to meet this goal the researchers have focused on: a) the
construction of improved equivalent circuits and analytical
equations [1], b) the optimal design of rotor slot topology [2], c) the
proper selection of the capacitor value and its optimal placement
[3], d) the development of new configurations [4] and e) the
incorporation of new materials for the manufacturing of the stator
and rotor core [5] and rotor's squirrel cage [6]. It has been proven
that the rotor topology and its material has great impact on the
SPIM performance. In the last few decades the aluminum was the
most commonly used material for the squirrel-cage rotor
construction due to its low cost. Next, the aluminum was replaced
by the die-cast copper. The specific material presents high
conductivity (up to 57 MS/m) and thus results to lower rotor bar
ohmic losses and temperature and extended life expectancy [7].
However, its high melting point and consequently the high cost of
die-cast processing are always important disadvantages.

Table 1: SPIM desirable operational characteristics and relevant
constraints.
Parameter
Value
Output power (rated), PN
750 W
Output torque (rated) TN
≥ 4.8 Nm
Speed (rated), nm
≥ 1420 rpm
Line current (rated), IN
≤ 5.0 A
Power factor, cosφ
≥ 0.9
Efficiency, η
≥ 82.5 %
Starting to nominal torque, Ts/TN
≥ 0.35
Starting to nominal current, IS/IN
≤ 8.0
Supply voltage, UN
230 V
Supply frequency, f
50 Hz
Number of poles, 2p
4
Net mass, M
≤ 14.0 kg

A material with lower melting point, but also lower
conductivity (up to 20 M/S) is the magnesium. The die-cast
magnesium alloys have gained more popularity is recent years, as
they present high strength at light weight, good environmental
corrosion resistance and better castability over the aluminum and
copper [8]. In these alloys the magnesium is combined with other
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(a)

(b)

(c)

Fig. 1 Geometrical representation of the SPIM under study: (a) stator and (b) rotor slot topology and (c) axial cross-section of
the rotor rings.

The adopted design strategy combines both the classical SPIM
methodology and the modifications described in [6] (a work also
made by the authors). In that work, the authors proposed the
enlargement of the SPIM axial length in order to enhance the
motor's efficiency. Following the directions provided there the basic
motor's design parameters can be obtained. Further information
regarding their analytical calculation is given in [9]. Next, three
crucial characteristics have to be determined. The first one is the
rotor bar slot cross-sectional area (Abar), which can be estimated as
in Eq. (1), where kbar is the slot area factor, Qs is the stator slots
number and Qr is the rotor bars number. Except from kbar all the
other parameters are determined in previous steps of the classical
design methodology. The designer has to assign a value to kbar
based on his own experience. Regarding this quantity only some
general rules are available in [9], where it is suggested to choose a
value between 0.35 and 0.6. The authors decided to expand the
above variation range from 0.2 to 0.6 with a step of 0.225, as two
materials with different conductivity are going to be used. The rotor
bar topology modification along with the variation of slot area
factor is illustrated in Fig. 2.

Abar  kbar

AsQs
Qr

Nm 

2 pEm
2 2 kdis Bg DLkw f

Crun 

(2)

Na  aNm

(3)

Is
2 fU N (a 2  1)

(4)

3. Effect of kbar, Crun and a
In this Section, the effect of Crun, kbar and a on the SPIM's
efficiency, power factor, starting current and starting to nominal
torque ratio is presented and thoroughly discussed. By inspecting
Fig. 3 we address and justify here the main findings for each
quantity:
Efficiency: As the capacitance becomes higher a slight variation is
observed for the motor's efficiency. The efficiency is maximized for
a specific value of Crun. In the most cases, the maximum value is
achieved when the Crun ranges from 25 uF to 30 uF. For SPIMs with
die-cast rotor the efficiency reaches its highest ratings for kbar equal
to 0.2. This can be justified by the fact that the stator windings
copper losses increase extensively, as the rotor slot area becomes
larger due to the higher absorbed line current. The above loss type
is the dominant one and thus defines the efficiency tend. For the
SPIMs with die-cast magnesium rotor a quite different behavior is
observed for the efficiency. The highest efficiency is now achieved
for kbar=0.475. Beyond and below this value the efficiency
decreases. For given Crun and for all the examined variation range of
kbar the topologies with magnesium rotors present lower capacitor,
stator copper and core losses. Only the rotor copper losses have
been found higher for them due to the higher rotor resistance. The
rotor resistance of magnesium squirrel-cage is 3 up to 4 times
higher than the corresponding one of copper squirrel-cage.

(1)

Power factor: The decrement of kbar with the simultaneous
increment of Crun benefits substantially the power factor for the case
of motors with copper rotor. The obtained values range from 0.5 to
1.0. On the other hand, the power factor acquires higher values even
for a high value of kbar when the magnesium rotor are used. In this
case, the minimum recorded value is higher than 0.88. The power
factor increases as the rotor bar cross-sectional area becomes
smaller. Also, acquires its maximum value for a value of kbar close
to 0.475 and then remains almost constant.

Fig. 2 The rotor bar slot cross-section variation as a function of kbar.

The next two design variables that will be considered under
investigation are the auxiliary to main winding turns ratio (a) and
the run-capacitor value (Crun). The first one relates the auxiliary
winding turns number (Na) with main winding turns number (Nm).
The Nm can be obtained through Eq. (2), where Em is the main
winding induced voltage (typically equal to 0.96 of the supply
voltage UN), kdis is the magnetic flux correction factor and Bg is the
airgap flux density, D is airgap diameter, L is the motor's axial
length, f is the supply frequency, 2p is the poles number and kw is
the winding factor. The Bg and kdis are considered equal to 0.7 and
0.9 respectively for small induction motors. The turns ratio value
usually ranges from 1.0 to 2.0, but its value can be lower than 1.0
when a capacitor of high value is used for Crun. The Crun can be
calculated by using Eq. (4), where a value has to be assigned to
motor's rated current IN taking into consideration the desirable
efficiency. For commercial SPIMs with the same output power the
Crun varies from 18 uF to 30 uF.

Starting to nominal torque ratio: All the examined models with
copper rotor fulfill the minimum set requirement regarding this
characteristic (i.e. TS/TN=0.35). It is observed that a higher starting
torque coincides with an efficiency lower than 82.5%. When the
magnesium is used, the starting torque increases significantly for
low values of kbar and a high value for Crun. When kbar=0.2 the TS/TN
ratio varies from 0.58 to 0.73, but the premium efficiency is not
achieved. When the efficiency is maximized (for kbar=0.475) the
specific ratio is equal to 0.35. However, as it can be seen from the
data given in Table 2, the premium efficiency can be combined with
the improved starting performance when the kbar takes a value
between 0.375 and 0.45.
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(a)

(b)

Fig. 3 Variation of efficiency, power factor, starting to nominal torque ratio, starting current and turns ratio as a function of Crun and kbar for:
(a) copper rotor and (b) magnesium rotor SPIM.
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Table 3: Performance characteristics of the SPIM topologies with
die-cast copper rotor for kbar=0.2.
Crun
η
cosφ
Na
Nm
IS/IN
M
Cost
(μF)
(kg)
($)
(%)
18
83.02
0.951
504
360
7.17
12.14
43.35
19
82.94
0.956
488
360
7.18
12.08
43.03
20
82.82
0.958
472
360
7.18
12.03
42.72
21
83.31
0.978
452
368
7.01
11.94
42.24
22
83.53
0.980
440
368
7.03
11.80
42.01
23
83.43
0.983
428
368
7.04
11.86
41.78
24
83.35
0.985
416
368
7.03
11.82
41.55
25
83.68
0.995
400
380
6.73
11.78
41.29
26
84.09
0.999
392
384
6.58
11.74
41.11
27
84.01
0.999
384
384
6.56
11.72
40.96
28
83.93
1.000
372
384
6.55
11.68
40.74
29
83.84
1.000
364
384
6.54
11.65
40.59
30
83.76
1.000
360
384
6.52
11.64
40.52

Table 2: Minimum and maximum efficiency and starting to nominal
torque ratio for SPIMs with die-cast magnesium rotor.
η (%)
TS/TN
kbar
Min
max.
Min.
Max.
0.2
79.21
79.58
0.58
0.73
0.225
80.09
80.41
0.57
0.68
0.25
80.73
81.09
0.54
0.63
0.275
81.24
81.62
0.51
0.60
0.3
81.65
82.07
0.46
0.57
0.325
82.00
82.40
0.44
0.54
0.35
82.29
82.68
0.41
0.51
0.375
82.54
82.89
0.39
0.48
0.4
82.76
83.12
0.37
0.47
0.425
83.07
83.31
0.35
0.42
0.45
83.29
83.49
0.35
0.38
0.475
82.90
83.65
0.35
0.37
0.50
82.51
83.55
0.35
0.38
0.525
81.37
83.64
0.35
0.39
0.55
80.69
83.40
0.35
0.39
0.575
80.51
83.25
0.35
0.38
0.6
79.82
82.71
0.35
0.38

Table 4: Performance characteristics of the SPIM topologies with
die-cast magnesium rotor for kbar=0.475.
Crun
η
cosφ
Na
Nm
IS/IN
M
Cost
(μF)
(kg)
($)
(%)
18
82.90
0.972
504
380
6.03
11.71
39.71
19
83.32
0.982
488
384
5.96
11.65
39.35
20
83.23
0.984
472
384
5.95
11.59
39.05
21
83.42
0.993
456
392
5.73
11.22
36.91
22
83.65
0.995
444
392
5.74
11.49
38.48
23
83.43
0.995
432
392
5.73
11.45
38.26
24
83.44
0.998
424
392
5.73
11.43
38.12
25
83.33
1.000
408
400
5.31
11.24
37.05
26
83.25
1.000
396
400
5.29
11.21
36.84
27
83.54
0.999
384
408
5.11
11.18
36.68
28
83.57
0.996
380
416
4.87
11.16
36.59
29
83.49
0.995
368
416
4.85
11.13
36.38
30
83.42
0.993
360
416
4.83
11.11
36.25

Starting Current: The motor's starting current decreases as the rotor bar slot
cross-sectional area becomes smaller and a high value of capacitor is
selected for the Crun. Moreover, it can be said that the topologies whose rotor
is made of magnesium require a lower starting current. is required.
Aux. to main winding turns ratio: A higher value has to be assigned to the
turns ratio when the rotor bar slot are becomes larger aiming to satisfy the
starting torque requirements. Also, as the capacitance increases the turns
ratio value decreases. Comparing the SPIMs with copper and magnesium
rotor, a higher number of main winding turns are required in the second
case. When the efficiency is maximized, the turns ratio value ranges from
0.94 to 1.4 for the copper topologies and from 0.83 to 1.25 for the
magnesium topologies.

3. Comparison of the final topologies and
discussion

Table 5: Efficiency and power factor comparison of the final topologies
with Crun=18 uF for different load conditions
Copper rotor
Magnesium rotor
SPIM loading
SPIM
SPIM
(% Pout)
η (%)
cosφ
η (%)
cosφ
25 %
55.26
0.641
58.18
0.668
50 %
72.91
0.833
74.70
0.860
75 %
80.14
0.919
80.89
0.934
100 %
83.02
0.951
82.90
0.972
125 %
83.92
0.969
83.13
0.984
150 %
83.61
0.979
83.16
0.990

In this Section a comprehensive analysis of the derived SPIM
topologies will be conducted aiming to highlight the advantages of
using die-cast magnesium. As already demonstrated the SPIM
configuration with copper rotor present premium efficiency only
when the kbar is equal to 0.2 or 0.225. For the case of magnesium an
efficiency higher than 82.5% is achievable for a relatively wide slot
area factor variation range. In these cases both the SPIM efficiency
and starting performance are enhanced. This is not feasible when
the die-cast copper is used. Moreover, the performance
characteristics of the configurations with the highest efficiency are
summarized in Table 3 and 4. As it can be seen, the topologies with
magnesium present efficiency of the same ratings with the
corresponding ones of SPIM with copper rotor. When the Crun is
lower than 25 uF the difference among the achievable efficiency are
negligible. For a value of Curn higher than 25 uF the efficiency of
the copper topologies is higher up to 0.7%. The performance ratings
of the examined topologies are comparable even under different
load conditions according to the data presented in Table 5. When
the motor is underloaded, the use of magnesium seems to benefit
both its efficiency and power factor. For full load and overloaded
conditions the efficiency of the motor with copper rotor is superior.

mance indexes. When the proper design of the rotor topology is
combined with the careful determination of the rest important
design parameters an overall enhanced performance can be
achieved.
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Furthermore, the magnesium rotor topologies require lower
starting current aiming to provide the same amount of torque during
the start-up phase. The ratio IS/IN varies from 4.8 to 6.0 for the case
of motor with magnesium. On the other hand, the corresponding
ratio value for SPIM with copper rotor lies between 6.5 and 7.18.
Also, the mass of magnesium motors is lower up to 0.54 kg and
their manufacturing cost is lower by 9.16% up to 14.47%.

4. Conclusions
Through the conduction of extended investigations it has been
proven that the die-cast magnesium alloys are an attractive
alternative for the construction of SPIM rotors from economical
point of view and also by taking into consideration numerous perfor-
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Automated design of proposal for new construction knitting unit consisting of a needle
bed, needles and CAM systems for flat knitting automatic machine
Rositza Manolova
Fundamentals and technical means for design department, Technical University-Sofia, Bulgaria
rositza_manolova@tu-sofia.bg
Abstract: The work proposes a new design of a new kind of knitting unit consisting of a needle bed, needles and cam systems that allow
selection in operation only with the needles on the needle bed without any other additional details, such as springing or stopping jack. The
proposed construction is designed in accordance with the requirements of modern flat knitting machines with the possibility of individual
needle selection. Because the structures are interdependent, the braiding systems are designed to work only with the new proposed needles
and needle bed construction. The three new construction for needle, needle bed and cam systems are aligned with one another and allow the
introduction of a new principle for electromechanical needle selection with a special electromechanical selector operating with negative
selection, i.e. turns the needle off when is on. The choice is made by working with needles with three types of butts, short and long, onesidedly rounded, and long two-sidedly rounded, as well as with cam systems divided into two parts. This makes it possible to remove the
additional details used in existing methods. Which would lead to a reduction in the depreciation of the machine and, consequently, to a lower
maintenance cost. The designs are designed in Solid works environments, providing excellent exploration and dynamic visualization
capabilities.
Keywords: FLAT KNITTING MACHINES, KNITWEAR, CAM SYSTEMS, KNITTING

needles performed by the knitting mechanism to create the
individual knitting structures, but also respectively of the structure
and knitting needle. For this reason, the location, profile and drive
of the cam systems must be consistent with the trajectory of the
knitting needles and the restrictive metal strip located on the needle
bed. [1,6]

1. Introduction
In today's knitwear production, the main trends that are
developing are increasing the capacity of the machine's sample,
reducing the time for knitting the parts and the possibilities for a
quick transition from one model to another. This inseparably adds
to the complexity of the basic structures by adding additional
elements, which subsequently results in more depreciation and
consequently higher maintenance costs for the machines. [1,6,7]

2. Implementation
As already mentioned, the designs of the needle bed, the
needles and cam systems, as well as their propulsion, respectively,
are interconnected, and accordingly changes in the structure of one
mechanism would automatically lead to changes in the others.
[2,3,4]

These trends also lead to a wide variety of flat knitting
machines, which also leads to a huge diversity in the basic
mechanisms involved in the contour formation process. Such
mechanisms are: cam systems, pull mechanism, thread control
mechanism and more. These mechanisms for each machine model
are differentiated for the specific type of machine, with the
individual details aligned with the location and construction of the
others to accomplished the knitting process. This leads not only to
the specificity of the mechanisms used in machines manufactured
by different companies, but even from different models of the same
company. This naturally affects the actuators because of their direct
relationship to the location, position, and trajectory of the knitting

The uniqueness of the proposed mechanism is that its cam
systems are made of two parts and not one. The upper knitting loop
and the lower knitting tuck, this in itself also leads to adjustments in
the design of the needle bed and the construction of the knitting
needle, which is driven by three types of butts, upper systems
working for stitch loop formation, and lower for tuck loop
formation or miss loop, and ultimate butt in knitting field selection.

Fig.1 Knitting carriage with the complete design of the cam systems.
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Figure 1 shows an image of a knitting carriage showing the
complete structure of the cam systems, each mechanism being
assigned a corresponding position number. Position number 1
shows the knitting mechanism of the knitting carriage, which, as
can be seen, is divided into two parts upper and lower. The upper as
mentioned above determines the trajectory of the knitting needle by
means of its short butt located at the upper end of the needle for
knitting or transmitting needle upon transferring, and the lower
forms the trajectory of the tuck loop or receiving needle by its long
butt located in the middle of the needle . [4,5]

into two parts, the upper working with the short butts and the lower
working with the long needle butts. In addition to having two sets of
selectors, the main original part of the selector mechanism is the
principle of needle selection, which is a combination of the applied
selector mechanisms in modern flat-knitting machines allowing
individual needle selection and older models allowing only group
choice of needles.
The presented construction allows for the individual choice of
needles, through an electromechanical approach, whereby by means
of a selector with a special form forming a pushing canal and
performing a reciprocating motion to the needle bed and driven by
an electromagnet, it changes the trajectory of the knitting needle by
pressing the canal is in the butt of the needle, which has a rounded
portion on the side of the canal, and pushes it towards the bottom of
the needle bed, thereby leading it out of its knitting trajectory. [3,4]

The designations of positions 2 and 9 represent selector
mechanisms for the direct selection of needles determining the
working and non-working needles for determining the respective
knitting structure. The two selector mechanisms operate
independently and sequentially depending on the direction of
moving of the knitting carriage. When moving from right to left, the
left one, shown in the figure 2, will work, since the lower part of the
knitting carriage is represented, and the one with position number 9
will be included in the opposite direction. As shown in the figure,
the two mechanisms are located. This is necessary due to the fact
that the selectors select the needles in the immediate vicinity of the
knitting mechanism. The selector mechanisms are again divided

The numbers 5 and 6 of the figure show the selector
mechanisms determining the knitting field and involved in the
inclusion and exclusion of knitting needles in the manufacture of
fullyfashion garment .

Fig.2 Realistic three-dimensional image of the knot needle bed assembly, needle knitting mechanism in a 2x2 ribbing trajectory

Position numbers 3 and 8 in Figure 1 indicate brushes mounted
on the knitting carriage plate represented by position number 10.
The brushes are positioned for both cleaning the accumulated moss
and for assisting the opening of the tabs of the latch needles. The
plate is practically the basic detail of the knitting carriage, ensuring
the positioning of all other details.

As with the needle selector mechanisms, here again we have
two sets of left and right, which are mirrored relative to the knitting
mechanism. Both sets are equipped with the same type of selectors
that operate independently of one another. When the knitting
needles are switched on, the inner selectors work, with the two
selectors on the left 5 or right 6 sets sequentially engaged in two
different loop rows when the knitting carriage moves toward the
knitting field, depending on the direction of its movement. To
exclude knitting needles, with the same rule being excluded in two
consecutive rows, but in this case when leaving the knitting field.
As can be seen with the selectors determining the knitting field, the
on and off selectors are mirror-mounted and therefore the knitting
needles have a rounded end of the heel on both sides. From this we
can see the mentioned interconnectedness of the different
mechanisms involved in the knitting knot. [3,4,5]

Figure 2 shows a realistic three-dimensional view of the knot
needle bed assembly, a needle knitting mechanism in a 2x2 spacer
trajectory. In the image, some of the details are represented by
translucent images, such as the plate, for example, to make the
details below them visible. The presented figure also gives an
opportunity to get an idea of the drive of the individual modules
from the cam systems.
Figures 3 and 4 represent respectively a two-dimensional and
three-dimensional section view of the knitting carriage, needles and
needle bed in the molding process, which makes it possible to see
the arrangement of the needle butts with respect to the lifting and
removing wedges, and the selectors of the cam systems.

In the same figure, positions 4 and 7 show permanent magnets
used to collect small particles or broken needle heels in order to
prevent the broken butt from being hit or wedged in the wedges of
the cam systems.

3. Conclusion
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negative selection, i.e. turns the needle off and on. The choice is
made by working with needles with three types of butts, short and
long, one-sidedly rounded, and long two-sidedly rounded, as well as
with cam systems divided into two parts. This makes it possible to
remove the additional details used in existing methods. Which
would lead to a reduction in the depreciation of the machine and,
consequently, to a lower maintenance cost.

The proposed construction is designed in accordance with the
requirements of modern flat knitting machines with the possibility
of individual needle selection. The three new proposals for needle,
needle bed and cam systems are aligned with one another and allow
the introduction of a new principle for electromechanical needle
selection with a special electromechanical selector operating with

Fig. 3 Two-dimensional section of the knitting carriage, needles and
needle bed.

Fig. 4 Three-dimensional section of the knitting carriage, needles and
needle bed.
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Improving the resolution and accuracy of temperature distribution
on the surface of microsystems using thermographic methods
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Abstract: Improvement of thermographic imaging device by using an automatic scanning system as opaque for infrared radiation of a matrix
aperture with a window of transparency at the lens of the thermal imaging lens, leads to improvement of the spatial and temporal
characteristics of the thermal imager, namely, its separation from the point of view. As a result of the experiments, it was found that the
spatial resolution of the improved thermographic method (compared to the standard method of determination) was improved by 15 – 20%,
and the spectral resolution by 0.3 – 0.5 μm. According to the results of the analysis of the processed image, the adjusted temperature scale of
the thermogram, which, in turn, allowed to increase the accuracy of temperature determination in each accurate image (the temperature
distribution error did not exceed 5.5%).
Keywords: THERMOGRAPHIC METHOD, THERMAL IMAGER, TEMPERATURE DISTRIBUTION, RESOLUTION, PRECISION,
MICROSYSTEMS
Among the thermal methods for determining the temperature,
the most promising is the thermographic method based on the use of
a thermal imaging device. The effectiveness of using this
thermographic method is confirmed by the work of many scientists
from all over the world, among which the following should be
mentioned:
Vavilov V.P.,
Ketkovich A.O.,
Kurtev M.D.,
Danilin M.S., Dubitsky L.G., Thomson R.D., Holland S., Bison R.,
Sakagami T., and many others [5 – 10].
However, in spite of the obtained results, the problem of
thermography and MST thermography still remains unsolved in the
problem of thermography and determination of the surface
temperature containing individual trace elements whose temperature
is significantly different from the background temperature (for
example, separate structural elements on the background the
massive body of the device with a temperature higher than the
temperature of these elements). Thus, in the thermographic picture,
such elements are not observed due to diffraction by the thermal
background radiation of these elements, and, accordingly, their
thermal profiles, Fig. 1.
Therefore, improving the resolution and accuracy of the
surface temperature determination of MST products by
thermographic method is a pressing issue.
The aim of the research is to improve the thermographic
method by applying an automatic scanning system in the design of
the thermal imager, as well as specialized software, which will
improve the resolution and accuracy of the temperature distribution
on the surfaces of the elements of MST.

1. Introduction
Today, the development of various components of
microsystems (MST), as well as the products and units and systems
built on these components, improves the functional and operational
characteristics of these devices, while minimizing them. This
increases the specific power and performance of both mechanical
and electronic components of the MST. This, in turn, leads to a
sharp increase in energy (especially thermal) costs, both in
individual parts of the device and in general – throughout the
device. Such an increase in heat consumption results in a sharp rise
in temperature, which in most cases has a negative impact on the
performance of the MST devices. (It should be noted that with a
sharp increase in temperature, the mechanical components of the
MST devices begin to block the movement of tangent elements due
to the thermal expansion of the material, which can reach 15 – 25%
of the size of the element itself. At the same time, the temperature
decreases (up to 2.5 – 3%) the resistance of semiconductor (then, as
the resistance of conductors, on the contrary - increases in 9 – 17%)
electronic components of MST devices, which leads to their
premature failure) [1 – 4].
To date, there are and are actively applying a number of
methods and means to eliminate (at least reduce) the heat load on
the MST device and their components. However, in order to take
measures to reduce the heat load, there is an urgent need for rapid
monitoring and determination of the temperature distribution over
the entire surface of the studied objects operating in dynamic mode.

а.
b.
Fig. 1 Light photograph (a) and thermogram (b) of the measuring unit of the scanning probe nanoscope

automatic scanning system as opaque for infrared radiation of a
matrix diaphragm with a window of transparency up to 100 mm in
size and up to 1 mm in size the lens of the thermal imager.
In a modified thermal imager containing a series-coupled
registration node in the form of a matrix radiometer and an optical

2. The experimental technique
Improvement of the method and device of thermographic
imaging has the task of improving the space-time characteristics of
the thermal imager, namely, its accuracy and resolution by using an
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system, which includes an automatic scanning system and an
information processing unit. The automatic scanning system gives
the possibility of step-by-step movement on a rectangular matrix,
which results in obtaining local information of a separate section of
the thermal profile of the investigated surface. The optical system
also includes a microlens located in front of a transparency window
that focuses thermal radiation from an object of observation onto a
matrix radiometer [11].
Due to the fact that in the proposed thermal imager there is no
multiple reflection of the signal, and there is only a single focusing
of the signal when passing through the microlens, the attenuation of
the signal and its distortions through diffraction scattering does not
occur. In Fig. 2, a block diagram of an improved thermal imager.
3

2

4

The use of this technical solution automatically maintains the
clarity of the image being obtained and its high resolution by
keeping the latter in the focal plane of the recording device.
For the experimental testing of the proposed idea, the article
used a device Titanium HD 570M (FLIR Systems ATS) with a
spectral range of 3.7 – 4.8 μm. Thermographic studies were
performed with a recording rate of 1 kHz, a resolution of 160×
128 pixels, and an integration time of 50 μs. The spatial resolution
of the camera in the experiments was 220 μm.
The thermal experiment was conducted by thermal imaging
examination in several stages: 1 stage – preparation for the
experiment, 2 stage – preparation of control means, 3 stage –
conducting the study (external and internal thermal imaging and
instrumental measurements), 4 stage – analysis and decoding of the
obtained results. Each stage was carried out in a specific sequence
[12].
Preparation for conducting a thermal experiment. At this
point, it is necessary to evaluate the readiness of the object of study
for the thermal experiment. Thermal imaging of objects (MST), for
example, when put into service, is usually performed during their
test run. Shooting is performed with a dynamically operating device
on running tests, as it is necessary that there be a temperature
pressure - the difference between the temperature of the MST
element and the environment. Typically, this temperature pressure
should be at least 10 – 15 °C. Such temperature pressure will reveal
defects in thermal protection, if any. Then a visual inspection of the
MST device is performed and its warming is evaluated. It is
desirable that the distance from the shooting point to the subject
should be 10 – 30 cm, since at large distances detection of all
defects (especially when using thermal imaging with small
matrices) is not guaranteed. You also need to snap to the location
and navigate to third-party objects. On initial visual inspection, you
can make a general idea of the object of study and identify the
elements for further detailed thermography. This object evaluation
is only preliminary and cannot be independently used to analyze the
observations. After visual inspection, reference areas should be
selected on the surface of the object. The reference zones are
homogeneous areas on the surface of protected structures, with
constant temperatures being areas with a relatively isothermal
surface [13]. The size of the reference area may be 2 – 10 mm
(Fig. 3). In these areas, contact measurements will continue to be
made.

1

9
8

5

6

7

Fig. 2 Structural diagram of the advanced means of thermographic
observation (thermal imager): 1 – object of research; 2 – microlens;
3 – matrix diaphragm; 4 – matrix radiometer; 5 – block of synchronous
detectors; 6 – analog-to-digital converter; 7 – microprocessor control
device operation; 8 – switching unit; 9 – automatic scanning system.

The thermal imager consists of a series-connected registration
unit in the form of a matrix radiometer 4, an optical scanning
system, which includes a matrix aperture 3, made of material that
does not transmit infrared radiation with a window for infrared
radiation, and microwave radiation conductivity and provides the
design of the image on the matrix of the radiometer 4, as well as a
processing unit consisting of a block of synchronous detectors 5,
analog-to-digital converter 6, plug-in a microprocessor for
controlling the operation of the device 7 and switching unit 8, which
provides communication of the thermal imager with external control
devices, collecting and processing information (eg, PC, industrial
computer, etc.).
The imager works as follows. The radiation from the
corresponding element of object 1 enters the microlens 2, from
which focuses on the conductivity window of the matrix aperture 3
in which focuses on the matrix radiometer 4, which transmits
information to the block of synchronous detectors 5. From the block
of synchronous detectors 5 information enters the analog-digital
converter 6 and further, in digital form, is transmitted to the built-in
microprocessor 7 to control the operation of the device, the main
job of which is to form an appropriate image matrix and remember
it. In parallel, the microprocessor 7 generates a control signal
coming through the control driver, which is part of the switching
unit 8, to the scanning system 9. The control signal drives the
stepper motor of the scanning system 9, which begins to rotate step
by step, moving the matrix aperture to the next position. In this
case, the matrix diaphragm translates, moving with each subsequent
step the window of transparency from left to right in one row. When
the end of the row is reached, the scanning system converts the
diaphragm to the leftmost position by lowering it one row below. At
the moment when the automatic scanning system 9 reaches the
maximum value of the position of the transparency window (which
corresponds to its maximum position in the lowest line), the
microprocessor 7, through the driver of the control unit 8 will
switch the scanning system 9 to the initial position (extreme upper –
left position) and stop stepper motor 9. After processing by the
microprocessor 7, information about the constructed thermographic
image, by means of the switching unit 8, may arrive at an external
control device, which in turn may carry out Birr and processing the
information received, as well as to external control modes imager.

Fig. 3 Determination of the reference area (1) on the object of study

The result of the works of this stage is the plan (scheme) of
thermal imaging examination, where it is necessary to fix the
anchor to the elements of the investigated surface, to determine the
shooting points (their place and number), here the distance to the
object is indicated, the direction of the shooting, the selected
reference areas are marked and areas identified by visual inspection
of abnormal (or defective) areas - these may be sites with some
unusual design solutions or areas with visually visible defects.
After the general idea of the object of study and the control
scheme are defined, they proceed to the inspection and preparation
of the equipment [14].
Preparation of controls. This step involves selecting controls
based on the temperature range of the detection, the sensitivity, the
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difference equivalent to the infrared camera noise is 0.02 °C. Thus,
the determined temperature from the test sample corresponded to
the surface temperature of the heater directly in contact with the
object of study. The relative error in determining the temperature
during the calibration step was 3%.
Adjusting the lens image settings. Some models of thermal
imagers have the ability to install different lenses with different
values of the angles of view. These are the so-called telephoto
lenses (narrow-angle) and panoramic (wide-angle). Each time you
change the lens, it is recommended that you reflect this in the
appropriate settings of the device. Thus, the correction is made to
the reading of the device, since the optical system of the imager
absorbs IR radiation. Each lens has a construction-dependent
absorption correction value. In some devices, this adjustment to the
new lens can be implemented automatically. After all the work on
preparation for the control and equipment preparation, you can start
thermal imaging directly. After the preparation for the control and
the devices have been prepared, you can proceed to the stage of
thermal control.
Thermal imaging and instrument definitions. At this stage, the
geometry of the study object is first determined (the location of the
other structural elements of the environment relative to the MCT
device is determined) and the distance at which external thermal
imaging is taken. It is desirable that this shooting distance remains
unchanged. With the help of instruments the temperature and
humidity of the environment are fixed. The temperature of the
reference zones is then determined, both by the contact method (this
is done by means of a contact thermometer) and by the non-contact
method (by the thermal imager), and the true coefficient of radiation
of the object is established based on these data in the thermal
imager menu. Then proceed directly to thermal imaging. External
thermal imaging of the object is carried out using the automatic
scanning system sequentially left - right and bottom - up, for which
the investigated surface is divided into separate sections, arranged
in the form of a matrix, Fig. 4.

error of determination, the parameters of the controlled object.
Before proceeding directly to thermal imaging control, a series of
actions must be taken to reduce errors in temperature detection in
the field and to best visualize the thermal image of the object. For
this purpose in the thermal imager a number of settings is
organized. They can be roughly divided into two classes: settings
related to environmental settings and settings that relate directly to
the operation of the unit. The settings of the device that set the
values of environmental parameters include: ambient temperature;
distance to the object of control; air humidity.
Atmospheric conditions in which thermal imaging is
controlled affect the passage of infrared radiation from the object to
the operator. Therefore, it is desirable to take into account the
environmental parameters to reduce errors in determining the actual
temperature of the control object. If you set environmental
parameters in the corresponding instrument settings menu, the
thermal imaging processor will be able to calculate a compensatory
correction for external conditions and thus minimize the error in
temperature determination associated with attenuation of the IR
radiation in the atmosphere. The air temperature and humidity can
be determined by a thermogigrometer and the distance by a laser
rangefinder. Other settings of the device are already related to the
thermal imager and the object of thermal imaging control.
Setting the temperature sub-range of temperature
determination. Typically, the thermal imager range (for example,
from -40 °C to +600 °C) is broken down into several subbands (for
example: from -40 °C to +100 °C, from -10 °C to +300 °C, from
+10° C to +600 °C). If you ignore these settings of the device, you
can see nothing at all on the screen of the thermal imager (if the
temperature of the object is lower than the lower limit of the hightemperature range), and to disable the sensitive elements of the
matrix (if a hot object falls into the frame when a low temperature
subband is defined) [15].
Set the radiation factor. Since real bodies give less space to
their space than an absolutely black body at the same temperature, it
is desirable to indicate, in the instrument settings, the radiation
coefficient of the material from which the control object is made in
order to calculate it and, accordingly, reduce the error in
determining the temperature. The value of the radiation factor is
usually taken from reference tables or determined experimentally on
the spot. According to regulatory documents, it is not recommended
to carry out monitoring of an object having an emission factor less
than 0.6. In this case, measures are needed to approximate it to 1.0
by painting the surface of the object or other available paths.
Selecting a working palette. Installation of the appropriate
palette is required for better visualization of thermal details of the
thermal image of the control object. Set of color palettes is a matter
of operator's habit and tradition in this or that field of use of the
thermal imager. So, if a large temperature range (tens and hundreds
of degrees) falls into the frame of the imager, it is advisable to
choose a palette with a small number of colors (2 – 3). If an object
with a small temperature difference (degrees and tenths of a degree)
is considered in the thermal imager, it is better to choose a palette
with many colors (up to 8). Specifies the range of displayed
temperatures. In most modern thermal imagers this feature is
implemented in automatic mode. That is, the upper and lower
bounds of the interval itself adjusts depending on the minimum and
maximum temperatures of the object that fall into the field of view
of the imager. In some cases, you may need to manually adjust the
interval, for example, when you need to examine in detail not the
entire object with a wide temperature range, but only part of it.
Adjusts focus (sharpness). Sharpening is a very important part
of getting a good thermal image. All previous settings discussed can
then be corrected in the thermal imaging program (for example, if
settings were mistaken at the scene).
To correctly determine the temperature field of the heater with
the help of an IR camera, calibration experiments were performed.
The resulting calibration curve was approximated by a second
degree polynomial. The temperature determination error using a
thermocouple was 0.5 °C. The standard deviation was calculated in
Altair and was 0.4 °C. The minimum separation temperature

Fig. 4 Scheme of thermal imaging of the device MCT (control unit optical
microsystem positioning)

Start thermal imaging with the coldest area. Each frame that
opens the aperture is accompanied by a photograph. The shooting
angle is chosen to be minimal, but in any case it should not exceed
60º. If this condition is not met, the control results may be distorted.
After the object has been photographed over the entire surface, you
can, if necessary, take a closer look at some areas of doubt. For
example, we can do a detailed survey of the overlapping zones of
individual colder microdistricts against a hotter surface. It is also
advisable to carry out a panoramic thermographic survey of each
element of the object.
To maintain the necessary detail and quality overall image of
a large object (such as a heat unit, car or airplane), it is advisable to
perform panoramic shooting from a not too far distance (in any
case, the distance should not exceed 1 – 2 m). In this case, you can
take a panoramic shot of each element in a few snapshots, and then
create a single overall thermal snapshot of the object during
computer processing [16]. At the same time, the quality of the
thermal image does not deteriorate, no thermal details are lost, and
you can make an overall impression of the defects that are
characteristic of the whole object. It should be said that the built-in
software of many modern thermal imaging cameras allows directly
in the program to "stitch" individual thermograms into a single
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"panoramic" image, but not always the quality of the "stitched"
image remains high.
As a result, after thermal imaging, we will have thermograms
of all the elements of the object, "detailed" thermograms of the
individual sections of the external elements that protect them, as
well as thermograms obtained during the internal shooting.
Thermograms obtained during thermal imaging are then computerprocessed, analyzed and attached to the thermographic report. In
order to make instrumental determinations, one or more typical
objects, which maintain a relatively uniform temperature regime
under the same environmental conditions, are selected. For these
objects, reference areas are selected, which are characterized by
homogeneous sections of outer walls with relatively isothermal
surfaces. Such sites are characterized by conditional (plane)
resistance to heat transfer. You need to log the test data
automatically or manually after a certain period of time (eg 0.5 –
1 minute) for several minutes.
After the logging time (usually a few minutes) is over, the
results of the determination are processed. Thus, after making
instrumental determinations, we will have the values of the
temperature at the object under study and outside, the values of the
temperatures of the surfaces of the structures inside and outside the
PC, the amount of humidity in the study zone, and the values of the
density of heat fluxes passing through the protecting structures. The
resulting quantitative parameters must be recorded and stored. The
results are processed using special software that comes with the
equipment, as well as with specialized software packages developed
with the help of the authors of the article. Then, based on the
obtained instrumental definitions, it is possible to calculate the
necessary figures of heat consumption.
Analysis and decoding of the obtained thermograms and
interpretation of the determination results. Initially, computer
processing of thermograms and identify areas of thermal anomalies
– that is, the zone of deviation from the predicted temperature
distributions on the surface. In computer processing of
thermograms, various built-in functions can be used to isolate and
refine anomalous areas – for example, you can set points, lines,
rectangles, ovals, and the like, indicating temperatures or
temperature deviations. Sometimes the analysis and decryption of
thermograms also use the functions of histogram construction
(Fig. 5).

3. Discuss the results of the experiment
According to the results of thermographic studies conducted
by the thermographic method before its modification, Fig.6, it is
shown that the electronic-mechanical device of micropositioning of
the measuring nanosound of the scanning probe nanoscope has an
elevated temperature on both its surface, both on mechanical and
electronic devices. making it impossible to accurately determine the
thermal profile of the individual elements of this device. At the
same time, the peripheral mechanical elements of the device had a
higher temperature (about 32 °C) compared to the electronic
elements located closer to its central part (about 29 °C).
Fig.7 shows the thermograms of the surface of the individual
elements of this electronic-mechanical micropositioning device,
registered by an advanced thermographic device.

Fig. 6 Results of thermographic studies (to perfection) electron-mechanical
micropositioning device of measuring nanosand of scanning probe
nanoscope with specified reference point (mark 1)

Fig. 7 Results of thermographic studies (after refinement) of the electronicmechanical micropositioning device of the measuring nano-probe of the
scanning probe nanoscope with the specified reference point (mark 1)

As can be seen from Fig. 7, after receiving the thermogram by
an improved thermographic device, we have a clearer image of the
object under study, whose spatial resolution (compared to the
standard method of determination) is improved by 15 – 20%, and
the spectral resolution by 0.3 – 0.5 m. Examining the thermogram
visualization (Fig.7), one can see a clear separation of the thermal
effect on the piezochips (having a lower temperature) and the
mechanical elements of the device (fixed higher temperature
heating), which is not observed on the thermogram with Fig.6.
According to the results of thermal imaging diagnostics, the
number of high-energy centers of temperature rise was determined.
The number of such centers was automatically determined using a
software algorithm implemented in the MatLab environment.

Fig. 5 Histogram of temperature distribution over the surface of the object
under study

Thermograms treated in this way give an idea of the presence
in the controlled object of anomalous areas (the search for such sites
is oriented to the basic idea of work) associated with violations in
their manufacture or in operation.
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According to the results of the analysis of the processed image, the
temperature scale of the thermogram was also adjusted, which, in
turn, allowed to increase the accuracy of determining the
temperature in each accurate image. Thus, the temperature
distribution error determined by the authors of the algorithm article
did not exceed 5.5%.
At the same time, the high spatial resolution of the proposed
advanced thermographic method in the experiments made it
possible to trace the evolution of the surface temperature field
distribution in certain areas of the surface of individual elements of
the MST device. This made it possible to analyze the temporal
thermal characteristics and to determine the temperature gradients
on the surface of the object under study.
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3. Conclusion
It has been proved that the improvement of the thermographic
imaging device by using the automatic scanning system as an
opaque for infrared radiation of a matrix aperture with a window of
size from 100 m to 1 mm at the inlet of the lens of the imager,
leads to the improvement of its spatial and temporal characteristics,
namely accuracy and resolution.
Experimental studies have shown the high efficiency of using
an advanced thermographic method to obtain a high-precision
thermographic image of the investigated high-resolution MST
devices.
It was found that the spatial resolution of the improved
thermographic method (compared to the standard method of
determination) was improved by 15 – 20%, and the spectral
resolution by 0.3 – 0.5 μm. According to the results of the analysis
of the processed image, the adjusted temperature scale of the
thermogram, which, in turn, allowed to increase the accuracy of
temperature determination in each accurate image (the temperature
distribution error did not exceed 5.5%).
The data obtained can further be described by semi-empirical
dependencies and used to describe the local and integral heat
transfer characteristics between the elements of the MST devices.
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Abstract: This article describes the technology of the combined process "equal-channel angular pressing-drawing". The analysis of the
influence of this process on the structure and mechanical properties of aluminum, copper and steel wires is given. The results of the study
showed that the proposed combined deformation method "equal-channel angular pressing-drawing" has a significant advantage over the
existing technology for the production of high-strength wire. This deformation method due to the combination of two deformations: severe
plastic deformation in a matrix with parallel channels and the process of deformation through a drawing die, allows to get a wire with an
ultra-fine structure and a high level of mechanical properties, the required size and shape of the cross section in a small number of
deformation cycles.
Keywords: PRESSING-DRAWING, COMBINED PROCESS, WIRE, MICROSTRUCTURE

2. Prerequisites and means for solving the problem

1. Introduction
One of the urgent tasks of metallurgy and mechanical
engineering is to improve the physical and mechanical properties of
products and semi-finished products from metals and alloys. The
solution of such problems lies in the creation of highly efficient
technologies with the use of modern and advanced methods of
metal processing. Therefore, studies aimed at solving the problems
of obtaining long materials with properties that combine high
strength and ductility at the same time, using relatively simple and
inexpensive devices that allow to spend the minimum possible
amount of time in the production of products are relevant.

On the basis of a comprehensive analysis of the existing
schemes of plastic structure formation and also taking into account
the promising directions of their development [16-20], a new
combined "equal-channel angular pressing-drawing" (ECAP-D)
process using an equal-channel step matrix (Fig. 1) was proposed.

The contemporary level of electronic technology development
has led to the appearance of devices that often have moving parts
and / or work in difficult conditions. Therefore, interest in the
problems of forming physical and mechanical properties of
functional conductor materials has recently grown abroad in
connection with the need to stabilize the properties of current
conductors and increase their reliability, including in heavily loaded
cable systems, motor and generators windings and low-current
computer networks [1-2]. The increased interest of researchers in
such materials has greatly increased in recent decades in connection
with the use of severe plastic deformation (SPD) methods to obtain
bulk materials with fine grains characterized by high physical and
mechanical properties [3-5].

1 – wire; 2 – pushing device; 3 - equal channel step matrix; 4 – calibrating
drawing tool; 5 - winding drum
Fig. 1 Scheme of the combined process of ECAP-D

3. Solution of the examined problem
The developed technology will make it possible to obtain in
industrial conditions a long wire made of ferrous and non-ferrous
metals and alloys with an ultra-fine-grained structure and an
increased level of mechanical properties at lower energy and labor
costs due to the implementation of the continuity principle [20-22].

Nowadays, the mechanical properties of bulk nanostructured
materials generate particular interest. It is known that they are
characterized by an increase in the yield point by 2-5 times
compared with the corresponding values on SPD at coarsecristalline state [6-7]. The paradox of SPD, consisting in the
simultaneous growth of strength and plasticity as the degree of SPD
increases, low-temperature and highspeed superplasticity,
deviations from the Hall-Petch law to the higher values of the yield
point [8-10].

To implement the combined "pressing-drawing" process, it is
necessary to use additional equipment – an equal-channel step
matrix made in accordance with the developed drawing of this
matrix (Fig. 2).

The SPD method is free from disadvantages of other methods of
obtaining such materials, such as the method of compacting
powders obtained previously by various methods, and the method of
depositing gas atoms on a substrate or electric deposition of atoms
from an electrolyte solution. When the materials are compacted or
deposited, impurities and pores flow into the boundaries of their
grains, influencing the properties of the obtained materials. Among
the SPD methods, the ECAP method is especially noteworthy [1114].
A polycrystalline sample of a macroscopic volume subjected to
ECAP retains its shape after multiple extrusions through a curved
channel. As a rule, ultrafine-grained or nanocrystalline materials,
obtained at the output, have nonequilibrium grain boundaries and a
considerable density of lattice defects [15]. These features of the
microstructure formed in the SPD process underlie the mechanical
properties of the materials. However, the ECAP has a disadvantage
– the impossibility of processing products of relatively large length
due to loss of stability by a pressing punch.

Fig. 2 ECAP matrix drawing
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Then the mill and the pushing device turn on the speed set by the
technology and work until the drum is filled.

The matrix is recommended to be made of 5ХВ2С tool die
steel. To increase the hardness and strength, the matrix must be
subjected to heat treatment-hardening at a temperature that
corresponds to the selected steel grade. The diameter of the channel
is selected according to the diameter of the wire to be drawn. The
channel lengths and the junction angle are selected in accordance
with the drawing in figure 2, since the results of theoretical studies
given in [20] show that the proposed channel junction angle and
channel lengths provide the most favorable stress-strain state for
obtaining an ultra-fine-grained structure and lower values of
energy-power parameters.

After filling the drum mill stop, give the drum a reverse in 2-3
turns, the wire between volontariamente and the drum is cut, and
the finished coil grab crane is removed from the drum of the mill on
the rack. The finished skein is dumped on the rack for tightening
and tipping the riots, and the grab is installed back in the slots of the
drum.
The mill is controlled from the control panel.
In the multi-cycle combined pressing-drawing process, it is
recommended that the deformation mode shown in table 1 be
changed after the first deformation cycle in the lubricant container
to an equal-channel step matrix and a fiber carrier for drawing to a
smaller diameter.

To implement the combined ECAP-D process, an equal-channel
step matrix must be placed in the lubrication container before the
hauling. As lubricant in the implementation of the combined
process of ECAP-D as a normal drawing, you need to use a shaving
soap.
Since this paper has shown the need for multi-cycle
deformation, the implementation of this combined process can be
carried out according to the scheme proposed in this paper – to
replace the matrix after each deformation cycle.

Table 1. Modes of deformation of the wire.
№

To successfully set the wire in an equal-channel step matrix and
avoid breaking the original workpiece during the combined process
of ECAP-D, it is necessary to use a setting (pushing) device. When
implementing the process, you can use a converted cutting machine
from the drawing mill (Fig. 3), in particular, to re-phase this
machine, so that the rolls rotate in the direction we need and
produce the capture of the wire and due to the active forces of
friction, pushing it into an equal-channel step matrix. At the same
time, for the successful implementation of the combined ECAP-D
process, it is necessary to coordinate the speeds of pushing and
pulling the wire.

1 pass
2 pass
3 pass
4 pass

D0,
mm
7,0
6,5
5,5
5,0

ECAP
V0,
F0,
m/sec mm2
1,29 38,465
1,28 33,166
1,26 23,746
1,24 19,625
εln(sum )

Drawing
εln D1, D2, λ V2,
V1, ε, % F1,
F2,
mm mm
m/sec m/sec
mm2 mm2
0,6 7,0 6,5 1,16 1,5 1,29 13,78 38,465 33,166
1,2 6,5 6,0 1,17 1,5 1,28 14,79 33,166 28,260
1,8 6,0 5,5 1,19 1,5 1,26 15,97 28,260 23,746
2,4 5,5 5,0 1,21 1,5 1,24 17,36 23,746 19,625
2,4
ε(sum ), % 48,97 εln(sum )
εln(total) = 2,8

εln
0,12
0,13
0,14
0,16
0,39

4. Results
This technology of metal processing by pressure can be used for
production of high-quality wire from any non-ferrous metals and
alloys. This method of deformation when introduced into
production does not require significant economic investment and
can be implemented at industrial enterprises of the Republic of
Kazakhstan for the production of wire, as it does not require reequipment of existing drawing mills. Since the implementation of
this combined process requires only the addition of a specially made
equal-channel step matrix to the equipment design, designed for
pulling material through it.
To study the effect of the "pressing-drawing" process on the
structure and mechanical properties of the wire, laboratory
experiments were conducted on copper, aluminum and steel wires.
The selected metals had completely different properties in their
nature, which made them ideal model materials for studying the
new technology. So the steel of the St.3 brand is a mechanical
mixture with a melting point above 1000oC (BCC grid), aluminum
of the A0 brand with a melting point of 660oC (HCC grid) and
copper of the M1 brand with a melting point of 1083oC (HCC grid).
In addition, these materials are characterized by different
development of recrystallization processes. In steel, the
recrystallization temperature is much higher than in other metals.
Copper has a low recrystallization temperature due to the low
energy of packaging defects, which facilitates the development of
twinning, while aluminum, on the contrary, has a very high energy
of packaging defects, which makes it difficult to recrystallize and
polygonization develops in the deformed metal.

Fig. 3 Cutting machine

The technology of wire production according to the proposed
technology on the drawing mill is as follows: a cage of bunts of the
workpiece prepared for drawing (etched, limed) up to 1000 kg is
hung on the bunt holder with the help of shop vehicles.
From the bunt holder, the bunt is placed on one of the figures,
and the lower end of the workpiece is pulled up to the sharpener for
sharpening. On a cutting machine, the end of the workpiece is
sharpened to the desired diameter by a length of 150 ... 180 mm.
the Pointed end of the billet is fed into a pushing device, with which
the billet is pushed through a multi-channel step matrix and a drag
set in the fiber holder and is captured by filling tongs, the hook of
which is inserted into one of the slots on the drum. The foot pedal
pushes the mill to the refueling speed (the pushing device is also
started at the same time). After a set of 5-7 turns of wire on the
drum, the mill must be stopped. The filling pliers are removed, and
the end of the wire is securely attached to one of the drum racks.

In the course of the study of the formation of UMP structure
and mechanical properties in the wire obtained by the "pressingdrawing" method, the following was established:
– in the "pressing-drawing" process, the structure of all the
materials under study is significantly crushed to ultra-fine-grained,
so St. 3 steel with an average grain size of 12 microns after
deformation was crushed 20 times, the average grain size was 0.6
microns; M1 copper with an average grain size of 50 microns after
deformation was crushed 125 times, the average grain size was 0.4
microns; A0 aluminum with an average grain size of 17 microns
after deformation was crushed 22 times, the average grain size was
0.8 microns [20-23];
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- the combination of the rcup method with subsequent drawing
allows for high strength characteristics of St.3 steel: the temporary
tear resistance increases by 360 MPa, the conditional yield strength
increases by 460 MPa. the relative contraction after the break
decreases by 8 %; but the drop is not as significant as in classical
drawing [20];

23. A. Nayzabekov, S. Lezhnev, I. Volokitina, A. Volokitin,
International scientific journal "Machines. Technologies. Materials"
2, p.59-61, (2018).

– the values of the temporary break resistance and the
conditional yield strength for copper wire after 4 passes of ECAP-B
increase from 260 to 570 MPa (absolute increase is 310 MPa) and
from 190 to 490 MPa (absolute increase is 300 MPa), respectively
[21];
– the strength of aluminum wire increases almost 3 times after 4
passes. The temporary break resistance and the conditional yield
strength increase from 145 to 400 MPa (absolute increase is 255
MPa) and from 100 to 360 MPa (absolute increase is 260 MPa),
respectively; the relative elongation decreases by 7%, the relative
contraction by 5% [22-23].
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Synthesis and application of new nanostructured materials for the degradation of organic
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Abstract: The photocatalytic degradation of pharmaceutically active compounds, persistent contaminants in aquatic media, based on
advanced oxidation processes was the subject of investigation. The study evaluates application of three different nanopowder mixtures
(ZnO/SnO2, ZnO/TiO2 and ZnO/In2O3) for decomposition of diclofenac, naproxen, ibuprofen and ketoprofen, some of frequently detected
pharmaceuticals in wastewaters and landfill leachates. The phase morphology, composition, specific surface area, crystalline structure and
optical properties of the newly synthesized nanopowders, prepared by three step mechanochemical solid-state treatment, were characterized
in detail. Effects of optimization parameters on degradation rate were examined and a set of experiments were performed in order to
investigate influence of catalyst concentration (0.10–0.60 mg mL-1), pH values of ambience (5-9) and initial concentration of pharmaceutics
(0.002–0.010mg mL-1) for this purpose.
Keywords: PHOTOCATACLYSIS, NANOPOWDERS, ZnO, PHARMACEUTICALS

1. Introduction
Removal of pharmaceutically active compounds is of a great
importance considering that pharmaceutical pollutants are persistent
contaminants in aquatic media and that conventional treatment
plants are inefficient for their removal [1-3]. Advanced oxidation
processes (AOPs) represents an efficient method for treating a wide
range of emerging pollutants in municipal effluents and landfill
leachates [4 - 9].
Diclofenac, naproxen, ibuprofen and ketoprofen are some of the
commonly used NSAIDs (non-steroidal anti-inflammatory drugs)
and some of the most frequently detected emerging pollutants (EP)
in water matrix. Unlike the vast majority of water pollutants
(phenols, phthalates, PCBs etc.) pharmaceutical molecules bear
certain differences in their molecular structure which render them
less amenable to photodegradation. To alleviate this problem,
presented project has been conducted in order to investigate the
possibility of application of modified mixed oxides for better
photocatalytic activity. Moreover, investigation has aimed to
optimize to photodegradation conditions and degradation of
mixtures of pharmaceutical.

a)

b)
Fig. 2 SEM image of a) ZnO/In2O3 b) ZnO/SnO2

Fig. 1 Synthesis procedure for mixed nano-powders

2. Materials and Methods

The phase morphology, composition, specific surface area,
crystalline structure and optical properties of the newly synthesized
nanopowders, prepared by three step mechanochemical solid-state
treatment, were characterized in detail. The morphology of the
powders was characterized by field-emission scanning electron
microscopy (Figure 2). X-ray diffraction (XRD) was carried out
using Rigaku MiniFlex 600 instrument, with CuKα radiation, and a
step scan mode with 0.02° step and a dwell time of 2 s in the
angular range 2θ=15-100°. The 441.6 nm laser line emerging from a
He-Cd laser was used to excite Raman spectra. Light was focused
by an objective (50×) while the same objective was used to collect
the backscattered light which was analyzed by a single
monochromator (Labram HR800, Jobin-Yvon) and detected by a
liquid-nitrogen cooled CCD detector. Diffuse reflectance spectra of
obtained samples were recorded by a double-beam UV/VIS/NIR
Perkin-Elmer spectrophotometer (model Lambda-950) in the
spectral region from 300 nm to 1500 nm using an integrating

Mixed nanopowder photocatalysts were prepared using a simple,
low-cost, and three-step mechanochemical solid-state method.
Starting precursors (Sigma Aldrich, purity 99.9%) were grounded in
an agate mortar, annealed at 700°C in air for two hours and
grounded again for 10 min (Figure 1). ZnO/SnO2, ZnO/TiO2 and
ZnO/In2O3 nanopowders are prepared bearing in mind that previous
investigations have pointed put to ZnO’s superior photocatalytic
properties and enhanced solubility even at slightly acidic pH
solutions, being therefore not the best choice for real life PC
applications [8]. In this sense, the ZnO based mixtures emerge as
good candidates in the search for alternative materials that
compromise the above properties, i.e. PC activity and chemical
stability.
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particle size 5µm) at flow rate of 0.8 mL min-1 and injection volume
of 10 µL at room temperature. Mobile phases consisted of: A (50%)
– 0.1 formic acid and B – acetonitrile in 7 minute initial conditions.
The stationary phase temperature is 25 °C.
Effects of optimization parameters on degradation rate were
examined and a set of experiments were performed in order to
investigate influence of catalyst concentration (0.10–0.60 mg mL-1),
pH values of ambience (5-9) and initial concentration of
pharmaceutics (0.002–0.010 mg mL-1) for this purpose.

sphere. Spectral parameters were used for estimating the optical
bandgap of the materials. The specific surface area of the samples
was measured with a N2 adsorption analyzer (Micromeritics
Gemini) by using the Brunauer-Emmett-Teller (BET) method.
Detailed results of previously described investigations are published
in References [5,6].
The photocatalytic decompositions of chosen pharmaceuticals were
carried out at ambient temperature in aqueous solution in batch
mode. The stock solution of the analyzed pharmaceutical was
prepared by dissolving 5 mg of standard in 25 ml of acetonitrile
(200 mgL-1). Distilled water was used as the aqueous model. The
aqueous solution was stirred for 1 h in the dark to establish
adsorption-desorption equilibrium between the pharmaceutical and
photocatalyst before being irradiated. The aqueous solutions were
exposed under continuous UV irradiation. The source of the UV
light was high-pressure mercury lamp (Philips, HPL-N, emission
bands in the UV region at 304, 314, 335, and 366 nm, with
maximum emission at 366 nm). UV source flux was measured by
Lutron YK-35UV UV meter (Figure 3).

3. Results and Discussion
The degradation kinetics of investigated pollutants was quantified
by fitting the experimental data with the Langmuir-Hinshelwood
(LH) model [10, 11] where the concentration change depends
logarithmically on time:

where k is the rate constant and c, c0 are the analyte concentrations
before and after UV irradiation, respectively. Figure 5. shows, as an
example, degradation rate of NPX dependence on time. The
experiment was performed in mixture of all investigated
pharmaceuticals and the used nano-powder was The line is a linear
fit, according to LH model.

Fig. 3 Lutron YK-35UV UV meter

The solutions were stirred with the aid of a magnetic agitator at 130
rpm. In order to investigate the change in composition of the
investigated pollutants, aliquots were collected at certain time
intervals (5, 10, 20, 30, 40, 50, 60 and 90 minutes). Each sample
was filtered through filter in order to separate the nanoparticles
from the solution. After the filtration step, 1 ml of sample was
transferred into 2 ml vials.

Fig. 5 NPX degradation rate dependence on time in mixture of
pharmaceuticals. Linear fit is according to the Langmuir-Hinshelwood

(LH) model. (nanostructured photocatalysts ZnO/TiO2)

Fig. 6 Comparation of degradation rates of investigated pollutants
(LH- model.; nanostructured photocatalysts ZnO/TiO2)

It is important to emphasize here that presence of other
pharmaceutical significantly influences degradation rate and that
degradation rate varies greatly for different organic pollutant
(Figure 6). E.g. in upper case of NPX, if NPX was a sole pollutant
in matrix, under the same conditions, degradation rate was
significantly higher, namely, 0.076 s-1 [6].

Fig. 4 HPLC Agilent 1260

A HPLC (high performance liquid chromatography) with diode
array detector (Agilent 1260 series) was used for the measurement
of diclofenac, ibuprofen, naproxene and ketoprofen concentrations
after photocatalytic degradation. Chromatography separation was
performed at reverse, stationary phase Eclipse XDB-C18 (150 x 4.6,
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Overall, comparing the performance of all three nanostructured
photocatalysts ZnO/TiO2 is by far the best choice for the
photodegradation. This mixed nano-powder combines the
efficiiancy of ZnO and chemical stability to in the acidic
environment, which is usuall in environmental aquatic matrix.
Moreover, investigation of influence of pH has shown that in case
of ZnO/TiO2 the highest degradation is achieved at non modified
aquatic medium. Under acidic and alkaline conditions, as well as in
values of the initial concentrations of pharmaceuticals outside the
interval of 4-5 mg L-1, ZnO/SnO2 is a better choice [5, 6].
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3. Future perspectives
As it has been previously reported in [12], investigations
conducted within the acknowledged project showed that most
frequently detected substance in landfill leachate in Subotica,
Zrenjanin, Sombor, Sremska Mitrovica and Novi Sad, Autonomous
Province of Vojvodina, Republic of Serbia, which is present on
NORMAN list of Emerging substances is bisphenol A. In addition,
bisphenol A has a huge potential for contamination and threatening
groundwater due to its physico-chemical characteristics, especially
persistency. Leachate analysis of five landfills showed a presence of
different organic and inorganic constituents such as phthalates,
benzothiazole and benzene-sulfonamide. Figure 7. shows example
chromatograph of landfill leachate in Zrenjanin.
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Fig. 7. Example chromatograph of landfill leachate in Zrenjanin
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For efficient removal of these types of emerging compounds
and organic pollution, it is necessary to apply other treatment
processes such as photocatalytic degradation process, whose
application has showed high efficiency in case of selected
pharmaceuticals.

4. Conclusions
Due to the existing data on presence of pharmaceuticals and
other persistent and pseudo-persistent organic compounds in the
landfill leachate, more effective treatment technologies are needed
to be developed than those currently in use in wastewater treatment
plants. Mixed, tailor-made nanopowders have shown high
efficiency in photodegradation of selected pharmaceuticals:
ibuprofen, diclofenac, naproxene and ketoprofen. Project results
imply further investigation of synthesis and application of novel
nanopowders for photocatalytic degradation, with the aim of
preparing photocatalysts that are simultaneously efficient for the
degradation of more than one category of pollutants since diverse
contaminants may be found in the aquatic environment. Bearing in
mind the efficiency, chemical stability and commercial reasons (this
must be taken into consideration), ZnO/TiO2 emerges as
nanopowder that should be in the scope of further investigation.
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Investigation of anticorrosive behavior of zirconia-titanium coatings in NaCl medium
Stancho Yordanov1,*, Irina Stambolova2, Maria Shipochka2, Silvia Simeonova3, Nikolay Grozev3, Lyuben Lakov1,
Mihaela Aleksandrova1, Bojidar Jivov1, Vladimir Blaskov1
1

Institute of Metal Science, Equipment and Technologies with Hydro- and Aerodynamics Centre “Acad. A. Balevski”, Bulgarian
Academy of Sciences, Sofia, Bulgaria, e-mail: stancho14@abv.bg
2
Institute of General and Inorganic Chemistry – Bulgarian Academy of Sciences, Sofia, Bulgaria
3
Sofia University, Faculty of Chemistry and Pharmacy, Sofia, Bulgaria

Abstract: Sol gel TiO2-ZrO2 composite films were dip coated on stainless steel substrates and treated at 300, 400 and 500 oC. The
morphology and surface features were examined by Scanning electron microscopy (SEM) and X ray photoelectron spectroscopy (XPS). Xray diffraction analyses (XRD) was applied to investigate the phase composition. The corrosion resistances of the coatings were studied by
evaluation of the weight loss in NaCl medium. According to XRD while the Zr-Ti composites are amorphous after treatment even at 500 oC.
The surfaces of the coatings possess typical island structure. The coatings, treated at 500 oC ehxibit higher corrosion resistance than the
other two type of samples. This could be explained by the amorphous structure of the composites, which lowers ion and electron conduction,
high hydrophobicity and lower oxygen content.
Keywords: BARIER COATINGS, CORROSION RESISTANT COATING, PROTECTIVE PROPERTIES
are calculated. It was evaluated the average roughness of the surface (Ra)
and its standard deviation (Rq). Contact angle measurements were
performed using a Ramé-Hart model 290 automated goniometer
with DROPimage Advanced v2.4 (Succasunna, NJ, USA) at room
temperature. 2-5 µL droplets were deposited on the sample surface
with a Ramé-Hart automatic dosing system. The corrosion
resistance of the investigated samples and uncoated stainless steel
(reference sample) estimated by weight loss were studied using
salty corrosive solution of 3.5% NaCl at 25°C (EN
ISO10289/2006). The temperature of the solution and the air
temperature were controlled by calibrated thermometers. The mass
weight loss was determined after 650 hours of corrosion attack. The
potentiodynamic polarization curves are performed for
characterization of the anodic behavior and evaluation of the
corrosion properties of the multilayer coating systems at conditions
of external polarization in the model test medium using a VersaStat
4 (PAR) unit. The investigations are carried out in a three-electrode
electrochemical cell of 250 mL volume at a scan rate of 1 mV/s.
Counter-electrode is platinum wire and saturated calomel electrode
(SCE) is used as a reference electrode.

1. Introduction
Corrosion is one of the serious problems in the industrial equipment,
human life and health, which can causes degradation, failure, and
serious accidents as well as many economical losses. There are
several methods of corrosion control: inhibitors, cathodic protection
and inorganic and hybrid coatings. One of the most effective
methods for protecting the surface of metals and alloys against
corrosion in aggressive acidic solutions is used the coating, which
have excellent chemical stability, high hardness, adhesive strength,
long-term and/or high-temperature corrosion resistance [1]. Titania
coatings are known to effectively protect metals, due to their very
low electronic conductance, wide band gap and possess good
passivating surface with low anodic dissolution rate. [2] Zirconia is
an interesting material since it offers high mechanical strength,
temperature resistance and chemical stability. [3] The composites
based on ZrO2 and TiO2 possess the excellent chemical and barrier
properties of both individual oxides. El-Lateef et al. have shown
that the introduction of Zr into TiO2 are beneficial for the corrosion
resistance of the composite coatings on carbon steel. [4]
The aim of this article is to prepare and investigate the
protective properties against salty medium of composites ZrO2-TiO2
deposited by sol gel method.

3. Results and Discussion
In the XRD patterns of the composite films do not registered
any crystalline phases, i.e. the films are X-ray amorphous structure.
The morphology of the samples was investigated by SEM analysis
as well as the surface topography by atomic force microscopy. In
Figure 1 are shown the morphologies of the coatings before and
after corrosion test (magnification 2500). It can be seen the typical
island surface structure without deep cracks.

2. Experimental
The steel substrates were ultrasonically cleaned in ethanol and
acetone. The zirconium precursor was solution of zirconium butoxide;
Zr(OC4H9)4 and Acetyl acetone (Ac) dissolved in 2-propanol and small
quantity of acetic acid. After stirring for 1 h, 0.4 ml polyethylene glycol
(PEG) Mw=400 was added. Titanium solution was prepared using
titanium butoxide; Ti(OC4H9)4 and Ac dissolved in 2-propanol. The
resulting solution was mixed with the zirconium solution in atomic ratio
Zr:Ti=1:1. Then the substrates were immersed and withdrawn at a
speed of 30 mm/min. The deposits were dried in air first at 100°C
and 300°C for 1 hour consecutively. The procedures were repeated
5 times, after that the samples were treated at 300, 400оС and 500оС
and denoted as A3, A4 and A5 respectively. The phase
compositions of the samples were studied by X-ray diffraction
(XRD) with CuKα-radiation (Philips PW 1050 apparatus). A
scanning electron microscope (SEM) Philips 515 was used for
morphology observations of the films. X-ray photoelectron
spectroscopy (XPS) was applied to investigate the chemical
composition and electronic structure of the films surface. The
measurements were carried out on AXIS Supra electronspectrometer (Kratos Analitycal Ltd.) using achromatic AlKα
radiation with a photon energy of 1486.6 eV and charge
neutralisation system. The binding energies (BE) were determined
with an accuracy of ±0.1 eV, using the C1s line at 284.6 eV
(adsorbed hydrocarbons). The chemical composition in the depth of
the films was determined monitoring the areas and binding energies
of C1s, O1s, Ti2p and Zr3d photoelectron peaks. The AFM images

Fig. 1. Typical surface of coating А5 before (left) and after (right) corrosion
test.

a
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b
Fig 2. 2D и 3D morphology of coating A3 before (a) and after (b) corrosion
attack.

Figure 2 shows the topography of the coating A3: it can be seen
that the coating is dense, without visible pores and with good
adhesion. The roughness calculated by the AFM software program
Rq is 22 nm (Ra=16.8 nm). The surface roughness after corrosion
attack is also close to the initial value: Rq is 26.3 nm (Ra=19.8 nm).
After treatment of the coating at 500oC the coatings possess dense
structure (Fig 3 a). Their roughness is higher than A3 coatings: Rq
=48 nm (Ra=35.5 nm). The surface roughness values after
immersing in a corrosive medium does not change significantly: Rq
is 51.3 nm (Ra=39.6 nm), which confirms the excellent anticorrosion properties of these samples.

a

Fig 4. O1s spectra of the coatings after deconvolution.

The composite coatings possess relatively high hydrophobicity.
The contact angles for all coatings are in the range 89o -95o.

b

A3
Fig 3. 2D и 3D morphology of coating A5 before (a) and after (b) corrosion
attack.

A4

A5

Fig 5. Optical images of water droplet on the TiO2-ZrO2 composite coatings.

The surface composition and chemical status of the TiO2-ZrO2
layers were examined by XPS analyzes. The chemical composition
are presented on Table 1.
Table 1. The chemical composition.
Zr, at.%
Ti, at.%
O,
at.%
A3
A4
A5

14.0
14.0
14.8

13.8
13.8
14.7

72.2
72.2
70.6

O-OH
groups,
at.%
26.5
23.2
20.8

О/(Ti+Zr)

2.60
2.60
2.39

The O1s spectra of the samples were shown in Fig. 4. The peaks
of O1s are broad and asymmetric and can be deconvolved by the
Lorentzian-Gauss curve fitting into two components. The peak at ~
529.7 eV can be assigned to the lattice oxygen in TiO2 and ZrO2.
The second peaks at ~ 531.1 eV were attributed to the adsorbed
hydroxyl groups. Ti2p spectra have peaks at ~ 458.3 eV for Ti2p3 /
2 and ~ 464.0 eV for Ti2p1/2. The double separation between the
2p3/2 and 2p1/2 peaks of ~ 5.7 eV and the registered binding energies
is characteristic of TiO2. Zr3d5/2 peaks have a maximum at 182.0
eV, typical of the Zr4 + oxidation state.

Fig 6. Weight lose of the coatings after immersion in NaCl medium.

The results of the corrosion test (Fig. 6) showed that the heat
treatment temperature of has a significant effect on their corrosion
resistance as assessed by weight loss. Zero weight loss registered
for ZrO2-TiO2 coatings heated at 500°C.
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4. Conclusions
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A new composite titania-zirconia coatings heated at three
different temperatures were successfully prepared by sol gel
method. The corrosion resistances of the samples were examined in
NaCl medium. The XRD analyses revealed that the coatings are
amorphous. The protective layers possess relatively smooth and
uniform surface structure. It was established that the treatment
temperature of ZrO2 influences significantly on their anti-corrosion
behaviour. The increasing of temperature up to 500oC increases the
corrosion resistance of the composites. The potentiodynamic curves
have shown passive zones, followed by an increase of the anode
current, most likely due to increased oxygen release. The good
anticorrosion resistance of the TiO2-ZrO2 composites could be
attributed to the amorphous structure, small grain size and low
oxygen content.
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Fig 7. Potentiodynamic polarization curves in 3.5% NaCl solution of
composite coatings.
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The values of corrosion potential for the three types of coatings
in this series are very close, ie. -704 mV for A3, -700 mV for A4
and -685 mV for A5. (Fig. 7). The density of the corrosion current
for the individual samples is as follows: for A3 - 1,4.10-5 A/cm2; for
A4 - 8,7.10-6 A/cm2; for A5 - 4,5.10-6 A/cm2. In the anode zone
there is a strong delay in the course of the polarization curves after
the corrosion potential in all three samples, which is an indication of
a slow anodic process of dissolution of the coatings in the
conditions of external polarization. In all three curves passive zones
in the range -600 mV to -50 mV are registered, where the velocity
of the anode current does not dependent on the potential. This
section is followed by an increase of the anode current, most likely
due to increased oxygen release.
Probably, amorphous, hydrophobic surface structure and lower
lattice oxygen content ensure the good protective properties of the
coatings treated at 500oC. First, the amorphous structure deteriorates
their ion/electron conduction, thus improving the barrier properties [5],
as the increased crystallization leads to deeper and more pronounced
boundaries between individual grains, which accelerate the
intercrystalline corrosion processes between the grains. Second, the
existence of lower content of lattice oxygen of A5 coatings provides
lower number of sites for hydrogen bonding with interfacial water
thus increasing the hydrophobicity. In addition to these
propositions, it could be supposed that the increased amount of
carbon acts as corrosion inhibitor. According to Li et al. some
carbon contaminations from organic precursor impede the mobility
of species towards steel substrate [6].

5. References
1. A. Durán, Y. Castro, M. Aparicio, A. Conde & J. J. de
Damborenea, Protection and surface modification of metals with
sol–gel coatings, Intern. Mater. Rev. 52 (2007), pp. 175-192.
2. N. Padhy, S. Kamal, R Chandra, U. K. Mudali, B. Raj, Corrosion
performance of TiO2 coated type 304L stainless steel in nitric acid
medium, Surf. Coat.Technol. 204 (2010), pp. 2782–2788.
3. J. Yu, G.Jia, Q. Liu, J. Zhang, Z. Shi, Effect of sol-gel ZrO2
films on corrosion behavior of the 304 stainless steel in coal-gases
environment at high temperature, Surf. Coat.Technol , 331 (2017),
pp. 21–26.
4. H. M. A. El-Lateef, M. Khalaf, Corrosion resistance of ZrO2–
TiO2 nanocomposite multilayer thin films coated on carbon steel in
hydrochloric acid solution, Mater. Character. 108 (2015), pp. 29–
41.
5. Ghasemi,T., A. A. Shahrabi , H. O. Hassannehad, S. Sanjabi, Effect
of heat treatment on corrosion properties of sol–gel titania–ceria
nanocomposite coating, J. Alloys Comp. Vol. 504 (2010), pp. 237-242.
6. H. Li, K. Liang, L. Mei, S. Gu,S. Wang, J. Mater. Sci., 20
(2001), pp. 1081.

36

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 1/2020

Alkali and acid activated geopolymers based on iron-silicate fines - by-product from copper
industry
Aleksandar Nikolov1
Institute of Mineralogy and Crystallography, Bulgarian Academy of Science (IMC-BAS), Sofia, Bulgaria
E-mail: drsashko@imc.bas.bg

1

Abstract: Geopolymer based on iron-silicate fines (fayalite slag) were synthesized in alkaline and acidic media using activation solution
comprised of respectively alkali silicate and phosphoric acid solutions. The raw material consists of fayalite, magnetite and pyroxene which
could be a conglomerate in some particles. The alkali activation occurs very slow at room temperature, while acid activation take place very
rapid. The acid activated geopolymer binder phase include cracks probably formed by thermal gradient because of the rapid exothermal
reaction. The morphology of the alkali activated geopolymers were presented by porous structure.
Keywords: GEOPOLYMER, IRON-SILICATE FINES, FAYALITE, IRON-RICH SLAG, ALKALI, ACID, COPPER
hydroxide [4], [7]. Recent studies of Nikolov showed suitable
activator concentration to prepare alkali-activated geopolymers
based iron-silicate fines [8]. The material hardens slowly at normal
temperature. Additional, alkali activation of similar slags were also
studies by: Komnitsas et. al [9]–[11]; Maragkos et. al using Greek
ferronickel slag [12]; and the research team of the University of
Leuvenusing Belgium fayalite slag [13], [14].

1. Introduction
The total copper content of world mine production was 22.046
thousands of short tons copper for 2017 [1]. The slag from the flash
furnace and the converters contains residual copper which is
extracted through grinding and flotation. Two products are
produced at the flotation plant: flotation copper concentrate and
flotation product called iron-silicate fines. The flotation product is
deposit into flotation pond or been processed as pressing to decrease
water content to about 10-12% humidity prior to landfill deposition
or utilization. The main mineral phase of the iron-silicate fine
material is fayalite, hence the material is commonly named fayalite
slag. The fayalite slag is powder material with high content of iron
in the form of minerals fayalite, magnetite. There is no economic
reason to extract the iron from the slag at this level of technology
advance. The slag is barely usable, because of its specific fineness,
high weight, contamination of heavy metals, etc. However, fayalite
slag is marketable as a road surface, Portland cement production
and concrete additive. Still huge amount of the produced ironsilicate fines remains unutilized deposited in landfills. With this in
mind, geopolymer technology is potential solution to this rising
problem.

So far limited studies were found on acid activation fayalite or
similar slag. Nikolov et. al used same Aurubis fayalite slag [15] to
synthesis geopolymers and Katsiki et al. used Belgium fayalite slag
[16] to prepare geopolymer (inorganic polymer), both with up to 19
MPa compressive strength. The phosphate activation acts very rapid
with setting time within a minute.
In the present study geopolymers based on fayalite slag (ironsilicate fines) were synthesized by two routes: in acid media with
phosphoric acid solution and in alkaline media – using
sodiumsilicate and potassium hydroxide solution. The purpose of
the study is to compare the differences of using acid or alkaline
activator solution.

2. Experimental

Geopolymers are a class of inorganic polymer materials with
amorphous or semi-crystalline three-dimensional structure [2]. The
geopolymer materials possess high compressive strength, chemical
resistance, thermal and fire stability [3], low CO2 footprint,
possibility of utilizing industrial waste materials, etc [4]. There are
other names describing the same or similar materials, including the
terms: “alkali-activate material”, “alkali-bounded-ceramics”,
“hydroceramics”, “inorganic polymer concrete”, “alumino-silicate
inorganic polymer”, etc [5]. However, these materials seem
promising and they are potential alternative of conventional
Portland cement and ceramics.

3.1. Method of analysis
The chemical composition of the iron-silicate fines (fayalite
slag) was determined by XRF using Panalytical Axios Max WD.
Powder X-Ray diffractograms (XRD) were produced with a Bruker
D-8 Advance instrument with Bragg-Brentano geometry, using a
CoKα source. The optical properties of the raw fayalite was studied
in polished specimen using light polarized microscope Leitz
Orthoplan. SEM images were obtained with different magnification
by using electron microscope JEOL 6390, INCA Oxford
analyzation and energy disruptive spectroscope (EDS).

The term ‘geopolymer’ was coined by Joseph Davidovits. There
are two routes of geopolymer synthesis: in alkaline medium using
alkali hydroxides and silicates; and acidic medium with phosphoric
acid [2]. Depends on the precursors and synthesis route following
terminology was adopted to describe geopolymers comprised by
following molecular units (or chemical groups):

2.2. Materials
The geopolymer precursor was iron-silicate fines from local
copper plant – Aurubis, Bulgaria. The iron-rich fayalite precursor
was dried to constant mass in oven at 105 oC. The chemical and
mineral composition are presented below.

-Si-O-Si-O- siloxo, poly(siloxo)
-Si-O-Al-O- sialate, poly(sialate)
-Si-O-Al-O-Si-O- sialate-siloxo, poly(sialate-siloxo)
-Si-O-Al-O-Si-O-Si-O- sialate-disiloxo, poly(sialate-disiloxo)
-P-O-P-O- phosphate, poly(phosphate)
-P-O-Si-O-P-O- phospho-siloxo, poly(phospho-siloxo)
-P-O-Si-O-Al-O-P-O- phospho-sialate, poly(phospho-sialate)
-(R)-Si-O-Si-O-(R) organo-siloxo, poly-silicone
-Al-O-P-O- alumino-phospho, poly(alumino-phospho)
-Fe-O-Si-O-Al-O-Si-O- ferro-sialate, poly(ferro-sialate) [6].

The activator solutions were prepared by using solid KOH
pellets, sodium silicate (SiO2/Na2O=3), orthophosphoric acid
(H3PO4) and tap water. The ingredients were mixed by magnetic
stirrer and tempered prior usage as activator

2.3. Geopolymer synthesis
The geopolymers in the presented study were prepared based on
previous works [8], [15]. The composition of the prepared
geopolymer pastes is presented by molar ratios as follows: alkali
activated (series 15F3) H2O/M2O=11.40, Fe2O3/M2O=4.00,
acid–activated
Fe2O3/P2O5=3.76;
Al2O3/M2O=0.50;
H2O/P2O5=1.71, (where M is K + Na). The water to solid ratio of
the mixtures were respectively 0.15 and 0.196 in order to obtain
workable mixtures. The alkali-activated homogenized mixture was

The geopolymers are two component binder: main powder
material and activator solution. The most common activation
solution is mixture of sodium silicate and potassium/sodium
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poured in metal cubic moulds (3.17 mm) and was placed in plastic
bags in laboratory conditions (23 oC, w=65%). On 28-th day was
demoulded because of the slow strength gain. Other hand, acidactivated geopolymers showed rapid setting. The mixtures were
homogenized for 30 s and placed in cylindrical plastic container
(50x30mm). In 1-2 minute the mixture was hard enough to
demould. Still it was demoulded after 1 hour tempering because of
high exothermicity of the reaction and possibility of detrimental
temperature gradient during cooling.

binder phase include many cracks probably formed by thermal
gradient because of the rapid exothermal reaction.
The morphology of the alkali activated geopolymers
differentiate significantly from the acid activated. The structure was
very porous. The alkali-activation geopolymers represent a
heterogeneous material composed of geopolymer gel matrix and
partially reacted or unreacted particles. The high alkalinity and long
hardening process lead to partly dissolution of the precursor
particles. Bigger particle reacted only on surface. On Figure 4 – d,
Point 3 was probably geopolymer gel which was characterized by
higher K and Na content and homogenous texture.

3. Results and Discussion
3.1. Characterization of the raw material
The chemical composition of the geopolymer precursor was
determined by XRF and the results are presented in Table 1. The
results from powder XRD examination showed that the geopolymer
precursor consists of fayalite, magnetite and small amount of
pyroxene (Figure 1). The main phase fayalite is end member of the
olivine group. The Fe and Mg can substitute freely for one another
in the mineral’s atomic structure. In detailed observation with
optical microscope of polished specimens made of powder in epoxy
resin, it was visible that some particles were conglomerate of
magnetite, fayalite and pyroxene (Figure 2). Тhis phenomena makes
the magnetic separation of the different mineral phases
inconvenient. The chemical point analysis in SEM-EDS showed the
difference in chemical composition of a particle (Figure 3).
Table 1. Chemical composition of the geopolymer precursor - iron-silicate
fines, determined by XRF, (%).

Fe2O3

SiO2

Al2O3

CaO

ZnO

MgO

K2O

58.42

29.34

4.40

2.66

1.32

0.89

0.71

Na2O

CuO

PbO

TiO2

MoO3

SO3

0.58

0.49

0.37

0.30

0.27

0.26

Figure 1. Powder XRD curve of the geopolymer precursor - iron-silicate fines
(fayalite) from Aurubis, Bulgaria. F- fayalite, M – magnetite, P – pyroxene.

Figure 2. Optical microscope image of the raw material - iron-silicate fins
(fayalite) from Aurubis, Bulgaria

Figure 3. Backscattered SEM-EDS image of the geopolymer precursor ironsilicate fines

4. Conclusion

3.2. Alkali and acid activated geopolymers

The presented studies showed that iron-silicate fines form local
copper industry could be successfully used as geopolymer precursor
synthesized in both acidic or alkaline media. The raw material
consists of fayalite, magnetite and pyroxene which could be a
conglomerate in some particles, which makes the magnetic
separation of the different mineral phases inconvenient

The XRD results did not show any significant differences
between raw material and hardened geopolymer, so they are not
presented. The main phases stayed mostly inert, for little exception
of fayalite, which probably was partly dissolved based on small
decrease of it intensities compared to magnetite.
On Figure 4 are presented SEM-EDS images of hardened acid
(a,b) and alkali (c,d) activated geopolymers. In both geopolymers it
was observed that particles of magnetite and fayalite act as inert
filler. In acid activated geopolymers there was more visible
geopolymer binder phase between filler particles characterized by
7-11% phosphorous content (point 1 and 2, Figure 4 – a). The
newly formed geopolymer gel was homogenous with difference in
elemental composition which is visible by brighter spots on
backscattered scanning electron image (Figure 4 – b). However, the

The alkali activation occurs very slow at room temperature,
while acid activation take place very rapid. The acid activated
geopolymer binder phase include cracks probably formed by
thermal gradient because of the rapid exothermal reaction. The
morphology of the alkali activated geopolymers were presented by
porous structure.
Further more detailed studies are needed to develop materials
with practical application.
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Figure 4. SEM-EDS images of acid activated geopolymer (a,b) and alkali-activated geopolymer (c,d)
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Literature survey of fatigue analysis approaches of vehicle components made of rubber
under the influence of temperature
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Abstract: Vehicle components made of rubber usually exhibit large deformations. Cyclic finite deformations generate temperature in
hyperelastic materials. Furthermore it is necessary to take into consideration the effects of ambient temperature. The mechanical properties
of rubber depend on temperature and temperature changes can accelerate chemical alteration processes which lead to the material
deterioration and fatigue processes. Research on fatigue behavior and fatigue properties of rubber has a great significance for predicting
fatigue life and improving durability of rubber products. First purpose of this paper is summarizing the influence of temperature and
temperature changes on the fatigue behavior of rubber. The second purpose of this study is to provide an overview of the state of the art on
the fatigue life prediction of rubber with primary focus on the different methods available for prediction of fatigue life under the influence of
temperature and temperature changes.
Keywords: RUBBER, FATIGUE ANALYSIS, TEMPERATURE CHANGES, FATIGUE LIFE PREDICTION METHODS
Cadwell’s research in the 1940’s on unfilled natural rubber. A good
correlation was identified between the maximum principal strain
and fatigue life in the case of tensile and shear loading of rubber.
According to Cadwell, natural rubber has a superior fatigue
endurance compared to synthetic rubber. During constant strain
amplitudes the life of natural rubber improves as the minimum
strain increases. Furthermore, in the case of rubbers that strain
crystallize, increasing the minimum strain of the strain cycle can
significantly elongate the fatigue life [10].

1. Introduction
Fatigue life prediction at different temperatures has a profound
significance for rubber parts to ensure their reliability and safety.
Several studies can be found on the fatigue life of rubber but there
is less research into fatigue life prediction considering temperature
changes. The fatigue life decreases when temperature increases.
Thus, it is necessary to take into consideration the temperature
changes during the fatigue process of rubber parts. In the case of
rubber materials, different working temperatures will have different
influences on the mechanical properties of rubber parts.
Furthermore, another type of temperature changing has a significant
role in the fatigue process of rubber. Cyclically loaded rubbers
exhibit hysteretic response, showed by a stress difference between
loaded and unloaded paths, and generated by the presence of the
viscous stress in the rubber medium which deviates from the purely
elastic response. In this case the temperature changing derives from
the conversion of the dissipated mechanical energy (due to the
hysteretic effect) into heat energy. The temperature changing may
influence the rubber mechanical response due to its thermodependence [1].

2.1.2. Strain energy density
Strain energy density proposes that the energy release rate is
proportional to the product of SED and the crack size [7,11].
Several investigations can be found in literature which uses strain
energy density as a fatigue life parameter in rubber. According to
the Roberts and Benzies’s studies in the case of NR and SBR
(styrene butadiene rubber), the equibiaxial tension fatigue life is
longer than simple tension fatigue life based on equal strain energy
density. When the basis of the comparison is the maximum
principal strain the result is the opposite. Roach investigated the
cause of this above-mentioned difference and he found that all of
the strain energy density is available for flaw growth in the case of
simple tension, but only one half of the strain energy density is
available in the case of equibiaxial tension.

2. Methods of fatigue analysis in rubber
Two main approaches can be distinguished for analysing fatigue
life in rubber components. These are the crack nucleation approach
and crack growth approach. Elevated temperature has a deleterious
effect on rubber, both on crack nucleation life, and on fatigue crack
growth rate. The first approach considers an already existing crack
with initial size and predicts the propagation of the crack until
fracture (crack nucleation approach). The second approach focuses
on predicting the growth of a particular crack (crack growth
approach). The strength and limitations of these approaches are
presented. Some information presented in this paper has been
summarized previously [4,5,6,7]. Thus, this literature overall
updates these above-mentioned reviews.

It is important to note the critical plane approaches. The history
of parameters associated with specific material planes are used to
predict fatigue life in the case of multiaxial fatigue nucleation life of
metals. However, in the case of rubber materials, multiaxial fatigue
loading effects are not well understood. Compressive loading quite
often occurs in the loading history of rubber parts. This type of
loading along one direction is always related with simultaneous
shear or tensile loading in other directions. Planes perpendicular to
an axis of compression experience closure, planes in other
directions experience shear or tension. Cracks will grow and
nucleate on these planes.

2.1. Theory of crack nucleation

2.1.3. Cracking energy density

According to the crack nucleation approach the considered
material has an effective life which can be determined by the
history of stresses or strains. The fatigue crack nucleation life can
be determined by the number of cycles which cause the appearance
of cracks with a critical size. The earliest academic study of fatigue
was done by Wöhler in the 1860s, which was motivated by the
understanding of fracture of railroad axles. An affine approach was
applied to rubber in the 1940s [9]. There are two notable fatigue life
parameters for predicting the fatigue life of rubber: the maximum
principal strain and the strain energy density (SED) [8].

The cracking energy density (CED) is part of the total elastic
strain energy density, but concentrates on the energy available to a
specific material plane during crack growth. CED is defined as the
increase in energy density as the material is subjected to a fatigue
load cycle:

dWc  t i d  i , T Tc

(1)

where t i   ij rj is the traction stress on the plane with normal rj
and d  i  d  ik rk is the change in traction strain on the plane. The
energy in this plane is the portion of energy available to be released
on a material plane.

2.1.1. Maximum principal strain
Strain can be determined from displacements, which can be
easily measured in rubber. Maximum principal strain is based on
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To conclude, the classical crack propagation approach assumes
a pre-existing crack, which grows until it reaches a failure size. This
classical approach is difficult to use for rubbers, as the location of
crack initiation could be hard to predict if only the principal strain
and strain energy density is known. CED has been shown to be
superior to the peak engineering strain as well as the energy density.
CED gives superior results when fitting geometries with complex
loading histories to a Wöhler curve, however CED is
computationally expensive. It means iterating over a finite number
of crack orientations in each element of a finite element model. The
three fatigue evaluation criteria are compared in Table 1.

The energy is denoted T, referring to the tearing energy required
under static load. The crack growth rate is determined by the
maximum energy release rate during pulsating loading [13].
Examples were studied by Greensmith and Lindley in which a
single edge cut specimen with a crack of initial size a0 subjected to
tensile loading. The energy release rate was estimated as a function
of the strain energy density, W, crack size a , and coefficient k,
which is a function of the principal engineering strain.

T  2kWa

2.2.1. Typical regimes of fatigue crack growth

Table 1: Comparison of fatigue life prediction parameters

Strain
energy
density

Maximum
principal
strain

Worst
correlation
Easy
computing

Lake and Lindley distinguished four regimes of fatigue crack
growth behaviour in rubbers as shown in Figure 3., based on the
maximum energy release rate per cycle, T, for R=0 cycles, for
unfilled NR and SBR [14].

Cracking
energy density

Depend on
material and
geometry
In simple load
cases

Depend on
material

Less depend on
material and
geometry
Complex load
cases
High computation
times;
Implementation
must be
developed

Easy computing

(3)

Regime 1: the crack growth rate da/dN below T0 threshold is
independent of the mechanical loading, and crack growth rate is
independent of the energy release rate, T. T is the rate at which
energy per square unit is dissipated during fracture of the newly
created fracture surface area. It means that rubber has no endurance
limit. Furthermore, strain crystallization is a phenomenon that is
specific to NR, and it is the primary cause of its unique superior
fatigue resistance. Strain crystallization appears during compressive
loading, which can have a retarding effect on crack growth rate by
crystallization of the crack tip.

2.2. Theory of crack growth
Several studies had gone into understanding the evolution of
fatigue cracks in rubber materials. The crack growth theory
considers pre-existing cracks or flaws. According to Griffith’s
theory, the fracture criterion based on an energy balance including
the mechanical energy of a cracked body and the energy associated
with the crack surfaces. This approach was further developed for
rubber by Thomas, Lake, Greensmith, Lindley, Mullins and Rivlin.
Thomas extended this approach to analyse the growth of cracks
under cyclic loadings in NR [12]. Thomas developed a square-law
relationship between peak energy release rate and crack growth rate
for unfilled natural rubber.

3

10
da / dN
(cm / MCycle )

102

101

100

101

The cause of the growth of a crack microscopically is the
crosslinks between the polymer chains in the rubber structure.
These crosslinks are weak bonds and tear apart during subjected to
high loads, as presented in Figure 1.

Regime1
10

Regime2

Regime4

Regime3

2

103

Crosslink
104
103

n monomer units

102

101



T kJ / m 2

Crack tip in
undeformed state

L

100

101



Fig. 2 Four regimes of fatigue crack growth and their relation to the energy
release rate. Adopted from [14]

Plane of crack propagation

Regime 2: is a transition range of T , between T0 and Tt ,
described by the following relationship, in which A is a material
property.

Crosslink
Fig. 1 Crosslinks between the polymer chains when subjected to high loads.
Adapted from [13]

da
 A T T0   r , T0 T Tt
dN

The potential energy in rubber released from surrounding
material is spent on reversible and irreversible changes to create
new surfaces, according to Griffith’s study. The crack growth is
associated with new crack surfaces due to the conversion of a
structure’s stored potential energy. The growth of a fatigue crack is
measured by the energy release rate, T. It means the measurement
of the change in stored mechanical energy dU per unit change in
crack area dA.

T 

dU
dA

(4)

Regime 3: is a range between Tt and Tc over which the
relationship between the energy release rate and the fatigue crack
growth rate suffice a power-law, where the material properties are B
and F.

da
 BT F , Tt T Tc
dN

(5)

Regime 4: beyond Tc unstable crack growth regime follows,
where the crack growth rate is infinite.

(2)
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da
  , T Tc
dN

To conclude there are some areas in which future progress can
be made, i.e.: in the area of SIC there are two unanswered
questions: which are the conditions of fatigue-induced SIC and
what is the minimum crystallinity level required to ensure
reinforcement?

(6)

Several models have been developed to describe the last three
regions with one relationship. The Crack-Layer theory for rubber is
a single relationship that predicts regimes 2,3,4, for loading. This
theory was developed by Aglan and Moet and is based on the
irreversible thermodynamics of an “active zone” preceding the
crack tip [15]. This is the most often used method of estimating life
in practical applications, and there can be found many researches on
obtaining power laws based of different geometries and load cases.
There has not been found any unified method that accounts for the
different fatigue effects of rubber. Fatigue correlations always
depend on the geometry and composition of the specimen, the
temperature, aging, and loading sequence order.

4. Prediction methods of fatigue life
Fatigue life prediction due to temperature changes has a
substantial significance for rubber components to ensure their
reliability and safety. There are several studies on the fatigue life of
rubber materials, but there is less research into fatigue life
prediction considering temperature factors. Several scholars have
performed their research on the prediction of rubber fatigue life.
•Zhang et al. established a fatigue life prediction model with
strain energy as damage parameter and the fatigue characteristics
under different temperatures are predicted by the relationship
between their model parameters and temperature [12].

3. Temperature effects on the mechanical and
fatigue properties of rubber

•Fatemi and co-workers determined a prediction method for
rubber components in which the maximum principal strain was used
as a damage criterion, and Miner’s linear cumulative damage rule
was applied based on the crack initiation life and fatigue crack
growth [18].

Owing to their superior ability to good wear resistance and tear
resistance, rubber materials are widely used in the automobile
industry. For rubber materials, on the one hand, different working
temperatures will have different influences on their mechanical
properties. This is the first type of temperature changing. On the
other hand, cyclically loaded rubbers exhibit hysteretic response,
manifested by a stress between loading and unloading paths, and
generated by the presence of the viscous stress in the rubber
medium which deviates from the purely elastic response. A
significant part of the dissipated mechanical energy due to the
hysteretic effect may be converted into heat energy which manifests
itself in the form of temperature changing. In the following section,
the effect of temperature on the mechanical and fatigue behaviour
of rubber will be investigated according to the state of the art.

•Woo et al. applied finite element analysis and life prediction of
the rubber composites by using Green-Lagrange strain as fatigue
damage parameter [13].
To conclude: the fatigue life forecast by the prediction models
was compared with the experimental life, that showed that the
prediction model which used the effective stress as damage
parameter had the best accuracy [14].
At present, the prediction of rubber fatigue life under the
influence of temperature is faced with two major difficulties. First
of all, it is necessary to execute the suitable fatigue test and
establish a model to analyse the fatigue characteristics of such parts
because of the large variation of working temperature and complex
loading conditions. Secondly, it is difficult to create the relationship
between temperature and fatigue life model to predict the rubber
fatigue life at different temperatures.

Table 2: Effect of temperature on the mechanical and fatigue behavior of
rubber

Framework
Mars and
Fatemi
Treloar
Lu et al, Lake
and Lindley

Zhang et al.

Investigated
property

Consequence

Elastic response depends
on
of rubber
temperature.
Crystallinity

is limited by
temperature.

Fatigue
resistance

decreases when
temperature
increases.

Thermaloxidative
ageing (sulfur
bond
failure
and
recombination)

accelerates
when
temperature
increases and it
leads to decay
its antifatigue
property.

Ruellan et
al.

Fatigue
life is affected by
reinforcement
temperature.
due to SIC

Zhang et al.

decreases SIC
Elastic response
(strain induced
of rubber
crystallization)

Mars and
Fatemi

Rateindependent
hysteresis

4.1. Prediction methods of fatigue life under the
influence of temperature
Mars and Fatemi presented that the fatigue life of rubber
material changes with temperature. Neuhaus et al. carried out
fatigue tests to study the influence of chemical and thermal aging.
Shangguan et al. established three kinds of fatigue life prediction
models at different temperatures using the engineering strain as
damage parameter [8].
These studies investigate the fatigue characteristics under the
influence of temperature, but no model was established to
demonstrate the relationship between temperature and fatigue life
prediction.
Table 3 contains and summarizes the fatigue life prediction
methods for rubber materials and fatigue life prediction methods in
consideration of the effects of temperature [9].
Table 3: Fatigue life prediction methods of rubber

Framework

depends
on
temperature.

When the working temperature increases, the thermal-oxidative
aging reaction of rubber materials will accelerate. Zhang et al.
carried out fatigue tests at elevated temperature which generated
thermal and thermo-oxidative aging [12].
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Prediction method

Mars and Fatemi

Investigated that the
fatigue life of rubber material
changes with temperature.

Neuhaus et al.

Carried out fatigue tests
to study the influence of
chemical an thermal ageing.

Shangguan et al.

Established three kinds of
fatigue life prediction models
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reinforcement? Furthermore, the prediction of fatigue behaviour
under complex mechanical loading histories has not been cleared,
because multiaxial effects on crack nucleation life are not
investigated. It is necessary to integrate environmental factors into
fatigue life predictions. Models for the effects of temperature must
be integrated with predictions on mechanical load history. Guo et al.
developed a new approach which is able to predict the fatigue
thermomechanical response in rubbers, and in which the authors
used the Arruda-Boyce model to determine free energy functions.
The question is raised what are the results of this approach using
other models to predict the fatigue thermomechanical response [9].

at different temperatures
using the engineering strain
as damage parameter.
Fatemi et al.

Applying
damage
criterion: maximum principal
strain and Miner’s linear
cumulative damage rule and
using FEA.

Woo et al.

FEA and life prediction
of rubber composites by
using Green-Lagrange strain
as fatigue damage parameter

Suryatal et al.

Predicted the fatigue life
of a railway elastomeric pad
by combining the experiment
of material properties and
using the Mooney-Rivlin
model for FEA. Maximum
first principal elastic strain
was selected as fatigue
damage parameter.

Seichter et al.

Summarized
the
advantages of fatigue crack
growth theory.

Wang et al.

Computed three fatigue
damage parameters by finite
element method, namely:
logarithmic principal strain,
Cauchy principal stress and
starin energy density for
fatigue life. Their prediction
model is based on the leastsquare method.

Shangguan et al.

Zhang et al.

This study is the basis of the following research which will
include the modelling of the temperature-changing induced fatigue
behaviour and fatigue life prediction of rubberlike materials by
using self-developed finite element code.
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Improving the Linearized stresses resistance by Nano-Coating, Part-2
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Abstract: The part-2 research is a continuation of part-1 of using a simulation of Nano coating effect on linearized stresses resistance using
Finite Element Analysis (FEA) software was carried out. The prime focus here was on exposing a thin Aluminum (Al7075-T6) walled
spherical vessel to internal pressure before and after coating, this spherical vessel was coated by Nano- layer using two different materials
such as Titanium (Ti) and Nickel (Ni) with thicknesses ranging (100 nm, 500 nm, and 900 nm). Then a comparison of the obtained results
was made before and after coating. The results showed that the aluminum Al7075-T6 thin walled spherical vessel successfully coated with
Titanium and Nickel separately using ANSYS software. In addition, the results have shown that 100,500 and 900 nm thickness Nickel coated
aluminum 7075-T6 thin walled spherical vessel has a better improvement in linearized stresses resistance. These improvements in linearized
stresses resistance were equal to 42% with Nickel coating in comparison with Titanium coating of thickness (100, 500 1nd 900 nm). The
improvement of the linearized stress highest resistance is about 2.5% and 5% for Ti and Ni, respectively.
KEYWORDS: MECHANICAL PROPERTIES, NANO, COATING, TI , NI , AND AL 70705-T6
List of Abbreviations: Al: Aluminum, ASM: American Society for Metals, FEA: Finite Element Analysis, GPT: General Purpose
Technology, Ni : Nickel, PAS: Publicly Available Specification, Ti: Titanium, nm : nanometer, c : the circumferential strain, r : radial
strain, t : tangential strain , P : Resultant Pressure Force, P : Pascal , r: radius of the sphere , t : thickness, σ: sigma (tensile stresses), E :
Modulus of elasticity , p: Fluid Pressure, v: Poisson ratio, Ϭm = membrane stress, Ϭb = bending stress, Ϭt = total stress
Nanotechnology:
Richard Feynman gave flight to the concept of nanotechnology
via his 1959 introductory lecture “There‟s Plenty of Room at the
Bottom.” Sited in 1986 K. Eric Drexler‟s book Engines of
Creation articulated the promise of this new science in the
diverse range of future scenarios. An important development that
transitioned many “Nano visions” into tangible reality was the
development of Scanning Tunneling Microscopy (1981) and
Atomic Force Microscopy (1986). These instruments enabled
imaging at a Nano metric resolution and the manipulation of
individual atoms. (Boehm, Frank. 2010) Nanotechnology is a
newly emerging branch of technology, which incur high
expectations of its possibility to change the world fundamentally.
Some policymakers and technology developers even speak about
“the Next Industrial Revolution”, which advancing
nanotechnology is supposed to bring along (Schummer, 2004).
Others argue that nanotechnology is just a new label put on
research projects in conventional fields of science – such as
chemistry, physics, biomedical engineering, materials science
and electrical engineering to gain more research funding.
However, there have been also efforts to define various terms in
the field of nanotechnology, and thus build a common
understanding about the issue.

Background:
Nanotechnology is a nascent, vibrant, and burgeoning scientific
discipline that is predicted to have important implications for an
extraordinarily broad array of applications encompassing almost
every industrial sector. It is surmised that virtually no facet of the
industry will be left uninfluenced by its seemingly ubiquitous
reach. Nanotechnology is defined as the capacity for the
controllable manipulation of matter at the molecular and atomic
levels, typically from 1 nm to 100 nm. It allows for and
encompasses the fundamental ability to synthesize novel
materials and to create devices that exhibit extraordinary
properties with enhanced functionality. One compelling driver of
this technology lies in the premise that matter behaves in
radically different ways for nano scale materials in contrast to
their bulk material counterparts. Nano scale materials can possess
innumerable components that are endowed with exponentially
greater surface areas, which are critical in many industrial
processes. Nano materials or Nano scale materials are defined as
a set of substances where at least one dimension is less than
approximately 100 nanometers. A nanometer is one millionth of
a millimeter - approximately 100,000 times smaller than the
diameter of a human hair as shown in figure-1. Nano materials
are of interest because at this scale unique optical, magnetic,
electrical, and other properties emerge. These emergent
properties have the potential for great impacts in electronics,
medicine, and other fields. (A, Alagarasi, 2011). Nano coatings
have the potential for enhancing the performance and durability
of an extensive array of manufacturing processes, in addition to
improving the items that they produce. They may thus enable
significant energy savings to be realized across just about every
market sector. Nano coating imparts multifunctional attributes to
many everyday consumer and industrial products.

Research objectives: The main objective of this work is: The
main objective in prat-2 is to study and analyze the linearized
stresses improvement when using a Nano coating of Al 7075-T6
by Titanium and Nickel Nano-particles separately of thickness of
100, 500 and 900 nm.
Research methodology:
In this work, a simulation of the Nano coating effect on
mechanical properties for optimizing its performance using FEA
software carried out. The prime focus here was on exposing a
thin walled spherical vessel made of Aluminum (Al7075-T6)
under internal pressure before and after coating with Nano coated
materials such as Titanium (Ti) and Nickel (Ni) with different
thicknesses .A comparison of the results before and after coating
will be made. In the same fashion prepared electro-deposition of
composite coatings containing Nano particles in a metal matrix.
It was showed that the inclusion of Nano sized particles can give
rise to increased micro hardness and corrosion resistance and
modified growth to form a Nano crystalline metal deposit and
shifted reduction potential of a metal ion. (Low et al, 2006). The
above observations motivated the present investigation, where an
attempt will be made to develop and characterize the mechanical,
chemical properties, micro structural and compositional features
of the coating in present work.

Figure 1: Nano-material (National Center for Electron
Microscopy, Lawrence Berkeley Lab, US. Department of
Energy)
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Table-3: Some important characteristics of Titanium and
Titanium based alloys as compared to other structural metallic
materials based on Fe, Ni, and Al. (Lütjering, G. and Williams,
J.C., 2007).
Ti
Fe
Ni
Al
Melting
Temperature 1670
1538
1455
660
(°C)
Room Temperature E 115
215
200
72
(GPa)
Yield
Stress
Level 1000
1000
1000
500
(MPa)
Density (g/cm3)
4.5
7.9
8.9
2.7
Comparative Corrosion Very
Low
Medium High
Resistance
High
Comparative Reactivity Very
Low
Low
High
with Oxygen
High
Comparative Price of Very
Low
High
Medium
Metal
High

Materials:
Materials are probably more deep-seated in our culture than
most of us realize. Transportation, housing, clothing,
communication, recreation, and food production virtually every
segment of our everyday lives is influenced to one degree or
another by materials. Historically, the development and
advancement of societies have been intimately tied to the
members‟ ability to produce and manipulate materials to fill their
needs. In fact, early civilizations have been designated by the
level of their materials development (Stone Age, Bronze Age,
and Iron Age). (William D. Callister, Jr, 2006)
Aluminum:
The excellent combination of lightweight, high strength, high
corrosion resistance, and the acceptable cost has made aluminum
and its alloys one of the most commonly used metal groups
(Kaufman, J. Gilbert, 2000). In many of automobile and
aerospace industries applications, aluminum and its alloys are
widely used in these applications (Dileep, B.P., Kumar, V.R.,
Prashanth, M. and Phanibhushana, M.V., 2014). Al 7075-T6
aluminum alloy (tables-1 and 2) is an aluminum alloy, 7xxx:
series alloys have zinc as their main alloying element, 5.6–6.1%
zinc. T: thermally treated to make stable tempers. T6: solution
treated, and then artificially aged (Kaufman, J. Gilbert, 2000). It
is strong, with a strength comparable to many steels, and has
good fatigue strength and average machinability.

Nickel: Nickel is probably the most versatile of the metallic
elements. Among alloys containing Nickel are some having high
corrosion resistance and others that retain excellent strength and
ductility from temperatures approaching absolute zero to those
near 2000 F. Some Nickel alloys are strongly magnetic, others
are virtually nonmagnetic; some have low rates of thermal
expansion, others have high rates; some have high electrical
resistivity; some have practically constant module of elasticity;
one has an "elastic" memory. In addition, Nickel is Magnetoastrictive. (Everhart, J. ed., 2012). The element Nickel is a
member of the transition group in the fourth series of the periodic
table, which include iron, Nickel, and cobalt. It has the atomic
number 28. (Everhart, J. ed., 2012).

Table-1: Al 7075-T6 Chemical Analysis (ASM International,
Alloy Phase Diagram Committee, 1990).
Component Wt. %
Component Wt. %
Al
87.1 - 91.4
Si
Max 0.4
Cr
0.18 - 0.28
Ti
Max 0.2
Cu
1.2 - 2
Zn
5.1 - 6.1
Fe
Max 0.5
Other, each Max 0.05
Mg
2.1 - 2.9
Other, total Max 0.15
Mn
Max 0.3
Table-2: Al7075-T6 Mechanical and physical Properties (ASM
International, Alloy Phase Diagram Committee, 1990).
Data points
Physical Properties
Density
Mechanical Properties
Ultimate Tensile Strength
Tensile Yield Strength
Modulus of Elasticity
Poisson's Ratio
Fatigue Strength
Shear Modulus
Shear Strength
Hardness, Brinell
Hardness, Knoop
Hardness, Rockwell A
Hardness, Rockwell B
Electrical Properties
Electrical Resistivity
Thermal Properties
Specific Heat Capacity
Thermal Conductivity
Melting Point

Table-4: Physical Properties of Nickel. (Everhart, J. ed., 2012)
Physical Properties
High purity" Commercial
Nickel
Nickel
(99.97%
(99.5%
min)
nom)
Melting point, °C
1455
1440-1450
Boiling point, °C
Vapor pressure (at Melting
point), bar
Specific heat (294.3 K), J/ (kg K)
Thermal conductivity (298.15 K)
W/(m K)
Coefficient of thermal expansion
(10-6 m/(m K))
Electrical resistivity,
Micro-ohm-cm
Ohms/cir mil ft.
Temperature
coefficient
of
resistance (68-212 F),
Micro-ohm-cm/F
Curie temperature, F
Saturation magnetization, gauss
Maximum permeability (H =1),
gauss
Initial permeability, gauss
Residual induction, gauss
Coercive force, Oe
Modulus of elasticity, GPa
Modulus of rigidity, GPa
Density, g/cm3

Metric
2.81 g/cc
572 MPa
503 MPa
71.7 GPa
0.33
159 MPa
26.9 GPa
331 MPa
150
191
53.5
87
5.15e-006 ohm-cm
0.96 J/g-°C
130 W/m-K
477 - 635 °C

Titanium:
High strength, low density, and excellent corrosion resistance
are some of the main properties, which make the Titanium good
choice for a variety of applications. Some of the basic
characteristics of Titanium and its alloys are listed in Table 3.3
(Lütjering, G. and Williams, J.C., 2007.)

2730
4.39e-6

-------

460.548
91

456.3612
45.7

13 x 10- 6

12.3 X 106

7.16
43.17

9.5
57.2

0.0038
667
6170
2000-3000

0.0027
680
6000
1500-2000

200
3000
3.0
207
82.7
8.9

200
3100
3.0
204
80.7
8.8

Pressure Vessel:
Pressure vessel is a tank contains pressures, either internal or
external. This pressure may be obtained from an external source,
or by the application of heat from a direct or indirect source, or
any combination thereof. (Boiler, ASME and Code, P.V.1989).
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Spherical shells as structural parts are used extensively in many
applications, like nuclear, offshore, fossil oil and transport,
because they can be subjected to variable loading conditions like
external pressures or internal or both (V. Prasad and B. Praveen
Kumar, 2017) for the following advantages:
1. The stress resistance considered to be uniform

Where: H8 = 0.03 m, H9 = 0.039 m, Ri = 0.18 m, Ro= 0.189
m, V7= 0.07 m

2. The distribution of pressure is uniform upon the tank storage.
3. Sphere contains more volume for the surface area.
4. Also metal thickness is sometimes about half as much as a
cylinder of the same diameter for the same pressure rating.
5. The stresses and strains are spreading more uniformly.
6. The cost of the wall thickness of a spherical shell will be about
half the wall thickness needed for a cylindrical shell for holding
in the same pressure. So, in a spherical container use a thinner
shell which means lesser cost and weight.

Figure 4:90° Thin walled Spherical vessel

7. Area to volume ratio is the area that a sphere occupies will be
lesser compared to a cylindrical container of the same volume.
But in spite of the above advantages spherical pressure vessels
are more expensive than cylindrical pressure vessels to fabricate,
and this higher price is only justifiable for large vessels.
Theoretical Background:
The proposed work as a comparison of the performance
analysis of mechanical properties of Nano coated and uncoated
for the Al7075-T6 alloy. The work will be intend to enhance the
mechanical properties, life time, ability of carrying high stress
and the resistance to deformation of aluminum alloy AL 7075T6. The finite element analysis (FEA) will perform on thin
walled spherical pressure vessels geometry under internal
pressure compared with the uncoated and coated with Nano
thicknesses of Titanium and Nickel separately by using surface
coating function in ANSYS software (Products Release 19.0).

Figure 5: 90° Thin walled spherical vessel with 5 mm elements
size of mish
Stress analysis in the thin-walled spherical pressure vessel:
Theoretically, spherical shape it is the ideal shape for a vessel
that resists internal pressure. To derive the stresses in a spherical
vessel, a cut through the sphere on a vertical diametric plane as in
Fig. 6a and isolate half of the shell and its fluid contents as a
single free body (Fig. 6b), was made acting on this free body is
the tensile stresses σ in the wall of the vessel and the fluid
pressure p. This pressure acts horizontally against the plane
circular area of fluid remaining inside the hemisphere. Since the
pressure is uniform, the resultant pressure force P as in Fig. 6b
(Gere and Goodno, 2008)
P = p(πr 2 )
(1)
Where,
r: is the inner radius of the sphere, p: net internal
pressure, or the gage pressure. Because of the symmetry of the
vessel and its loading (Fig. 6b), the tensile stress σ is uniform
around the circumference. Moreover, since the wall is thin, an
assumption with good accuracy may be used in which the stress
is uniformly distributed across the thickness t. The accuracy of
this approximation rise as the shell becomes thinner and lowers
as it becomes thicker. The resultant of the tensile stresses σ in the
wall is a horizontal force equal to the stress σ times the area over
which it acts, or
σ 2πrm t
(2)

Geometric modeling of the case study:
One finite element model is created, it is a thin walled
spherical pressure vessel coated with different Nano thickness of
Titanium and Nickel separately. As seen in figures (2 to 5).

Figure 2: 3D Thin walled Spherical vessel

Figure 6: Tensile stresses σ in the wall of a spherical pressure
vessel (Gere and Goodno, 2008

Figure 3: Schematic drawing of front view thin spherical vessel
with dimensions
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From Hooke‟s law (equations: 8- 13) with z the radial direction,
with r  0:

t: the thickness of the wall, rm : It‟s the mean radius
t
rm = r +
(3)

Where,
where,

2

εc
1/E −v/E −v/E σt
1−v
εc = −v/E 1/E −v/E σt = 1 pr 1 − v
E 2t
εr
−v/E −v/E 1/E σt
1−v

Thus, equilibrium of forces in the horizontal direction (Fig. 6b)
gives Fhoriz = 0 σ 2πrm t − p πr 2 = 0
(4)
Will get the tensile stresses in the wall of the vessel
pr 2

σ=

Equations (7 to 14) are from (Kelly, P., 2013). To calculate the
amount by which the vessel expands, consider a circumference at
average radius r which moves out with a displacement r, Fig.8.
From the definition of normal strain

(5)

2r m t

This analysis is valid only for thin shells, disregarding the
small difference between the two radii appearing in equeation (4)
and replace r by rm or replace rm byr. While either choice is
satisfactory for this approximate analysis, it turns out that the
stresses are closer to the theoretically exact stresses if using the
inner radius r instead of the mean radius rm . Therefore, will
adopt the following formula for calculating the tensile stresses in
the wall of a spherical shell:
σ=

pr

εc =

r+δ r Δθ −rΔθ
rΔθ

=

δr

(15)

r

This is the circumferential strain for points on the mid-radius.
The strain at other points in the vessel can be approximated by
this value.
The expansion of the sphere is thus

(6)

2t

(14)

δr = rεc =

1−v pr 2
E

(16)

2t

As is evident from the symmetry of a spherical shell, it will
obtain the same equation for the tensile stresses when cutting a
plane through the center of the sphere in any direction. So, we
have the following conclusion: The wall of a pressurized
spherical vessel is subjected to uniform tensile stresses σ in all
directions. This stress condition is represented in Fig. 6c, by the
small stress element with stresses σ acting in mutually
perpendicular directions (Gere and Goodno, 2008). Because of
the symmetry of the sphere and of the pressure loading, the
circumferential (or tangential or hoop) stress at any location and
in any tangential orientation must be the same and there will be
zero Shear Stresses. (Kelly, P., 2013).
Figure 8: Deformation in the thin-walled sphere as it expands
(Kelly, P., 2013).

Strain analysis of the thin-walled spherical pressure vessel:
The thin-walled pressure vessel will extend when it is
internally pressurized. These results in three principal strains, the
circumferential strain c (or tangential strain t) in two
perpendicular in-plane directions, and the radial strain r.
referring to Fig. (7), these strains are:

To determine the amount by which the circumference increases
in size, consider Fig. 9, which shows the original circumference
at radius r of length c increase in size by an amount c. One has
δc = cεc = 2πrεc = 2π

1−v pr 2
E

2t

(17)

It follows from equations (16 and 17) that the circumference and
radius increases are related through. (Kelly, P., 2013).
δc = 2πδr

(18)

Figure 7: Strain of an element at the surface of a spherical
pressure vessel (Kelly, P., 2013).

εc =

A ′ C ′ −AC

εxx =
εyy =
εzz =
εxy =
εxz =
𝛆 𝐲𝐳 =

AC
1
E
1
E

=

C ′ D ′ −CD
CD

, εr =

A ′ B ′ −AB
AB

(7)

σxx − ν σyy + σzz

(8)

σyy − ν σxx + σzz

(9)

σzz − ν σxx + σyy

(10)

Figure 9: Increase in circumference length as the vessel expands
(Kelly, P., 2013).
Linearized Normal Stress:

1
E

1+ν
E
1+ν
E
𝟏+𝛎
𝐄

σxy

(11)

σxz

(12)

𝛔 𝐲𝐳

(13)

This section is a guide to how the stress linearization tool works
to separate stresses into membrane and bending. Stress
linearization was developed in the pressure vessel industry by
Kroenke and Gordon in the 1970s. What is happening under the
hood when your stress linearization utility presents results? The
Linearized Stress results calculate membrane, bending, peak, and
total stress along a straight line path in the Mechanical
application.
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Membrane stress:
Membrane stress calculates the stresses along the thickness of
the shell in the longitudinal direction, in the transverse direction,
and in plane shear. The result is available only for shell bodies
and solids that are meshed using the thin-solid meshing option.
Each element of the body can display individual stress values and
give a check board appearance to the result contours. The
membrane stress is usually equal to the code allowable stress for
global areas and 1.5 as much for local areas. the membrane and
membrane + bending stresses are required. A 5° slice of the
model will represent the whole head. The slice has a split line
near the weld to ensure that when meshed, the nodes at this
location line up straight – the Stress Classification Line. throughthickness elastic stress field into equivalent membrane, bending,
and peak stresses for comparison with appropriate allowable
limits.
Membrane stress is the average stress through the thickness
(P/A)
Bending stress is the linearly varying stress through the
thickness
(Mc/I)
Peak stress is the total stress minus the membrane plus
bending
Stress

Figure-11: Linearized Normal Stress (X-axis) without coating
Table-5: Sample of data for Linearized Normal Stress values
without coating

Peak stress:
Bendi
Length Membrane
Membrane+Ben Peak
ng
[m]
[Pa]
ding [Pa]
[Pa]
[Pa]
491.0
0.0
24977 1.001e+006
7
1.875e
23936 9.9996e+005
450.6
-004
3.75e410.1
22896 9.9892e+005
004
3
5.625e
369.6
21855 9.9788e+005
-004
6
7.5e329.1
20814 9.9684e+005
004
9
9.375e
288.7
19773 9.958e+005
-004
1
9.7602e+0
1.125e 05
248.2
18733 9.9476e+005
-003
4
1.3125
207.7
17692 9.9372e+005
e-003
7
1.5e16651 9.9268e+005
167.3
003
1.6875
126.8
15611 9.9163e+005
e-003
3
1.875e
86.36
14570 9.9059e+005
-003
3
2.0625
45.89
13529 9.8955e+005
e-003
3

A peak stress is a highly localized stress that exists at a
discontinuity in the load path. An example of a peak stress is the
high localized stress at the root of a thread in a bolt. (API SPEC
16R, 1997).
Results:
Figures (10-25) and tables (6-13) show the main values and
improvements of the Linearized Normal Stress in X-axis.

Figure-10: Linearized Normal Stress (X-axis) without coating
Figures (4.66, 4.68, 4.70, 4.72, 4.74, 4.76, and 4.78) show in
more details and view the Linearized Normal Stress along a
straight line path in a thin-walled spherical vessel.
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Total [Pa]
1.0015e+0
06
1.0004e+0
06
9.9933e+0
05
9.9825e+0
05
9.9717e+0
05
9.9609e+0
05
9.95e+005
9.9392e+0
05
9.9284e+0
05
9.9176e+0
05
9.9068e+0
05
9.896e+00
5
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003
1.6875
e-003
1.875e
-003
2.0625
e-003

Ϭm+Ϭb

15789 9.8842e+005
14737 9.8737e+005
13684 9.8632e+005

05
173.4 9.886e+00
2
5
117.4 9.8749e+0
4
05
61.46 9.8638e+0
3
05

Ϭm
Ϭm+Ϭb
Ϭt

Figure-12: Membrane [Pa], Membrane +Bending [Pa], total
stress [Pa] without coating.

Ϭm
Ϭt

Figure-14: Membrane [Pa], Membrane +Bending [Pa], total
stress [Pa], coated with 100 Nanometers of Titanium.

Figure-13: Linearized Normal Stress (X-axis) coated with 100
Nanometers of Titanium.
Table-6: Sample of data for Linearized Normal Stress values,
coated with 100 Nanometers of Titanium.
Bendi
Length Membrane
Membrane+Ben Peak
ng
[m]
[Pa]
ding [Pa]
[Pa]
[Pa]
677.2
0.0
25263 9.979e+005
3
1.875e
621.2
24211 9.9685e+005
-004
5
3.75e565.2
23158 9.9579e+005
004
7
5.625e
509.2
22105 9.9474e+005
-004
9
9.7263e+0
7.5e453.3
05
21053 9.9369e+005
004
1
9.375e
397.3
20000 9.9263e+005
-004
3
1.125e
341.3
18947 9.9158e+005
-003
6
1.3125
285.3
17895 9.9053e+005
e-003
8
1.5e16842 9.8948e+005
229.4

Total [Pa]
9.9858e+0
05
9.9747e+0
05
9.9636e+0
05
9.9525e+0
05
9.9414e+0
05
9.9303e+0
05
9.9192e+0
05
9.9081e+0
05
9.8971e+0

Figure-15: Linearized Normal Stress (X-axis) coated with 100
Nanometers of Nickel.
Table-7: Sample of data for Linearized Normal Stress values,
coated with 100 Nanometers of Nickel.

Length
[m]
0.

Membrane
[Pa]

Membrane
Bendin
+Bending
g [Pa]
[Pa]
25460

1.875e- 9.7024e+00
24400
004
5
3.75e23339
004
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Peak
[Pa]

802.4
2
9.9464e+00 736.0
5
1
9.9358e+00
669.6
5
9.957e+005

Total [Pa]
9.9651e+00
5
9.9538e+00
5
9.9425e+00
5
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5.625e004
7.5e004
9.375e004
1.125e003
1.3125e
-003
1.5e003
1.6875e
-003
1.875e003
2.0625e
-003
2.25e003
2.4375e
-003

22278
21217
20156
19095
18034
16974
15913
14852
13791
12730
11669

9.9252e+00
5
9.9146e+00
5
9.904e+005
9.8934e+00
5
9.8828e+00
5
9.8722e+00
5
9.8616e+00
5
9.8509e+00
5
9.8403e+00
5
9.8297e+00
5
9.8191e+00
5

603.1
9
536.7
9
470.3
8
403.9
7
337.5
6
271.1
6
204.7
5
138.3
4
71.93
5
5.527
6
60.88

Table-8: Sample of data for Linearized Normal Stress values,
coated with 500 Nanometers of Titanium.

9.9312e+00
5
9.92e+005

Membrane
Bendin
+Bending
g [Pa]
[Pa]
9.8567e+00
0.
26331
5
1.875e9.8457e+00
25234
004
5
3.75e9.8348e+00
24136
004
5
5.625e9.8238e+00
23039
004
5
7.5e9.8128e+00
21942
004
5
9.375e- 9.5934e+00
9.8019e+00
20845
004
5
5
1.125e9.7909e+00
19748
003
5
1.3125e
9.7799e+00
18651
-003
5
1.5e9.7689e+00
17554
003
5
1.6875e
16457 9.758e+005
-003
1.875e15360 9.747e+005
003
Length
[m]

9.9087e+00
5
9.8974e+00
5
9.8861e+00
5
9.8749e+00
5
9.8636e+00
5
9.8523e+00
5
9.8411e+00
5
9.8298e+00
5
9.8185e+00
5

Membrane
[Pa]

Peak
[Pa]

Total [Pa]

1440.
3
1320.
8
1201.
2
1081.
7
962.1
2
842.5
7
723.0
2
603.4
7
483.9
2
364.3
7
244.8
2

9.8711e+00
5
9.8589e+00
5
9.8468e+00
5
9.8346e+00
5
9.8224e+00
5
9.8103e+00
5
9.7981e+00
5
9.7859e+00
5
9.7738e+00
5
9.7616e+00
5
9.7494e+00
5

Ϭm+Ϭb

Ϭm
Ϭm+Ϭb

Ϭt

Ϭm
Figure-16: Membrane [Pa], Membrane +Bending [Pa], total
stress [Pa], coated with 100 Nanometers of Nickel.

Ϭt

Figure-18: Membrane [Pa], Membrane +Bending [Pa], total
stress [Pa], coated with 500 Nanometers of Titanium.

Figure 17: Linearized Normal Stress (X-axis) coated with 500
Nanometers of Titanium.
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Ϭm+Ϭb

Ϭm

Figure-19 Linearized Normal Stress (X-axis) coated with 500
Nanometers of Nickel.

Ϭt

Table-9: Sample of data for Linearized Normal Stress values,
coated with 500 Nanometers of Nickel.
Length Membrane
[m]
[Pa]
0.

Membrane
Bendin
+Bending
g [Pa]
[Pa]
9.7503e+00
27199
5

1.875e26066
004
3.75e24933
004
5.625e23800
004
7.5e22666
004
9.375e21533
004
1.125e20400
003
9.4783e+00
1.3125e 5
19266
-003
1.5e18133
003
1.6875e
17000
-003
1.875e15866
003
2.0625e
14733
-003
2.25e13600
003
2.4375e
-003

12466

9.739e+005
9.7277e+00
5
9.7163e+00
5
9.705e+005
9.6937e+00
5
9.6823e+00
5

Peak
[Pa]
2051.
7
1881.
2
1710.
7
1540.
2
1369.
7
1199.
3
1028.
8

9.671e+005 858.3
9.6597e+00
5
9.6483e+00
5
9.637e+005
9.6257e+00
5
9.6143e+00
5
9.603e+005

Total [Pa]
Figure-20: Membrane [Pa], Membrane +Bending [Pa], total
stress [Pa], coated with 500 Nanometers of Nickel.

9.7709e+00
5
9.7578e+00
5
9.7448e+00
5
9.7317e+00
5
9.7187e+00
5
9.7057e+00
5
9.6926e+00
5
9.6796e+00
5
9.6666e+00
5
9.6535e+00
5
9.6405e+00
5
9.6274e+00
5
9.6144e+00
5

687.8
2
517.3
4
346.8
6
176.3
8
5.905
2
9.6014e+00
164.5
5
7

Figure-21: Linearized Normal Stress (X-axis) coated with 900
Nanometers of Titanium.
Table-10: Sample of data for Linearized Normal Stress values,
coated with 900 Nanometers of Titanium.
Membrane
Bendin
+Bending
g [Pa]
[Pa]
9.7359e+00
0.
27180
5
1.875e9.7246e+00
9.4641e+00 26048 5
004
5
3.75e9.7133e+00
24915
004
5
5.625e23783 9.702e+005
Length
[m]

51

Membrane
[Pa]

Peak
[Pa]

Total [Pa]

2212.
7
2028.
8
1844.
9
1661.

9.7581e+00
5
9.7449e+00
5
9.7317e+00
5
9.7186e+00
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004
7.5e004
9.375e004
1.125e003
1.3125e
-003
1.5e003
1.6875e
-003
1.875e003
2.0625e
-003
2.25e003
2.4375e
-003

22650
21518
20385
19253
18120
16988
15855
14723
13590
12458

9.6906e+00
5
9.6793e+00
5
9.668e+005
9.6567e+00
5
9.6453e+00
5
9.634e+005

1477.
1
1293.
2
1109.
3
925.3
9
741.4
9
557.5
9

9.6227e+00
373.7
5
9.6114e+00
189.8
5
5.901
9.6e+005
1
9.5887e+00
-178.
5

Table-11: Sample of data for Linearized Normal Stress values,
coated with 900 Nanometers of Nickel.

5
9.7054e+00
5
9.6922e+00
5
9.6791e+00
5
9.6659e+00
5
9.6528e+00
5
9.6396e+00
5
9.6264e+00
5
9.6133e+00
5
9.6001e+00
5
9.5869e+00
5

Length
[m]
0.

Membrane
[Pa]

Membrane
Bendin
+Bending
g [Pa]
[Pa]
9.5491e+00
28480
5
9.5372e+00
27293
5
9.5253e+00
26106
5
9.5135e+00
24920
5
9.5016e+00
23733
5
9.4897e+00
22546
5
9.4779e+00
21360
5

1.875e004
3.75e004
5.625e004
7.5e004
9.375e004
1.125e003
9.2643e+00
1.3125e 5
20173
-003
1.5e18986
003
1.6875e
17800
-003
1.875e16613
003
2.0625e
15427
-003
2.25e14240
003

Ϭm+Ϭb

2.4375e
-003

Ϭm

13053

Peak
[Pa]

3251.
6
2981.
1
2710.
7
2440.
2
2169.
8
1899.
3
1628.
9
1358.
9.466e+005
4
9.4541e+00
1088.
5
9.4423e+00 817.5
5
4
9.4304e+00 547.0
5
8
9.4185e+00 276.6
5
3
9.4067e+00 6.183
5
2
9.3948e+00
264.2
5
7

Total [Pa]
9.5816e+00
5
9.567e+005
9.5524e+00
5
9.5379e+00
5
9.5233e+00
5
9.5087e+00
5
9.4942e+00
5
9.4796e+00
5
9.465e+005
9.4505e+00
5
9.4359e+00
5
9.4213e+00
5
9.4067e+00
5
9.3922e+00
5

Ϭt

Figure-22: Membrane [Pa], Membrane +Bending [Pa], total
stress [Pa], coated with 900 Nanometers of Titanium.

Ϭm+Ϭb

Ϭm
Ϭt

Figure-24: Membrane [Pa], Membrane +Bending [Pa], total
stress [Pa], coated with 900 Nanometers of Nickel.

Figure-23: Linearized Normal Stress (X-axis) coated with 900
Nanometers of Nickel.
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Table-12: Decreasing percentage in Maximum Linearized
Normal Stress (X-axis).
Titanium (Ti)

0.0n
m
100n
m
500n
m
900n
m

Nickel (Ni)
Improveme
nt %

value
1.00149206
e6
9.98575125
e5
9.87110962
e5
9.75806737
e5

Stress XY
plane
Shear
Stress XZ
plane
Linearize
d Normal
Stress X

Improveme
nt %

value
1.00149206
e6
9.96505587
e5
9.77085750
e5
9.58159200
e5

0.0
0.2921
1.4569
2.6322

0.0

3

0

0

9

9

4

1.293
6

6.456
2

11.62
19

2.333
6

11.55
95

20.72
40

0.292
1

1.456
9

2.632
2

0.500
4

2.497
9

4.522
5

0.5004
Table (4.17) show a summary for all types of stresses which
calculated and their improvement percentage on this stresses after
coating with Nano thicknesses of Titanium and Nickel.

2.4979
4.5225

Results Discussion:
Figure (25) shows the value of improvement on thin-walled
spherical vessel for increasing the resistance of Linearized
Normal Stress (X-axis) after coating the surface of thin-walled
spherical vessel which produced from (Al 7075-T6) by different
Nano thicknesses of Titanium and Nickel separately, started
coating from 100 Nanometers of (Titanium and Nickel)
thicknesses, then increasing the thicknesses of coating to 500 and
900 Nanometers. The lowest value of improvement in decreasing
the Linearized Normal Stress (X-axis) is (2.5%) for Titanium and
the highest improvement in decreasing for Nickel (5%), between
these two values the larger improvement is found in Nickel
coating, improvements is about (58.3%) higher than Titanium.
The improvement in linearized stress resistance done on
aluminum alloy (Al 7075-T6) as a thin-walled spherical vessel,
coated with different Nano thicknesses of Titanium (Ti) and
Nickel (Ni) using surface coating technique in ANSYS Software,
Product Release 19.0. This work began by applying internal
pressure (1 bar) to a thin-walled spherical vessel made from (Al
7075-T6) without coating and finding the effects on linearized
stress resistance. After which the internal pressure value was kept
at (1 bar) and surfaces coating was applied in the range of (100
nm, 500 nm and 900 nm) thicknesses of a Titanium and Nickel
separately. The comparison between Ni and Ti results are shown
in table 13.

M ax .Linearized normal stress

LINEARIZED NORMAL STRESS

1,01E+06
1,00E+06
9,95E+05
9,90E+05
9,85E+05
9,80E+05
9,75E+05
9,70E+05
9,65E+05
9,60E+05
9,55E+05
0,00E+00
2,00E-07
4,00E-07
6,00E-07
8,00E-07
1,00E-06
THICKNESSES
Titanium

Nickel

Conclusions:

Figure-25: comparison between Titanium and Nickel Nano
coating thickness in maximum Linearized Normal Stress (X-axis).



Table-13: Summary of improvement percentage in different
directions and planes
Types of
action

Total
Deformati
on
Normal
Elastic
Strain X
axis
Normal
Elastic
Strain Y
axis
Normal
Stress X
axis
Normal
Stress Y
axis
Equivalen
t Stress
Shear

Improvement
of
Titanium (Ti ) %
100
500
900
nm
nm
nm
0.400 1.965 3.472
9
9
5

Improvement
Nickel(Ni) %
100
500
nm
nm
0.690 3.429
2
4

of
900
nm
6.138
2

0.461
5

2.300
8

4.130
2

0.820
6

4.082
2

7.314
7

0.365
5

1.827
5

3.289
8

0.623
8

3.119
4

5.615
5

0.468
8

2.333
2

4.181
2

0.798
9

3.968
7

7.102
9

0.373
9

1.87

3.366
4

0.638
3

3.192
2

5.747
1



0.453
9
0.354

2.264
3
1.772

4.066
4
3.191

0.823
6
0.604

4.096
3
3.024

7.335
8
5.446
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From the results of this work, the following
conclusions can draw.
The aluminum 7075-T6 thin walled spherical vessel
successfully coated theoretically by modeling with
Titanium and Nickel by using ANSYS software with
different Nano thicknesses of 100nm, 500nm, and
900nm respectively.
The 900 nm Nickel coated aluminum 7075-T6 thin
walled spherical vessel showed a maximum
improvement in linearized stress resistance in
comparison with Titanium, the percentage of these
improvements were 2.5% for Titanium and 5% for
Nickel as shown in figure 25.
The improvement percentage of the coated thin-walled
spherical vessel by thickness 100, 500 and 900 nm of
Nickel Nano-particles is equal 42% greater than
Titanium coating of the thin-walled spherical vessel
by 100, 500 and 900 nm of Titanium and in some
cases equal about 58.3% as in table 13.
Nickel and Titanium can help protect against
corrosion and improve wear resistance, as well as
increase the thickness of a surface.
Nickel and Titanium can enhance the appearance of
the spherical vessel by adding brightness.
Against all other coating of different thicknesses. The
Spherical vessel with Nickel coated exhibited the
highest percentage of improvement.
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