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Designing and modeling of grapple buckets

Nikolay Stankov
University of Ruse, Bulgaria
nstankov@uni-ruse.bg

Abstract: The paper presents the process of automated designing and parametric modeling of grapple buckets using the CAD system. The
presented grapple buckets are designed for bulk materials and they are part of the grapple construction. Grapples are installed on cranes,
excavators and other specialized machines. A methodology has been developed that covers all stages of design — from the creation of 3D
models of the parts, sub-assemblies and assemblies, to the generation of design documentation, using template files. The presented approach
allows the creation of parametric models with multiple configurations, which cover different variants of the products. Using the presented
methodology leads to a reduction in the volume of created documentation and optimizes the design process. Data management within a PDM
system ensures centralized storage, actuality and accessibility of information.

KEYWORDS: GRAPPLE BUCKETS, GRAPPLES, CRANES, EXCAVATORS, METHODOLOGY, DEVELOPMENT, 3D MODELS,
AUTOMATED DESIGNING, PARAMETRIC MODELING, CAD SYSTEM, TEMPLATE FILES, DESIGN DOCUMENTATION, PDM

SYSTEM

1. Introduction.

The paper introduces the process of developing grapple buckets
with a CAD system. The parts, sub-assemblies and assembly of the
bucket are parametrically designed.

Grapple buckets are designed for bulk materials and they are
part of the grapple construction. The grapples are used for loading
and unloading of various materials. They are mounted on cranes,
truck cranes, scrap gondolas, light trucks, excavators and other
specialized machines [1, 2].

Grapples are the structure consisting of Grapple buckets (Left
and Right), a Central body, a Rotator and a Carrier. Through the
buckets, the grapple grabs materials. The Left and Right buckets are
attached on the Central body. The Rotator rotates the grapple during
operation. The Carrier attach the grapple to the corresponding
machine.

The grapple buckets are designed and developed with the
SolidWorks CAD system [3]. Using the CAD systems significantly
facilitates the process of developing the product. The design is
performed in the three-dimensional space. 3D models of the parts,
sub-assemblies and assemblies are developed. The process of
creating the design documentation is automated by using template
files.

2. Literature review.
2.1. Parametric modeling of products with a CAD
system.

Creating 3D models is an important step in the product
development process. 3D models can be used to create new design
documentation. In 3D models of parts and assemblies, the
additional information is set by attributes (users and systems ones).
The information from the attributes can be used for documentation
management with PDM system, as well as by other departments in a
company with ERP system [3, 4, 5, 6].

Based on the 3D models, the technology for parts
manufacturing is also developed — adding or removing holes,
determining allowances for mechanical processing, pre-processing
of certain surfaces, and others [7]. This requires the creation of new
design and technological documentation to be used in production.
The 3D models are used to create the cutting files for the parts,
which are made of sheet metal.

Very often the product is divided into sub-assemblies which are
pre-manufactured and then a fixture is used to assemble them into
the final product [8].

The next steps are developing the necessary fixtures for
assembling, welding, machining and control [9, 10].

This means that product design is a long process that is
implemented in multiple stages. Each stage is characterized by its
own specific features [11, 12, 13, 14, 15].

Parametric modeling is used when the designed products have
many versions and varieties. A single 3D model is created, where
different versions of the product are presented with configurations.
This leads to a small amount of design documentation for each

specific product. The accumulated big amount of documentation
can cause many problems, for example — how to manage, organize,
classify and archive the documentation; who has the right to change
and update it; the documents should always be with the latest
version; which other departments of the company have access to
this documentation and the specialized information they are
interested in [5, 6].

Parametric modeling reduces the time of the design process and
increases its efficiency. Design automation is achieved, which
means that designers do not have to redesign the product when there
is a change in the dimensions of the model. Parametrically can be
modeled dimensions of the model, geometric constructions in the
model (Features), constraints between parts in an assembly (Mates),
etc.

2.2. Design documentation management through
PDM system. Application of ERP systems.

PDM (Product Data Management) systems are specialized
software used to manage product data. The term “product data"
means all information related to the product. PDM systems manage
arrays of data and information necessary for the design,
manufacture and assembling of the products, as well as for their
maintenance. The functionalities of PDM systems have been
improved and in addition to the Design and Engineering
Departments, they are now used by other departments such as
Supplies, Production and Maintenance. This means that PDM
systems are developed to manage and control the huge volume of
electronic data created by CAD/CAM/CAE systems.

In the PDM system, each configuration of the 3D model of the
grapple bucket is entered as a separate product. The system
automatically fills in the fields of the Product card, based on the
information set in the bucket model with attributes for each
configuration. If necessary, additional information can be entered
manually in the item card.

PDM systems are used when there is a big amount of design,
technological, production and other types of documentation
accompanying the products that are developed, manufactured and
supported. PDM systems solve the problems associated with the
maintenance, storage and actuality of documentation related to the
products [3].

ERP systems (Enterprise Resource Planning) are used in all
processes necessary for the functioning of a company - people
management, finances, production, availability of materials or
products, supply system, services, orders, etc. One of the main
functions of ERP systems is the shared database, i.e., the employees
from different departments operate with the same information for
their specific needs [4].

Both systems are part of the so-called Product Lifecycle
Management (PLM). This means that a specific product is tracked
from the creation of the product concept to the end of its life cycle.
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3. Parametric modeling of the Grapple Buckets.
3.1. 3D models of the buckets.

The paper presents an approach to improve the efficiency of the
product design process by using parametric modeling. The CAD
system SolidWorks was used [3].

The SolidWorks CAD system enables parametric modeling
through parametric tables or through configurations.

The paper discusses the parametric modeling approach using
configurations. During modeling, configurations are created in 3D
models of parts, sub-assemblies and assemblies.

Different models of grapple buckets differ in purpose,
dimensions and construction. Fig. 1 shows the considered grapple
bucket [1, 2].

Fig. 1. Grapple bucket 1000 mm.

The grapple buckets of this model are three types, which differ
in length — 640 mm (623016201), 800 mm (623016204) and 1000
mm (623016207).

A set of grapple buckets (Left and Right) is manufactured for
each grapple. Each of them consists of pre-assembled sub-
assemblies and parts.

)
Fig. 2. Components of the Grapple Bucket 1000 mm.
a) Left Bucket, b) Right Bucket

Fig. 3 shows the 3D models of the sub-assemblies from which
the grapple buckets are made.

c)
Fig. 3. Sub-assemblies of the Grapple Bucket 1000 mm.
a) Left Tube, b) Right Tube, c) Bucket Side

Each of the parts from the sub-assemblies is developed by using
different 3D modeling commands — Extruded Boss/Base, Revolved
Boss/Base, Extruded Cut, Revolved Cut, etc. Parts that are made
from sheet metal are created using the module Sheet Metal, in this
way their unfolding is obtained. The parts are assembled into
individual sub-assemblies, which are assembled into the assembly
of the bucket [8, 9].

The development of 3D models is consistent with the
manufacturing technology of the buckets, as well as with the
possibility of using the models from the PDM and ERP systems.

A design methodology has been used in the development and
modeling of the products with the SolidWorks CAD system. This
makes the modeling process easier and reduces the time required for
designing. Fig. 4 shows a summarized algorithm of the
methodology for designing grapple buckets.

:
configurations

Assembling the parts into
a Right Tube and Bucket
Side sub-assemblies

Designing
the Left Bucket

Designing the parts
Creating parts
configurations

Assembling the parts into
a Left Tube and Bucket
Side sub-assemblies

Designing

g e Grapple Bucket

Assembling
the Left and Right
Buckets

Creating Bucket
configurations

Assembling the parts
into a Left Bucket
sub-assembly

Assembling the parts
into a Right Bucket
sub-assembly

Creating Left Bucket
configurations

Configuring the parts
and sub-assemblies

&

Design documentation
development

Creating Right Bucket
configurations
Configuring the parts
and sub-assemblies

Specifications
development

Fig. 4. Grapple buckets design algorithm.

A single 3D model of the 600 mm (623016201) length grapple
bucket has been developed firstly. After that, the 800 mm
(623016204) and 1000 mm (623016207) length grapple buckets has
been modeled through configurations.

Each grapple bucket consists of two main sub-assemblies — Left
Bucket and Right Bucket. The paper presents an example with Left
Bucket, 1000 mm. The same approach is used to design the Right
Bucket.

3.2. Parametric modeling of Left Tube and Right
Tube.
An example with a Left Tube, 1000 mm sub-assemblies is

considered. The 3D model of the Left Tube is parametrically
modeled through configurations and Fig. 5 shows its components.
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The same approach is used to design the Right Tube sub-

/
/ R
1/ 2/ 3

Fig. 5. Components of the Left Tube, 1000 mm.
1 - Tube, 2 — Lateral Ear, 3 — Central Left Ear

Part with position 1 is parametrically modeled and has
configurations of different lengths.

To model parametrically the 3D model of the Left Tube,
configurations are created in the Configuration Manager (Fig. 6).
Each configuration represents a different length of the tube. For the
corresponding bucket lengths, the Left Tube has the following
configurations — 640 mm (623016201-LH-01), 800 mm
(623016204-LH-01) and 1000 mm (623016207-LH-01).

g E Rl¢[@[H EF

Configurations

~ i) 623016201-LH-01 Configuration(s] (523016207-LH-01)
v [E) Tables

62 4-LH-01 [ 623016201-LH-01]
[lf@ + 623016207-LH-01 [ 623016201-LH-01]

Fig. 6. Configurations in the 3D model of the Left Tube.

The next step is to configure the parts in the assembly of the
tube. Part with positions 1 (Tube) contains configurations with
different lengths. For each configuration of the Left Tube, the
corresponding configuration of the part is set.

Fig. 7 shows the configurations of the Left Tube and the
specified configurations of the Tube part. For the corresponding
lengths of the Left Tube sub-assembly, the Tube part has the
following configurations — 640 mm (599050297), 800 mm
(599050296) and 1000 mm (599050241).

% Meodify Configurations

Configuration
Name

599050297-1@623016201-LH-01 ﬂ

Suppress| Configuration Fixed
Default [] Default o] []
623016201-LH-01 : 585050257 || :
623016204-LH-01 ] 599050296 || ]
623016207-LH-1 [] 588050241 || []

< Creates a new configuration. >

Fig. 7. Configuring the Tube part.

The configurations of the Tube part have different drawing
numbers. The parts differ only in length, so one drawing of the part
must be created with a parametric table including each of the
variants.

Fig. 8 shows different lengths of the Left Tube, parametrically
modeled with configurations.

Fig. 8. Parametric models of the Left Tube.
a) 640 mm, b) 800 mm, ¢) 1000 mm

assembly. The 3D model of Right Tube is also parametrically
modeled with configurations.

3.3. Parametric modeling of Left Bucket and Right
Bucket.
An example with a Left Bucket, 1000 mm is considered. The

3D model of the Left Bucket is parametrically modeled through
configurations and Fig. 9 shows its components.

Fig. 9. Components of the Left Bucket, 27000 mm.

1 - Blade I, 2 — Bottom, 3 — Bucket Side 1, 4 — Bucket Side 1,
5 — Left Tube, 6 — Horizontal Rib,
7-Rib1,8-Rib I, 9—-Rib I1I, 10 -Rib IV

Parts with positions 1, 2 and 6 are parametrically modeled and
they have different length configurations. The Left Tube sub-
assembly, position 5, is also parametrically modeled and has
configurations with different lengths.

To model parametrically the 3D model of the Left Bucket,
configurations are created in the Configuration Manager (Fig. 10).
Each configuration represents a different length of the bucket.
Buckets differ in length — 640 mm (623016201-LH), 800 mm
(623016204-LH) and 1000 mm (623016207-LH).

@ E R/ FEI

Configurations

< (@ 623016201-LH Configuration(s) (623016207-LH)

v [ Tables
3 Default [ 623016201-

62 4-LH [ 623016201-LH ]
|1f@ +" 623016207-LH [ 623016201-LH ]

Fig. 10. Configurations in the 3D model of the Left Bucket.

The next step is to configure the parts in the assembly of the
bucket. Parts with positions 1 (Blade 1), 2 (Bottom) and 6
(Horizontal Rib) contain configurations with different lengths. For
each configuration of the bucket, the corresponding configuration of
the parts is set.

Fig. 11 shows the configurations of the Left Bucket and the
specified configurations of the Blade | part. For the respective
lengths of the bucket, the Blade | part has the following
configurations — 640 mm (624016196), 800 mm (624014393) and
1000 mm (624014394).

@ Medify Cenfigurations

Configuration 624016196-1@623016201-LH
Name T I n

<]

T

=

Default

Prisposoblenie

623016201-LH

623016204-LH

623016207-LH

< Creates & new ion. =

Default
Default
524016196
524014383
524014384

ul
(N
2

Kk

Fig. 11. Configuring the Blade | part.

The configurations of the Blade | part have a different drawing
number. The parts differ in construction — they have different
lengths and different number and position of the holes. This
requires the creation of a separate drawing for each of the variants.

The sub-assemblies in the assembly of the bucket should be
configured. This is the Left Tube sub-assembly, it also has
configurations with different lengths.
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Fig. 12 shows the configurations of the Left Bucket and the
specified configurations of the Left Tube. For the respective lengths
of the Left Bucket, the Left Tube sub-assembly has the following
configurations — 640 mm (623016201-LH-01), 800 mm
(623016204-LH-01) and 1000 mm (623016207-LH-01).

% Modify Configurations
Configuration 623016201-LH-011@623016201-LH ﬂ
Name r ppr C a Fiﬁed

Default L | Defaulk | [
Prisposoblenie ] Default Lo ]
523016201-LH : 623016201-LH-01 || :
523016204-LH [] 623016204-LH-01 || ]
623016207-LH : 623016207-LH-01 || :

< Crestes & new co n. >

Fig. 12. Configuring the Left Tube sub-assembly.

Fig. 13 shows different lengths of the Left Bucket,
parametrically modeled with configurations.

/ {o\

C
Fig. 13. Parametric models of the Left Bucket.
a) 640 mm, b) 800 mm, c) 1000 mm
The same approach is used to design the Right Bucket. The 3D
model of Right Bucket is also parametrically modeled with
configurations.

3.4. Parametric modeling of the Grapple Bucket.

The 3D model of the Grapple Bucket is parametrically modeled
and has configurations with different lengths. The bucket model is
an assembly consisting of a Left Bucket and a Right Bucket,
assembled through the main planes Front Plane, Top Plane and
Right Plane (Fig. 14).

Fig. 14. Assembling the main components of the bucket.

To perform assembling, the 3D models of the sub-assemblies
have in the same place coordinate systems and planes, that match
with the coordinate system Origin and the main planes Front Plane,
Top Plane and Right Plane in the 3D model of the bucket (Fig. 15).

a).

b)
Fig. 15. Main planes in 3D models.
a) Left Bucket, 6) Right Bucket

To model parametrically the 3D model of the Grapple Bucket,
configurations are created in the Configuration Manager (Fig. 16).
Each configuration represents a different length of the bucket.
Buckets differ in length — 640 mm (623016201), 800 mm
(623016204) and 1000 mm (623016207).

¢ B R[$| S FH

Configurations

—|
4

= @ 623016201 Configuration(s) (623016207)

> Tables
Default [ 623016201 ]

Prisposoblenie [ 623016201 ]

Fig. 16. Configurations in the 3D model of the Grapple Bucket.

The next step is to configure the sub-assemblies in the assembly
of the bucket. The Left Bucket and the Right Bucket also contain
configurations. For each bucket configuration, the corresponding
configuration from the specific sub-assemblies is set.

The following figure shows the configurations of the Grapple
Bucket and configurations which are set for the Left Bucket.

% Medify Configurations

Configuration 623016201-LH-2@623016201
Name T Tont -

<]

=l
S
1]
a

T

s

Default
Prizposoblenie
§23016201-LH
§23016204-LH
§23016207-LH

Default

Prizposoblenie

623016201

523016204

623016207

< Creates a new co ion. =

Fig. 17. Configuring the Left Bucket.

Configuring the Right Bucket is implemented using the same
approach.

ek
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Fig. 18 shows different grapple bucket lengths, parametrically
modeled with configurations.

c) R
Fig. 18. Parametric models of the Grapple Bucket.
a) 640 mm, b) 800 mm, b) 1000 mm

3.5. Design documentation of the

Buckets.

Complete design documentation has been made for the
developed grapple buckets. The process of its creation is automated
by using document Template files in the SolidWorks CAD system.

Template files for the Part and Assembly documents are used to
create the 3D models of the parts and assemblies. In the template of
each 3D model of the part or assembly, from the File Properties
menu, in the Summary Information window, in the Custom section
the required attributes (users and systems ones) are selected. The
attributes for each configuration are filled in the Configuration
Specific window [5, 6].

After the attributes of the 3D models having been filled in, the
design documentation of the product (drawings and specifications)
is developed. For the considered example of a grapple bucket,
drawings of all parts, sub-assemblies (Left Tube, Right Tube, Left
Bucket and Right Bucket) and the assembly of the Grapple Bucket
are developed.

To develop the drawings, template files for Drawing documents
are used, which represent the standard drawing formats — A4, A3,
A2, Al and AO. Information from the attributes is automatically
visualized in the drawing tables, in the assembly drawing
specifications and in individual product specifications [5, 6].

The following figures show examples of completed templates
for the Tube part (599050241) and the Left Tube sub-assembly
(623016207-LH-01).

Grapple

11

The following attributes are used in the template of each Part —
Description (Name of the Part), PartNo (Drawing number),
AssemblyNo (Assembly from which the Part is), Weight (Weight of
the Part — command "SW-Mass@Partl.SLDPRT"), Material
(Material designation — command "SW-Material @Part1.SLDPRT"),
Assortment (Type and dimensions of the workpiece), TYPE
(Manufacturing operations), DrawnBy (Developed the document),
CheckedBy (Checked the document), ApprovedBYy (Approved the
document), Revision (Document revision).

Summary Information - o X

Summary Custom  Configuration Specific
BOM quantity:

Value / Text Expression

Edit List

Type Evaluated Value
Tube

599050241

623016207-RH-01, 623016207-LH-01
25152

1.0545 (S355N)

Tube 0140x8

Tube
599050241

623016207-RH-01, 623016207-LH-01
SW-Mass @599050241.SLDPRT
“SW-Material 599050241 SLDPRT
Tube 0140x8

Mechanical processin 9

N.Stankov

of of <o v| & w| w|

10_|Approvedsy
11 [Revision

A A

A
el

12_|<Type a new property>

ok Cancel

Fig. 19. Template of the Tube part.

The following figure shows the drawing of a Tube part, with an
automatically filled table, based on the attributes specified in the 3D
model of the part.

S
{

Scale |Wegntkg| _ Title
15 251521 Tube
Prawn | N Stankov Material Assortment Sheet
sl 1.0545 (S355N) Tube @140x8 n
Asscmb"y No blav}lnq No Rev
Tolerances, unless noted
EN 22768-1 m 623016207-RH-01, 599050241 s
623016207-LH-01

Fig. 20. Drawing of the Tube part.

The following attributes are used in the template of each
Assembly — Description (Name of the Assembly), PartNo (Drawing
number), AssemblyNo (Assembly of which the current Assembly
is), Weight (Weight of the Assembly — command "SW-
Mass@Assem1.SLDPRT"), TYPE (Manufacturing operations),
DrawnBy (Developed the document), CheckedBy (Checked the
document), ApprovedBy (Approved the document), Revision
(Document revision).

Summary Information = @K

Summary Custom | Configuration Specific
BOM quantity:

Evaluated Value
Left Tube
623016207-1H-01
623016207-1H

36.808

Welding

N.Stankov

Edit List

Type Value / Text Expression

Left Tube
623016207-LH-01

623016207-LH

“SW-Mass @623016207-LH-01.5LDASM"
Welding

N.stankov

5
z

drEREREEEE

of @ | of ul & w
]
L

A A

oK Cancel

Fig. 21. Template of the Left Tube sub-assembly.
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The following figure shows the drawing of the Left Tube sub-
assembly, with an automatically filled table and specification, based
on the attributes set in the 3D model of the assembly.

Ne ' Part N Description Qly. |weignt kg Assortment
| 1 599050241 Tube | 1 | 25.152 | Tube @140x8
| 2 624050307 Lateral Ear | 2 | 3.997 | Sheet metal 30x169x286
3 624050306 1 Central Left Ear 1 | 3.663 | Sheet metal 40x169x242
Scale |Weight kg g Title
NS ft Tub
1:10 |36.808| IV Left Tube
Drawn | N.Stankov ¢ |Material Assortment Sheet
[Ckecked | .
o n
A',)wow-.»{ -
Assembly No Drawing No Rev

Tolerances, unless noted.
-1 m

623016207-LH 623016207-LH-01 A

Fig. 22. Drawing of the Left Tube sub-assembly.

After the 3D models of the parts, sub-assemblies, assemblies
and all drawings of the buckets have been developed, the next step
is their management by the specialized systems — PDM and ERP.
The design documentation is managed by the PDM system Solid-
Works Enterprise PDM [3]. The various departments of the
company have access to this information and operate with it through
the ERP system Microsoft Dynamics NAV ERP [4].

Fig. 23 shows an example card of Grapple Bucket 1000 mm
(623016207) in the ERP system.

[ e

SCHALEN. GARNTUS

Fig. 23. Card of the Grapple Bucket 1000 mm.

4. Methods for modeling Grapple Buckets.

A certain product can be designed by applying two main
methods — traditional modeling or parametric modeling. Both
approaches are applied in practice. Depending on the products being
developed, the method to be used is also chosen.

The paper discusses the approach for parametric modeling
through configurations. Grapple buckets are being modeled. The
modeling of 3D models of parts and assemblies as well as the
creation of drawings and product specifications, are presented.

The parametric modeling approach through configurations has
been chosen because of the advantages it has. The reason for using
this approach becomes clear after comparing the two modeling
methods.

12

4.1. Traditional modeling of Grapple Buckets.

In the traditional modeling approach, a 3D model is created for
each bucket size. The 3D model of the bucket is an assembly
composed of parts and sub-assemblies. All parts are modeled in
advance. Parts that are structurally the same but differ in length, for
different bucket models must be modeled as separate parts. There
are 5 such parts in the grapple buckets. These parts are Tube, Blade
I, Blade I1, Bottom and Horizontal Rib (Fig. 5 and Fig. 9). Some of
the parts are the same for all buckets and they are modeled once.
After modeling the parts, they are assembled into the 3D model of
the buckets. Table 1 shows the grapple buckets and their
components.

Table. 1. Grapple buckets, designed using the traditional modeling
approach.

Bucket size, mm 640 | 800 [ 1000
Number of unique parts, 1
that do not require changes
Number of parts that
. 5 5 5
require changes
Total number of parts 34 34 34
3D model of the bucket
(Assembly) Yes Yes Yes

This approach has many disadvantages:

- a large number of parts that must be modeled in advance;

- a large number of assemblies to model;

- possible modeling errors due to the large variety of 3D
models of parts and assemblies;

- creation of a big amount of design documentation — drawings
of parts, drawings of assemblies, specifications;

- redesigning the product when the size is different.

All these leads to a decreased efficiency of engineering work
during design and an increased possibility of errors.

4.2. Parametric modeling of Grapple Buckets.

In parametric modeling through configurations, a single 3D
model of the bucket is modeled and it includes all its variations
(Table 2). The 3D model of the bucket is composed of parts and
sub-assemblies. All parts are modeled in advance. Parts that differ
only in length are modeled parametrically through configurations.
The parts are assembled into sub-assemblies, which are modeled
parametrically. The sub-assemblies are assembled into the assembly
of the bucket, which is also modeled parametrically.

Table. 2. Grapple buckets, designed using the parametric modeling
approach.

Bucket size, mm 640 ’ 800 ’ 1000
Number of unique parts, 1
that do not require changes
Number of parts that 5
require changes
Total number of parts 34
3D model of the bucket A single 3D model for all
(Assembly) buckets

Parametric modeling through configurations achieves high
design efficiency, which is an advantage of the method. This is
especially important when designing and modeling with CAD
systems.

According to the data presented in the Table. 1 and Table. 2, the
following conclusions can be made:

- in traditional modeling, the total number of parts and buckets
that need to be modeled is bigger — 26 Parts and 3 Buckets,
compared to 16 Parts and 1 Bucket in parametric modeling;

- parametric modeling significantly increases the efficiency of
engineering work - the volume of design documentation created is
reduced and the time required for modeling products is reduced;

- as a result of the smaller amount of design documentation, the
number of errors in product modeling is significantly reduced;
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- reducing design time is especially important in modern
working conditions, where engineering departments consist of only
a few people;

- parametric modeling is an approach that should be used for
products with many variants and variations, as is the case with the
considered grapple buckets.

5. Conclusion.

1. An approach for designing specialized products using a
CAD system is presented. The implementation of parametric
modeling through the SolidWorks CAD system allows significant
automation in the design of grapple buckets. The use of
configurations facilitates the creation of various product variants,
reducing the time and volume of manually created documentation.
Parametric modeling facilitates the process of developing products
that have many variants and varieties.

2. The use of attributes (user and systems ones) in the 3D
models of parts and assemblies enables the automated creation of
design documentation (drawings of parts, drawings of assemblies
and specifications).

3. The proposed approach of modeling through configurations
improves the efficiency of engineering work, by reducing the design
time, the volume of the designing documentation and errors during
product design.

4. The presented integration between the 3D models and PDM
system allows effective management of a large volume of design
documentation. The files can also be used by other company
departments through ERP system.

5. The presented approach is applicable to other similar
products, which emphasizes its universal nature. In this way, similar
problems related to the development and management of documents
can be solved.
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Exergy analysis of 160 MW three cylinder steam turbine segments
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Abstract: Exergy analysis of three cylinder steam turbine segments is performed in this research. The highest mechanical power of 47389.66
kW is developed in the first segment (Seg. I, which actually represents the entire HPC — High Pressure Cylinder). Intermediate Pressure
Cylinder (IPC) is the dominant mechanical power producer of all cylinders and it develops 48.95% of cumulative mechanical power
produced in the whole turbine. The outlet Low Pressure Cylinder (LPC) segments (Seg. VII and 1X) have the highest exergy destructions and
the lowest exergy efficiency (equal to 61.27%) of all turbine segments. The best exergy performance shows IPC segments — Seg. V has the
lowest exergy destruction (equal to 363.84 kW), while Seg. Il has the highest exergy efficiency (equal to 94.04%) of all turbine segments.
Outlet LPC segments (Seg. VII and IX) are the most sensitive to the ambient temperature change — their exergy efficiency decreases for
3.19% when the ambient temperature increases from 5 °C to 45 °C.

KEYWORDS: EXERGY ANALYSIS, COMPLEX STEAM TURBINE, TURBINE SEGMENTS, THE AMBIENT TEMPERATURE CHANGE

1. Introduction IPC has three steam extractions, which allows IPC division on
L . o the four segments. The first IPC segment (Seg. Il) is defined

Currently, the majority of electricity worldwide is produced by petween IPC inlet and first IPC extraction (operating point 6, Fig. 1)
various kinds of steam turbines [1, 2]. However, steam turbines  \yhich deliver a certain steam mass flow rate to the components of
which can be found in power plants can also be used for many other  high pressure feedwater heating system. Second IPC segment (Seg.

purposes, the electricity production is a dominant, but not the only 1) js defined between first and second IPC extractions (operating
task which steam turbine can accomplish [3, 4]. points 6 and 7, Fig. 1). Second IPC extraction delivers a certain

In the conventional thermal or nuclear power plants are used high steam mass flow rate to the deaerator. Third IPC segment (Seg. 1V)
power steam turbines which are usually composed of several s defined between second and third IPC extractions (operating

cylinders connected to the same shaft [5, 6]. Medium and low  points 7 and 8, Fig. 1), where third IPC extraction delivers a certain
power steam turbines can be composed of one or two cylinders,  steam mass flow rate to the components of low pressure condensate
what depends on the required mechanical power production [7, 8].  heating system. The last, fourth IPC segment (Seg. V) is defined

Turbine cylinders are usually composed of several turbine stages  petween third IPC extraction and IPC outlet (operating point 9, Fig.
[9]. However, in exploitation can also be found auxiliary low power 1).

steam turbines which are composed of only one Curtis stage (such LPC is a dual flow cylinder — steam mass flow rate enters in the
steam turbines are often used for the pump drive) [10]. _ cylinder at its central part (operating point 9, Fig. 1) and

Steam turbine cylinders can be single flow or dual flow cylinders,  simultaneously expands through both LPC parts (one half of the
while dual flow Cyllnders can be Symmetrlcal and d|ssymmetr|ca|. steam mass flow rate expands through LPC-L and other half

In Single ﬂOW turbine Cylinder steam eXpandS in just one direction, expands through LPC_R) LPC-L and LPC-R have identical steam
while in the dual flow cylinder steam expands simultaneously in  gperating parameters at the inlet, in the extractions and at the outlet
two directions [11]. which confirms that LPC is symmetrical cylinder (steam

This paper presents exergy analysis of a three cylinder steam  temperature, pressure and mass flow rate are identical in operating
turbine segments. Such exergy analysis allows insight in the  points 10 and 11 and in operating points 13 and 14, Fig. 1). Each
operation of different turbine cylinder parts, the cylinder is not | pc part has two segments which are defined between LPC inlet
considered as a whole (as in the standard exergy analysis). The  and steam extraction and between steam extraction and LPC part
observed steam turbine has nine segments overall — produced  gytlet. For the LPC-L mentioned two segments are marked as Seg.
mechanical power, exergy efficiencies and exergy destructions are  v/| and Seg. V11, while for the LPC-R segments are marked as Seg.
presented and compared for all segments. It is also analyzed and VIII and Seg. IX. At the end of expansion in both LPC parts
observed which turbine segment is the most sensitive to the ambient (operating points 13 and 14, Fig. 1), remaining steam mass flow rate

temperature change. is delivered to main condenser for condensation [14].
2. Description and operating regime of the analyzed TR YN
steam turbine and turbine segments |

Observed steam turbine consists of three cylinders which are
connected to the same shaft: High Pressure Cylinder (HPC),
Intermediate Pressure Cylinder (IPC) and Low Pressure Cylinder 4
(LPC), Fig. 1. HPC and IPC are single flow cylinders, while LPC is
a dual flow symmetrical cylinder, therefore both LPC parts (left part
LPC-L and right part LPC-R) have the same operating parameters
and performance. The shaft on which are connected all cylinders is
used for the electric generator drive.

Exergy analysis is performed for all steam turbine segments
(what requires division of each cylinder to the segments). Cylinder
segment is a part of each cylinder defined between the cylinder HIGH PRESSURE LOW PRESSURE ?,\
inlet, outlet and steam extractions. Each turbine cylinder division to FEEDWATER CONDENSATE N\

- . . HEATING SYSTEM HEATING SYSTEM
the segments allow insight into the operation performance of

(IONDENSRTE
different cylinder parts, which cannot be found in the standard plant L@‘@—q—f PUMP

ELECTRIC
GENERATOR

MAIN
CONDENSER

or turbine exergy analysis [12, 13]. N

HPC did not possess any steam extractions, therefore HPC has MAIN FEEDWATER PUMP
actually only one segment defined between HPC inlet and HPC . . .
outlet (HPC is its own segment, Seg. 1). Fig. 1. General scheme of the three-cylinder 160 MW steam turbine

along with operating points required for the exergy analysis and
each cylinder marked segments (I — IX)

14
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Steam expansion process in all cylinders and segments of the
observed turbine in Specific enthalpy/Specific entropy (h/s)
diagram is shown in Fig. 2. Exergy analysis of any steam turbine
cylinder or segment requires data of the real (polytropic) steam
expansion process [15]. Data of real expansion process can be
properly obtained only from the measurements inside power plant
during the exploitation, therefore these data involve all the losses
which occur during operation. Losses in the real steam expansion
process are proportional to the increase in steam specific entropy, as
presented in Fig. 2, so steam specific entropy must continuously
increase from the inlet until the outlet of each turbine cylinder or
segment. Only in the ideal (isentropic) steam expansion process
from the inlet until the outlet of each turbine cylinder or segment,
steam specific entropy will remain constant, but the observation of
such ideal expansion process is not required in the exergy analysis
[16]. It should be highlighted that operating point’s numeration and
segments marking presented in Fig. 2 are in relation to operating
point’s numeration and segments marking from Fig. 1.

Steam expansion process is identical in both LPC parts (LPC-L
and LPC-R) because LPC is a symmetrical dual flow cylinder, Fig.
2. At the LPC outlet (operating points 13, 14 and 15, Fig. 1 and Fig.
2) steam is slightly under the saturation curve (wet steam) which
can be transferred to condensate in main condenser.

Fig. 2 is obtained from known steam operating parameters in
each operating point (presented in Table 4) by using NIST-Refprop
9.0 software [17].
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Fig. 2. Specific enthalpy/Specific entropy (h/s) diagram of steam
expansion process throughout steam turbine and all its segments

3. Exergy analysis equations

In comparison to energy analysis which did not consider
parameters of the ambient (ambient pressure and temperature),
exergy analysis considers ambient parameters (parameters of the
ambient in which observed system, component or component part
operates). Second law of thermodynamics is a baseline for an
exergy analysis [18, 19].

3.1. Overall equations, balances and principles

During the exergy analysis of any system, component or
component part, a few overall equations, balances and principles
must always be satisfied [7]. These equations, balances and
principles will be presented in this subsection.

The overall exergy balance equation, valid for any system,
component or component part at steady state is [9]:

Xheat -P- Z Exoutlet + Z Exinlet - ExDestruction =0, (1)

where P is mechanical power. Ex is a fluid total exergy flow,
which can be defined by an equation [8]:

Ex=m"¢,

@

where m is a fluid mass flow rate and ¢ is fluid specific exergy.
Fluid specific exergy (¢) is defined by an equation [20]:

gz(h—ho)—To'(S—So), (3)
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where h is fluid specific enthalpy, s is fluid specific entropy, T is
a temperature and index 0 is related to the ambient state. Exergy
transfer by heat at the temperature T (X},e5 ) is defined as [6]:

Xheat = 2(1 - %) ) Qheat ) @)

where Qpe.: is an energy transfer by heat. Mass flow rate balance
for any system, component or component part is [4]:

> Mipler = 2 Moutlet - 5)
3.2. Equations for the exergy analysis of turbine segments

Equations for the exergy analysis of the observed turbine
segments are defined according to the recommendations from the
literature [21-23]. Indexes and segments marking applied in all
equations from this subsection are related to the operating points
and markings shown in Fig. 1 and Fig. 2. In Table 1 are presented
equations for each turbine segment developed mechanical power
calculation, while in Table 2 and Table 3 are presented equations
for each turbine segment exergy inlet and exergy outlet calculation.

Table 1. Equations for each segment developed mechanical power
calculation

Segment Developed mechanical power Eq.
| Pgegy =1ty - (hy — hy) (6)
1 Pseg i = Ths - (hs — k) (7)
11 Pseg i = (15 — 1) - (he — hy) (8)
v Pseg 1y = (s — i —17) * (hy — hg) 9)
V Pseq v = (15 — 1ig — 111y — 1) * (hg — ho) (10)
VI PSeg‘Vl = % (hg — hyo) (11)
Vil PSeg.VII = (? —1iy9)  (Ryo — hy3) (12)
VI PSeg.VIlI = % (hg — h11) (13)
IX PSeg.IX = (% —1iyq) - (Ryy — hag) (14)
Table 2. Equations for each segment exergy inlet calculation
Segment Exergy inlet Eq.
| EXgeq tinler = 1 " &1 (15)
1 _ EXseq iinler = s - &5 (16)
i EXseg mmer = (M5 — 1M6) - & (7
v EXseg 1y iner = (s — 16 —1117) - &7 (18)
V EXseq v iner = (s — 1 — 1y — 1) - & (19)
Vi ExSeg.VI,inlet = % = (20)
VII ExSeg.VIl,inlet = (% — M) " €19 (21)
VI ExSegym,inlet = % =) (22)
IX ExSngx,inlec = (% —1mMy1) " & (23)
Table 3. Equations for each segment exergy outlet calculation
Segment Exergy outlet Eqg.
| EXgeg 1outter. = 1 €2 + Pseg (24)
“ ExSngI,outlet = mé ) 66 + (mS - m6) ) 56 + PSeg.Il (25)
i ExSeg.IlI,outlet =1y - & + (s — e — ;) - €7 + (26)
PSeg 11
v ExSeg.lV,out]et = 1hg - &g + (s — Mg — 1y —1ig) - &g 27)
+ PSeg.IV
V ExSeg Voutlet = m‘) ' S? + PSeg Y (28)
Vi EXseq viouttet = Mo * €10 + (T% — M) " &0 + (29)
PSeg VI
VIl EXseq vil outter = 13 * €13 + Psegvin (30)
VIl EXseq vini outlet = 111 €11 + (T% —my) &+ (31)
_ PSeg VIII
IX EXseq ixouttet. = 14 * €14 + Poegix (32)
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Exergy destruction of each turbine segment is calculated as:

ExSeg.(i),Destruction = ExSeg.(i),inlet - ExSeg.(i),outlet . (33)
Each turbine segment exergy efficiency is calculated as:
P eg (i
NSeg.(i),EX = ) (34)

ExSeg .(i),inlet _ExSeg .(i),0outlet +PSeg .(i).

In Eq. 33 and Eq. 34 index i represents each turbine segment (i =
I 1L 111V, V, VI VI VI and 1X).

4. Steam operating parameters required for the
turbine segments exergy analysis

Exergy analysis of each observed turbine segment is performed
by using steam operating parameters measured in each operating
point (Fig. 1 and Fig. 2) during the plant exploitation. These
operating parameters are found in [24] and presented in Table 4.
During the plant exploitation, in each operating point from Fig. 1
and Fig. 2 are measured steam temperature, pressure and mass flow
rate - other steam operating parameters presented in Table 4 are
calculated using NIST-Refprop 9.0 software [17].

As the exergy analysis considers parameters of the ambient
(ambient temperature and pressure), in exergy analysis of any
system, component or segment is required the definition of the base
ambient state [25]. In this research, the base ambient state is defined
by the ambient temperature of 25 °C and the ambient pressure of 1
bar.

Table 4. Steam operating parameters for the turbine segments

exergy analysis
Mass | Specific | Specific SfgeHiie
O'*P' Timp. Pr%ssure flow rate en’ihalpy er?tropy eli(e/rl?y
€O 0201 kgis) | (karka) (rikgei) <UL
1 | 538 | 129.19 | 145.10 | 3440.6 | 6.5738 [1485.20|
2 | 355 | 36.33 | 145.10 | 3114.0 | 6.6586 [1133.30
3 | 355 | 36.33 | 10.10 |3114.0 | 6.6586 [1133.30
4 | 355 | 36.33 | 135.00 | 3114.0 | 6.6586 [1133.30
5 | 538 | 32.39 | 135.00 | 3540.3 | 7.3062 [1366.60|
6 | 452 | 18.04 7.60 |3365.2 | 7.3429 [1180.40
7 | 356 | 8.37 7.44 | 3174.1 | 7.4091 |969.63
8 | 244 | 3.20 8.01 | 2955.0 | 7.4638 |734.21
9 | 226 | 2.69 |111.95|2920.3 |7.4747 |696.26
10 | 128 | 0.92 2.35 | 2733.5|7.5482 |487.54
11 | 128 | 0.92 2.35 | 2733.5|7.5482 |487.54
12 | 128 | 0.92 470 |2733.5|7.5482 |487.54
13 | 65 0.25 53.63 | 2610.4 | 7.8094 |286.61
14 | 65 0.25 53.63 | 2610.4 | 7.8094 |286.61
15 | 65 0.25 |107.25 | 2610.4 | 7.8094 |286.61

* 0. P. = Operating Point (according to Fig. 1 and Fig. 2)
** At the base ambient state

5. Results and discussion

Developed mechanical power in each segment of the analyzed
steam turbine, which is one of the essential parameters in the exergy
analysis of any turbine segment, is presented in Fig. 3.

Observing all segments, it can easily be concluded that the
highest mechanical power of 47389.66 kW is developed in the first
segment (Seg. I, which actually represents the entire HPC). Each of
the first three IPC segments (Seg. I, 11l and 1V) develop notable
mechanical power, while the last IPC segment (Seg. V) develop the
lowest mechanical power of all turbine segments, Fig. 3. Low
pressure steam turbine cylinder is symmetrical one, therefore both
LPC parts (LPC-L and LPC-R) develop the same mechanical
power. Symmetrical LPC segments (Seg. VI and VIII, as well as
Seg. VIl and IX) also develop identical mechanical power.

In three cylinder steam turbines, LPC is usually the dominant
mechanical power producer [13]. Steam turbine analyzed in this
paper strongly deviates from this general guideline. In the observed
steam turbine, IPC is the dominant mechanical power producer of
all cylinders and it develops 48.95% of cumulative mechanical
power produced in the whole turbine. HPC develops 29.68%, while
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LPC (both LPC parts) develops only 21.37% of cumulative
mechanical power produced in the whole turbine.
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20000

10000

Developed mechanical power (KW)

X

1 1 m v v Vi vi v

Segment (according to Fig. 1)
. 3. Developed mechanical power in each segment of the
analyzed steam turbine

Fi
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Exergy destruction and exergy efficiency of each steam turbine
segment at the base ambient state are presented in Fig. 4.

The outlet LPC segments (Seg. VII and IX) have the highest
exergy destructions and the lowest exergy efficiency (equal to
61.27%) of all turbine segments. At least some turbine stages in the
LPC outlet segments operate with wet steam (water droplets in wet
steam increase losses) and in supersonic regime, so high exergy
destruction and low exergy efficiency of the outlet LPC segments
can be expected. The best exergy performance shows IPC segments
— Seg. V has the lowest exergy destruction (equal to 363.84 kW),
while Seg. 11 has the highest exergy efficiency (equal to 94.04%) of
all turbine segments. HPC (Seg. 1) has high exergy destruction, just
slightly lower than outlet LPC segments, however such high exergy
destruction did not notably ruin its exergy efficiency (Seg. | exergy
efficiency is equal to 92.81%).

Considering turbine cylinders, in three cylinder steam turbines
IPC usually shows the best performance (because IPC did not
operate with the steam of the highest pressure in the plant as HPC
and neither one IPC stage did not operate with wet steam as occur
in some LPC outlet stages) [4, 13]. For the observed steam turbine,
it can be concluded that HPC and IPC shows very similar exergy
performance, so clear dominance of the IPC in relation to other
cylinders did not exist for steam turbine analyzed in this paper.
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m v v

Vi Vi Vi IX
Segment (according to Fig. 1)

Fig. 4. Exergy destruction and exergy efficiency of each analyzed
steam turbine segment at the base ambient state

Final part of the observed steam turbine segments research was
related to each segment sensitivity on the ambient temperature
change. During the ambient temperature variation, the ambient
pressure remains always the same and identical as at the base
ambient state. For each segment is valid a conclusion that increase
in the ambient temperature simultaneously increases segment
exergy destruction and decrease segment exergy efficiency.
However, the intensity of exergy destruction and exergy efficiency
change during the ambient temperature variation differs from one
turbine segment to another.

Decrease in exergy efficiency of each steam turbine segment
during the ambient temperature increase from 5 °C to 45 °C is
presented in Fig. 5. From Fig. 5 is clear that LPC is much more
sensitive to the ambient temperature change in comparison to other
two cylinders. Outlet LPC segments (Seg. VII and 1X) are the most
sensitive to the ambient temperature change — their exergy
efficiency decreases for 3.19% when the ambient temperature
increases from 5 °C to 45 °C. Seg. II of the IPC is the least sensitive
to the ambient temperature change — increase in the ambient
temperature from 5 °C to 45 °C decreases Seg. II exergy efficiency
for 0.71% only.
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Fig. 5. Decrease in exergy efficiency of each steam turbine segment
during the ambient temperature increase from 5 °C to 45 °C

6. Conclusions

Exergy analysis of complex three cylinder steam turbine
segments is performed in this paper. The most important
conclusions are:
- The highest mechanical power of 47389.66 kW is developed in the
first segment (Seg. I, which actually represents the entire HPC).
- In the observed steam turbine, IPC is the dominant mechanical
power producer of all cylinders and it develops 48.95% of
cumulative mechanical power produced in the whole turbine. HPC
develops 29.68%, while LPC (both LPC parts) develops only
21.37% of cumulative mechanical power produced in the whole
turbine.
- The outlet LPC segments (Seg. VII and IX) have the highest
exergy destructions and the lowest exergy efficiency (equal to
61.27%) of all turbine segments.
- The best exergy performance shows IPC segments — Seg. V has
the lowest exergy destruction (equal to 363.84 kW), while Seg. Il
has the highest exergy efficiency (equal to 94.04%) of all turbine
segments.
- HPC (Seg. 1) has high exergy destruction, just slightly lower than
outlet LPC segments, but sufficiently high exergy efficiency (Seg. |
exergy efficiency is equal to 92.81%).
- LPC is much more sensitive to the ambient temperature change in
comparison to other two cylinders (HPC and IPC).
- Outlet LPC segments (Seg. VII and IX) are the most sensitive to
the ambient temperature change — their exergy efficiency decreases
for 3.19% when the ambient temperature increases from 5 °C to 45
°C.
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Changes in the mass moment of inertia of the planetary gear mechanism reduced to the axis
of the sun gear depending on the ratio between the radii of the sun and planet gears
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Abstract: Direct Planetary gear mechanism normally consists of a single central gear at the center, an internal (ring) gear around the
outside, some number of planet gears that go in between and a planet carrier. They are used to reduce or multiply the number of revolutions.
For correct selection of the torque of the driving machine, it is necessary to know the moment of inertia of the planetary gear mechanism,
which directly depends on the mass moment of inertia of the planetary gear mechanism and the angular acceleration. In this paper is
analyzed the impact of the ratio of the radii of the central and planet gears on the mass moment of inertia of the planetary gear mechanism
reduced to the axis of the central gear at a constant diameter of the internal gear. The changes in the reduced mass moment of inertia

depending on the number of planet gears was also analyzed.

Keywords: PLANETARY MECHANISM, REDUCED MASS MOMENT OF INERTIA, PLANET CARRIER, SUN GEAR, PLANET GEARS

1. Introduction

Planetary gears can provide high transmission accuracy and
support high torque transmission. They belong to the group of
epicyclic mechanisms and are most often used for torque
transmission and speed transformation. They can be used as
reducers, when the angular velocity of the output shaft is lower than
the angular velocity of the input shaft through which energy is
supplied to the system, or they can be used as multipliers, when the
angular velocity of the input shaft is lower than the output shaft
angular velocity.

Planetary gears normally consist of, a single sun gear at the
center (a), an internal (ring) gear around the outside (b), some
number of planets (c) that go in between and a planet carrier H.
Planets are the same size, at a common center distance from the
center of the planetary gear, and held by a planetary carrier. During
the operation of the planetary train, the input power drives the sun
gear to rotate, and further drives the surrounding planetary gears
which are housed in a rotating planetary carrier. Then the output
shaft connected with the planetary carrier connects rotates to output
the torque and rotating speed.

T

Fig.1.Planetary gear: (a) sun gear, (b) internal (ring) gear, (c) planets,
H (planet carrier)

Number of planet gears can be different and they are typically
spaced at regular intervals around the sun. More planet gears allow
better force balance and lower forces by more load sharing.
However, number of the additional planet gears do not change the
kinematic but dynamic characteristics of the mechanism.

During the operation of planetary mechanisms, there are three
phases in their movement: the start-up phase, the stationary mode of
operation and the stopping phase. During the first phase, the speed of
the driving member increases from zero to maximum and the work
of the driving forces is greater than the work of the resistance forces.
In the stationary mode, the work of the driving forces for a full cycle
is equal in absolute value to the work of the resistance forces. During
the stopping phase, the speed of the driving member decreases to
zero, and the work of the resistance forces is greater than the work of
the driving forces. (The resistance forces are understood as all the
forces that oppose the movement of the mechanism).

It is necessary the drive unit to enable uninterrupted operation of
the mechanism in all three phases, i.e. to provide a sufficiently large
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input torque that will be transmitted to the drive shaft of the
planetary gear and to provide appropriate angular velocity of the
input shaft at which the material moment of inertia is reduced.

The general form of the Lagrange equation of motion

d aEk)

dt \dq,
applied to a planetary gear train is ;
d (ﬁEk) 2E,

dt\ag/) ap

8E,
aq.

dE,

9E,
P _ M
do !

@)

where E, is kinetic energy of the mechanism, ¢ is angle of rotation
(generalized coordinate), ¢ is angular velocity (generalized velocity),

3E

M; is generalized moment. The member a—p takes over the action in
]

the mechanism of the forces from the weight and the elasticity of the

members. These forces can be neglected since their influence is very
small and the elasticity of the members of the planetary mechanism
can be avoided by increasing their stiffness [1]. For efficient use of
equation (1), we reduce the moments Mi of all members of the
planetary mechanism to the input shaft and replace the total action of
the thus reduced moments with a single member M* for which we
further use the term reduced moment of inertia. The work of the
reduced moments with respect to the possible displacements is equal
to the total work of all forces acting on the mechanism with respect
to the possible displacements, so equation (1) takes the form [2-3]

d (agk)
dt\dg

0B,

9 ()

We replace the mass material moments of inertia of all the
components of the planetary mechanism with a single material
moment of inertia 1* reduced to the input shaft. I* is called the
reduced mass material moment of inertia.

n

D) e (2]

i=1 (3)
The following equations apply to planetary mechanisms:
_Ixet
B2 @
OF; .
—=T*e
9 ()
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aEy 1dt
k_ 1dl .2

do 200 P (6)
d (OB _ .
dt(ﬁq‘r,) =gt dp ¢ @

By substituting (4), (5), (6) and (7) into (2) we obtain the
following nonlinear differential equation (8) :

# o 1dJ” =2 *
- — 8
Jrg +o o 9t =M ®)
By solving (8), we determine the value of the actual angular
velocity of the input (drive) shaft on which the sun gear is mounted
and on which the reduction is performed.

2 e *
w; = j]T M**dqa—l—ll—‘:* w?
i~ %o i (9)

M*= M*(¢, w, t) =M,-M,, where M, is moment of motion, M, is
moment of resistance forces. J; is the reduced mass moment at the
initial moment.

Considering that in gear mechanisms the transmission ratio does
not change during operation, the reduced mass moment of inertia

remains unchanged, i.e. ] =] equitation (9) will be [4] :

2 Pi
w; = - M* +do + w?
1" %o (10)

From equitation (10) it is obvious that the angular velocity
depends on the reduced mass moment of inertia 1*.

2.Mass moment of inertia reduced to the axis of the
sun gear

In this paper we will further examine changes in the mass
moment of inertia of the planetary gear mechanism reduced to the
axis of the sun gear depending on the ratio between the radii of the
sun gear and planet gears. For this purpose, we first determine the
expression for calculating the mass moment of inertia reduced on the
sun gear using the law of kinetic energy [5-6].

100
@i%

E X
B o

Fig.2. Scheme of planetary mechanism
Ey = Exa+ NEg. + Egy (11)
E% — Kinetic energy of the system

Exq -sun gear kinetic energy
Ej. - kinetic energy of one planetary gear

Exw- planet carrier kinetic energy

N- number of planetary gears

e, @i
Ee=1"+ (12)

g [1/5] - angular velocity of the sun gear

Is:*'-'-'.:*: 4
Epa = S = Pa nhRi% (13)
mg+R2 -
Ja=——1 mg = pamhR;  where

Ja - mass moment of inertia of sun gear [kg-m?],
ma[kg]—-sun gear mass, R,[m]- sun gear radius, h-gear thickness

2. [kg/m?] - specific density of the material from which the sun gear
is made

B Jo# w2  mg* vl
Ke 2 2 (14)
m_+R2 .
Je=—"—; m, = p,mhRZ , where

] -mass moment of inertia of one planet gear [kg-m?]
R¢-planetary gear radius, Vsr- planetary gear center speed
Vs = (Ro+R.)* wy

wy [1/s] - angular velocity of the planet carrier

p.[kg/m®] - specific density of the material from which the planetary
gears are made

At the mutual contact points of the sun gear with the planetary
gears, the peripheral speed is

Rgwga=Row, — w.={R\R.)* w,

By substituting the previously mentioned equations into equation
(13) we obtain

R, R 2 R s 2
Epe=poxmehe=s=vwl+p smehe—=x (R +R)**xwj

(15)
T * wy®
Epy= ———
kH 2 (16)
where

(R +R.)?
Jg =mg+s———

 myg=pyrmx{R, +R)*+h

my [kg] - mass of of the carrier H,

I - mass moment of inertia of the carrier H [kg-m?]

pu [ka/m®] - specific density of the material from which the
carrier H is made,

Using above equatations for ] and my equitation (15) will be
transformed in
(R.+R)* wj

Egpg=py*m*h=* > ¥ > an

According to the Willis Method for epicyclic mechanisms, for
the ratio of angular velocities in the planetary mechanism we
obtain[7-9]

iwzﬂ: l—ﬁz l_(:Rﬂ+2Rc)
Wy dn Rﬂ
we —Rg
wy 2+R, (18)

where Ry=R,+2R;

By substituting equations (12), (13), (15), (17) and (18) into
equation (11), the following expression is obtained:
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J* = (pg # 0 B) 2 + N(p, w2 ) » TRt Ra Rt R ”i"“*“"f"
RZ
4+ RZ

+pgemehgx (Ry+ R )%+
(19)

Further, using equation (19), the values for the reduced mass
moment of inertia were calculated. It was assumed that all parts of
the planetary mechanism are made of same material with a density p
[kg/m®]. The radius of the internal (ring) gear (b) remains constant
during the calculations. Thickness of the carrier h, which has shape
of a circular plate, is hy=h/k, where h is thickness of gears.

. o (RE N - QRERE+ B2 B+ RY) | (Ro+ R« B2
= * * * | — )
I'=loxn 2 ) 4+ k*RZ

(20)

From equation (20) it is clear that for a given density of the
material from which the mechanism is made and a given thickness of
the gears, the value of the reduced mass moment depends on the
ratio between the radii of the central and planetary gears, on the
thickness of the carrier h which is taken to have the shape of a
circular plate and on the number of planet gears.

3.Results and discussion

The calculation performed below is for hy=h/4, i.e. the thickness
of the planet carrier is 4 times less than the thickness of the gears. In
table 1 are given values for reduced mass moment of inertia
depending on the ratio between the radii of the sun gear and planet
gears.

Table 1: Reduced mass moment of inertia of the planetary gear
mechanism reduced to the axis of the sun gear depending on the ratio
between the radii of the sun and planet gears for 3,4,5,7 and 9 planet gears

Reduced mass moment of inertia for 3,4,5,7 and 9 planet
gears depending on the ratio between the radii of the sun gear
and planet gears

The dependence of the reduced mass moment of inertia on the ratio
between the radii of the sun gear and planetary gears is shown at
figure 3.

Reduced mass moment of inertia of planetary
mechanism
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Figure 3: Reduced mass moment of inertia of planetary mechanism

When the number of planet gears is 9, the reduced moment of
inertia as a function of the ratio of the radii of the sun gear and planet
gears is given by the approximate equation

y=0.0517x-0.0073x+0.0243 (21)

Based on the data in the Table 1 and Figure 3 it can be concluded
that with an increase in the ratio between the radii of the sun gear
and the planet gears, the value of the mass moment of inertia of the
planetary mechanism reduced to the sun gear axis also increases.
This dependence is described by second order curve - parabola. By
increasing the number of planet gears, the coefficient in front of the
quadratic element (21) also increases.

In table 2 are represented calculated the percentage increases of
the reduced mass moment of inertia when the planetary mechanism

o has 4, 5, 7 or 9 planet gears compared to the reduced moment when
Ra | Re | RaRe | I*uey | I*0en | sy | I%0mn | I%0ee there are only 3 planet gears.
0.176 1085 0.075 | 11,3 16,608 | 6,704 } 6,921 | 7,234 } 7.547 Table 2. Percentage increases of the reduced mass moment of inertia “when
0250 |08 | 0.1 8,00 3,228 | 3,360 | 3493 | 3,759 | 4,024 the planétary mecl?anism has 4, 5, 7 or 9 planet gears
0,333 10,75 [0,125 | 6,00 1,813 | 1,925 | 2,037 | 2,262 | 2,486
0,429 10,7 (0,15 | 4,67 1,113 | 1,207 | 1,301 | 1,489 | 1,677 Increase in the reduced mass moment of inertia with 4, 5, 7 and
0,538 [0.65 0,175 | 3,71 0,724 [ 0,802 [ 0,880 | 1,037 | 1,194 9 planegary gears compared to the redgced mass moment of
0.667 106 0.2 3.00 0,490 | 0.554 | 0.619 [ 0.749 [ 0.878 inertia with 3 planetary gears [in percentage]
0,818 10,55 (0,225 | 2,44 | 0,340 | 0,393 | 0,446 | 0,552 | 0,658 iaH | rare | on=ar | pones) F#N=7/ F*N=9/
1,000 (0,5 ]0,25 | 2,00 | 0,239 | 0,282 | 0,325 | 0,411 | 0,497 ratio JN=3 | J*N=3 JEN=3 JEN=3
1,222 10,45 [0,275 | 1,64 0,170 | 0,204 | 0,238 | 0,307 | 0,375 0,176 | 11,33 2,37 474 9,48 14,22
1,500 10,4 | 0,3 1,3 0,120 | 0,147 | 0,173 | 0,227 | 0,281 0,250 | 8,000 411 8,23 16,46 24,69
1,857 (0,35 10,325 [ 1,08 | 0,084 | 0,104 | 0,125 | 0,166 | 0,206 -0,333 | 6,000 6,18 12,36 24,72 37,08
2,333 0,3 [0,35 | 0,86 | 0,057 | 0,072 | 0,087 | 0,117 | 0,147 -0,429 | 4,667 8,45 16,90 33,80 50,70
3,000 0,25 (0,375 | 0,67 | 0,038 | 0,048 | 0,059 | 0,080 | 0,101 -0,538 | 3,714 | 10,83 21,65 43,31 64,96
4,000 10,2 (04 | 050 | 0,023 ] 0,030 | 0,037 | 0,050 | 0,064 -0,667 | 3,000 | 1324 26,47 52,94 79,41
5,667 10,15 (0,425 | 0,36 | 0,013 | 0,017 | 0,021 | 0,028 | 0,036 -0818 | 2,444 | 1562 3125 62,50 93,75
9,000 [0,1 [0,45 | 0,22 | 0,006 | 0,007 | 0,009 | 0,013 | 0,016 -1,000 | 2000 | 17,96 | 35092 71,84 [ 107.76
19,00 [0,05 0,475 | 0,10 | 0,001 | 0,002 | 0,002 | 0,003 | 0,004 1,222 | 1636 | 2021 | 4042 | 8085 | 12127
-1,500 | 1,333 22,36 44,71 89,42 134,14
-1,857 | 1,077 24,37 48,73 97,46 146,19
In the upper half of Table 1, when the gear ratio is greater than 1, -2,333 | 0,857 | 26,21 52,42 104,84 157,26
the planetary gear mechanism functions as a multiplier. In this case, -3,000 | 0,667 | 27,86 55,71 111,43 167,14
the angular velocity of the sun gear is less than the angular velocity 4,000 | 0,500 | 29,28 58,56 117,12 175,67
of the carrier. For a gear ratio of 1, the radius of the sun gear is twice 5667 | 0353 | 3045 60,01 121,81 182,72
the radius of the planet gears and in this case the angular velocities 29000 | 0222 | 3137 62,74 125,47 188,21
of the sun gear and the planet gears are equal. When the gear ratio is 19.00 | 0,105 | 32,02 64.05 128,09 19214

greater than 1, the planetary gear mechanism functions as a reducer
and in this case the angular velocity of the sun gear is greater than
the angular velocity of the carrier.
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The results of the table 2 are graphically shown on the figure 4.
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Percentage increase of the reduced mass moment of inertia when the
numebr of planet gears is increased
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Figure 4: Percentage increases of the reduced mass moment of inertia “when
the planetary mechanism has 4, 5, 7 or 9 planet gears compared with 3 planet
gears mechanism

From the data in Table 2 represented at Figure 4 it can be
concluded that at the same ratio of the radii of the sun gear and
planetary gears, with an increase in the number of planetary gears,
the value of the reduced mass moment of inertia also increases. The
percentage increase in the reduced mass moment of inertia when the
number of planet gears increases is greatest at the largest planetary
mechanism ratios, that is, at the smallest ratios of the radii of the sun
gear and planet gear. With an increase in the ratio between the radii
of the sun gear and planetary gear, this percentage increase
decreases. It follows that the percentage increase is smaller in cases
when the planetary mechanism works as a multiplier than when it
works as a reducer.

4.Conclusion

By changing the ratio of the radii of the sun gear and planet
gears in planetary mechanisms, the mass moment of inertia reduced
to the sun gear axis is also changed, and with it the reduced torque
M is also changed, which directly affects the characteristics of the
planetary mechanism. On the other hand, an increase in the reduced
mass moment of inertia can be achieved by increasing the number of
planetary gears. The number of planetary gears does not affect the
kinematic characteristics, but it does affect the moment of inertia.
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Dynamic behavior of RC structures with post-tensioned slabs
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Abstract: The seismic behaviour of RC structures is one of the main factors in the design of buildings. For the best performance, a series of
factors such as: the geometry in plan and height, the physical characteristics of the materials used, time of construction or the choice of the
type of horizontal structure are listed. The scope of this presentation is the impact of post-tensioned slabs and dynamic response of RC
structure using the response spectrum method according to EC2 & EC8, by 3D Model FEM solution (ETABS software).

Keywords: SEISMIC BEHAVIOUR, POST-TENSIONED, RESPONSE SPECTRUM

1. Introduction

Construction technology has achieved great development in the
last years. Today's demand from construction companies, citizens
for good quality, safety and short period of construction constitute
the criteria for the architectural and structural solution.

Post-tensioning technology has its beginnings a long time ago.
But their use has advanced not only in the construction of bridges,
walls with anchors, but also in the foundations and floors of civil
buildings.

A great research-scientific work was done in Switzerland,
Holland, Denmark and Germany for the use of post-tensioning
technology, which is still unknown in some countries [8],[12]. Joint
efforts by researchers, design engineers and pre-construction firms
resulted in relevant standards and recommendations helping to
promote the widespread use of this form of construction, their
inclusion in European norms (see prEN1992-2004) [3].

The calculation of post- tensioned slabs bonded or non- bonded,
the loads combination are now included in FEM solution, modeling
all the structure in ETABS software [4], according to ECO, EC2 and
EC8 criteria.

@ o @

«MX®» Activ ar
ctiv and! «Mep®» Ankorues aktiv

Coupling Constringent

Fig.1 Anchoring devices [9]

Fig. 2 Hydraulic pump Fig. 3 Storage of tendons[11]

2. Analysis

2.1 Design principles of post-tensioned structures

The Ultimate Limit State (ULS) for members pre-stressed in
bending and axial loading is based on the assumptions given in EC2
6.1(2) [1].

- The distribution of deformations in pressed concrete is
accepted according to the hypothesis that plane sections remain
plane [2].

- Calculated stresses in pressed concrete are taken as nfed (n=1,
for fy < 50MPa). The maximum deformations in the extreme fibers
of pressed concrete will be considered equal to ecu3 =0.0035, fy <
50MPa (prEN1992-1-1 Table 3.1)[3]

- The tensile strength of concrete is not taken into consideration.

- The deformations in the connected post-tensioned tendons and
in the usual additional reinforcement (compression or tension) are
the same as those of the surrounding concrete [9].

The Serviceability Limit State (SLS) for pre-stressed elements
is based on the following assumptions given in prEN1992
paragraph 7.2 [3]

- The elastic behavior is limited by the stress values in concrete
given in EC2 7.2(3) [3].

- In general, it is necessary to calculate the stresses due to the
loads that act immediately after pulling the tendon as well as after
the development of all losses [9]; in both cases the effects of
permanent load and utilization on deformations and forces in the
tendon can be neglected [1],[10].

Post-tensioned elements in concrete are checked in three stages:

* In assembly

* In charge of service

* In holding capacity

Pre-stressed flexural elements are classified on the basis of
tensile strength ft, ultimate fiber tensile stress from pre-stressing at
service load (BS 4.1.3) [5] as follows:

Class 1 (no cracking) — no tensile bending stresses

Class 2 (with invisible cracks) — with tensile stresses from
bending

Class 3 (cracked) — with tensile bending stresses and with
surface crack widths as follows:

* Crack width < 0.1 mm for exposure class elements XS2, XS3,
XD2, XD3, XF3 and XF4 (prEN1992-1-1, Table 4.1)

* Crack width < 0.2 mm for all elements [

For the design of post-tensioned concrete, the engineer must
also specify the load (PT) coming from the tendon (balancing
load)[11]. Below are the possible combinations of PT load in
different phases.

- The combination according to the condition of the initial
service without considering the losses for a long time

1.0D + 1.0PT- TRANSFER

- Combination according to the limit state of the service
considering the losses for a long time
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1.0D + 1.0PT

1.0D +1.0L + 1.0PT- FINAL

- Combination according to the limit state of destruction for PT-
FINAL+HP

2.2. Loads in the models taken in the study

Dead Load DL

- volume weight of concrete = 24 kN/m3

(Super Dead Gk)

- floor layers = 1.8 kN/m2

- ceiling = 0.5 kN/m2

- furniture, temporary partitions = 1.0 kN/m2

-walls =2.5

Gk = 5.8 kN/m2

QK (Live Load LL) P =2 kN/m2 (for residence)

For design, the combination of extremes (Envelope) was taken:
The results for each case of loading and combination are compared
giving the min and max values [4].

2.3 Dynamic analysis in ETABS

Modal analysis determines the type and number of shapes that
are analyzed in the model. Although an unlimited number of shapes
can be defined, in most cases the first shapes are sufficient to
represent the dynamic response of the structure. For a certain
number of oscillation forms, the results of each modal analysis give
their own values (period, cyclic frequency, circular frequency). The
dynamic analysis of the structure can be performed with the method
of eigenvalues or with the method of Ritz vectors.

* Analysis of eigenvalues (Eigenvector Analysis): determines
the forms of free oscillations and the frequencies of the system
which provide a complete information about the behavior of the
object.

- Analysis with Ritz vectors (Ritz-vector Analysis): Shapes are
determined by taking into consideration the spatial distribution of
the dynamic load, which gives more accurate results than using the
same number of natural shapes. The forms of Ritz vectors do not
represent the internal characteristics of the structure as the
eigenvalue method does. [3],[4]

Response Spectra, EC-8 Pren 1998-1:2003(E)

agr=0.27g

7=l

S=1.35, Tg(5)=0.20, Tc(5)=0.8, To(s)=2;
0=0o'kw>1.5; DCM, Frame system; q=3.9
EC-8; Tabela 5.1, 9,=3.0-a/0s; a/a;=1.3; ky=1
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Fig. 4 Design spectrum according to EC-8
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Fig. 5 Vertical design spectrum according to EC-8
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Table. 1 Mechanical characteristics of materials [2], [5]

E Coefficient Pesha Rezistenca
Name Material Poisson Volumore N
(MPa) o (N/m?) Hogaritese
] —
Steel Reb“ﬂ%ﬁ ::ég; 2005 200000 7698 .
a =625 MPs
Rebar DIN 488-2-2009 F,=500 MPa,
Steel epar lusa ©) 200000 76.98 E 540 MPy
a =540 MPs
Rebar D M. 14/01/2008 4 a F,=450 MPa,
Steel Elasa O 200000 76.98 Fms4n Mpe
Concrete C25/30 31000 02 24 f4=23 MPa
Concrete C3037 32000 02 24 £5=30 MPa
Concrete C35/45 34000 02 24 f4=35MPa
Table 2. Mechanical characteristics of tendons [6], [7], [11]
Rezistenca | Sforvimi | | Ngarkesae
i Maza ne neKufirin | 59 % | Tendonitne | Modulii
. . | Tipid MAMET | ernjesi | Terhegje e endonit | ggrine | Elastidt
Diametri | Standarti i ne Kufirin 5
kavos ! te (Kufirii | Elasticiteti | "o | Elasticitetit | efit
nominal L - . . & Keputjes " -
giatesize | Keputjes) t =0.1%, (Ptk) =0.1%,
ik &) (P 1k)
mm am MPa MPa N KN MPa
(T15) fag}; standart | 152 1095 1860 1600 260 24 196
157 170 1860 1600 279 240 196
super
ASTM
T15) A;?z-\g_o hompskt | 152 1290 1860 1600 300 258 196
10138
. standart [ 125 750 1860 1600 164 139 196
o 5896
8_;3) R 19 785 1860 1600 186 158 196
_aﬁ?;s Gﬁ;* 127 775 1860 1600 183.7 156 196
06 Sf“‘m'““' standart | 152 1095 1860 1600 260 230 196
ancez
(T15) 19(;?31\; super 157 170 1860 1600 279 243 196
06 a5 standart | 152 1090 1860 1600 3 167 196
5 5
@9 | 58680 | e | 157 | use 1360 1600 265 215 196
(Or'f,{) :;:Sl?gis G‘?EE 1524 1095 1860 1600 248 220 196
06" | onomw | sendart | 152 1095 1860 1600 248 220 196
5 251
@ | B 157 170 1860 1600 265 236 196
8;15;) _,;‘.f,g*;o Tompskt | 152 1290 1860 1600 300 264 196

3. Objective and research methodologies

To make comparisons between R/C slabs and post-
tensioned slabs, a typical plan (30x30) m has been studied and 4
possible solutions for the structure have been given. The procedure
for designing post-tensioned slabs in the ETABS program is a
novelty of this version [4], which, together with the frame structure,
models post-tensioned slabs, giving a clearer overview of the
characteristics of R/C structures and the effects of post-tensioning
during dynamic analysis. The program performs hyper-static
analysis, which redistributes the moments that come as a result of
the post-tensioning of the slab in undetermined structures. The
design of the slab begins with the definition of the calculation belts
in two directions perpendicular to each other. Usually these belts
correspond to the area of the slab supports. The axial forces,
moments and shear forces for a belt are determined by analysis
based on the Wood-Armer technique [4], [5] and the bending
calculation is based on the Ultimate Limit State. The columns and
beams are ordinary R/C and their dimensioning is made referring to
the recommendations of EC-2 [3] and the fulfillment of the criteria
according to the SLS serviceability and ULS ultimate limit state.

The structures were considered fixed to the base, so the
soil-structure interaction was not taken into account (it is not the
object of this study).

Modeling of a 5-story reinforced concrete building with
(10x10)m spaces; Dual system (Frame + R/C Wall).

The calculations include 4 types of reinforced concrete
slabs with beams in two directions (10x10)m:

Model Illa, hs=35¢m, R/C;
Model I11b, hs=35cm, PT
Model Illc, hs=30cm, PT;
Model Illd, hs=27.5cm, PT



MACHINES. TECHNOLOGIES. MATERIALS. vol 1, 2025

v g 455V AT

Tasxas(lIl) T4sx65(1Il) T45x65(111)

Ta5x65(1) Ta5xB5(11) Ta5x65(11)

TASKTO() T45XT0() T45XTO()

Ta5x70(0) T4SXTO{0) T45x70{0)

K B0KB0 (0)_| K75¢75 (1) | K70x70 (1l |K 65x85 ()|« 65165 (1v)]
K 80x80 (0) | K75x75 (1) [ KFOXT0 (11) [K 65x65 (Ill)|K 65265 (IV)|

Fig. 7 Model with 5- Level (dimension)

T45x65(1
1 I ] T | 11
N | O | O
SN N | | ] O O
,J,,JJJ,,?,J,,JJJ,,?JJ,,JJJ,,,
»% = = ;
= O uN
o » b n
[ ||
I I LI I
3 s | 23 O O P
s ] 11T ] | 11 |
| O 1 | ]
I | ] O O
| Hﬁﬁﬁﬂh) n ﬂﬁ!hﬁ[\ﬁ) n ﬂﬁ!hﬁ[\ﬁ' n
P 1 P
g i I =% O 4
e EeE EHERcCRin SECEinRcte
] | ] | 1T |
N O | 0 O
] | [Taskesgv; 1| Tsxisovy | [ Irashesivy] [,
Fig. 6 Plan of R/C building
' T45xB5(1V) ! T45x65(1V) ' T45x65(V) ' !

a)

3. Results

Mode 1

b)
Fig. 8 Model 3D a)R/C slabs b) PT-slab

Mode 2

Mode 3

Fig. 9 Mode Shape of the model

Table 3. Periods and frequency

3 Cyelic
Modes P(:L:)d 1}';:?::; ﬁ'rq‘nencr.
rad’sek
Model | 0479 2088 13.1185
MD"I‘:' Mode2 | 0479 2088 13.1203
Mode3 | 0272 367 230756
Model | 044 235 141368
Modd ™ o2 | 04 2253 141548
Mode3 | 0260 3848 241747
Model | 0440 227 142641
Mot ™ Mode2 | 0440 2273 142841
Mode3 | 0257 3891 24247
Model | 0438 2281 143325
Modd ™ Mode2 | 0438 2084 143534
Mode3 | 0236 3913 24389

Table 4. Based Shear Force

Level | Model TTa | Mode ITh | Model ITle | Model ITId
v | a136163 | 4137.7801 | 30003447 | 30200465
IV | 71149173 | 70007821 | 68547061 | 6736667
IO | 91805111 | 0168.1858 | 88624704 | 87008060
I | 105619007 | 10361.9007 | 10179.5705 | 100035617
St T | 112772665 | 11212.6678 | 10836.6806 | 10648.962
Table 5. Seismic Force
st Modd | Moddl Model
Level | TIa I Model I IMd
Stoya V| 45825471 | 44982024 | 43588871 | 42190361
IV | 20787543 | 2952093 | 28553614 | 28067205
Story2 I | 20655938 | 20774037 | 20077733 | 19731399
I | 13814796 | 13938040 | 1317.0911 | 12937548
Storyt I | 7152758 | 6306771 | 6571101 | 6454003
Base v v
v W B Modeli lid
W i m Modeli Il
" m B Modeli lllb
B Modeli llla
1 I
0 5000 10000 15000 o 1000 2000 3000 4000 5000

Fig. 10 a) Based Shear Force b) Seismic Force

Table 6. Relative floor displacements (Inter-storey Drift)

Model Model Model Model
Level IIla b Illc IIId

v 0002683 | 0002365 | 0.002572 | 0.002704
v 0002814 | 0.002433 | 0.002398 | 0.00238
I 0.002649 | 0002291 | 0.002253 | 0.002235
II 0002159 | 0001955 | 0.001924 | 0.001908

I 0001094 | 0001098 | 0.001086 | 0.001081

I Th
W 1 [ |
r |
[ [ 1] 1
rJ O Modeli liid
m n J O Modelililic
i HH O Modelililb
L I—"_J O Modelillla
| 1
[ ]

4] 00005 0001 00015 0002 00025 0003

Fig. 11 Inter-story drift for model 111

a)

Fig. 12 Displacement Uz, a) RC slabs b) PT-slabs
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Fig. 14 Diagram of Moment M,.,, a) RC slabs b) PT-slabs

4. Time-history analysis

Time-history analysis (THA) deals with the study of the
response of structures to loads that vary with time, reflecting their
response analytically for each value of the time variable. Time-
domain analysis can be linear or nonlinear. The general equation of
dynamic equilibrium that is solved:

M ii(t) + Cu’(t) +K u(t) = r(t)

where: K- stiffness matrix; C- damping matrix, M- diagonal
mass matrix; u, u’, i are the displacement, velocity and acceleration
of the structure and r- is the acting force.

For structures under the action of seismic loads, the values of
displacements - u, velocities - u’, accelerations - u” are relative to
the ground motion. While on the right side of the equation the
effective load r(t) represents the seismic action caused by the
ground movement with acceleration — ug”.

Other types of analysis (RSA) deal with the study of the
response of structures to determine the amplitude of the maximum
response.

Nonlinear analysis in the time domain (TH) performed by the
ETABS software, otherwise known as FNA (fast nonlinear
analysis), has a very efficient use in the case when many structural
elements have linear behavior and some of them are predetermined
with nonlinear behavior.

In the models taken in the study, nonlinearity is predefined
through the localization of plastic hinges at the beam supports in the
columns, for the cases of slabs with ordinary and post-tensioned
reinforcement.

The response of the structure is again presented in the time
domain by choosing as factors:

- the based shear force according to the two directions Ox and
Oy;

- the displacements Ux and Uy, the accelerations Ax and Ay for
a point on the upper floor of the structures

In this study, the dynamic analysis was performed using the
time domain (TH) data for two loads in the program:

the data (LACC_NOR-1.TH) and (LACC_NOR-2.TH),
respectively.
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5. Conclusions
5.1 Conclusions for the Response Spectra Analysis

From the summary of the results of the static and dynamic analysis,
from all the combinations made according to EC0O, EC8 using the
response spectrum method, it is noted that:

- For the same thickness of the slab, the solution with ordinary
reinforcement results in larger deformations than the solution with
post-tensioning.

- The significant increase in the resistance capacity of the slab in
the case of the placement of post-tensioning tendons, better
fulfilling the requirements of the code for the Ultimate Limit State
(ULS). For the same external load, the internal forces in the
structural elements are reduced.

- Increasing the rigidity of the structure due to the contribution of
the tendons as an integral part of the structure's modeling. This is a
direct result of the use of material with very superior mechanical
characteristics in relation to concrete and ordinary reinforcement.
-Visible reduction of the relative displacements of the floor (inter-
storey drift) better fulfilling the requirements of the code for the
Serviceability Limit State (SLS).

5.2 Conclusions for the time-domain analysis

From the time-history analysis with the selected function:
Direction -X (LACC_NOR1) and Direction - Y (LACC_NOR2)
from the ETABS 2016 program, it is noted:

- The time response of the acceleration factors Ax and Ay;
displacements Ux and Uy for a point on the upper floor has smaller
values in the case of horizontal structures realized with post-
tensioned (PT) slabs. The value of the above response for the case
with post-tensioning is reduced in slabs with smaller thickness.

- The time response of the base shear force Bx and By is
reduced in models with PT slabs and with smaller thickness

- This change is not constant throughout the response time: in
the interval of the largest amplitudes of the seismic action, the
change is more noticeable (time interval 5-25 sec). In the rest of the
interval when the amplitudes of the seismic action decrease, the
response change is reduced and in some cases the same response
amplitudes are observed.

- For the dynamic calculation methodology in the frequency
domain according to the response spectrum (RSA) where the
dimensioning is based on the maximum response values, it is clear
that the level of displacements and force factors in the structure is
greater.
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Thermal Effects of High-Speed Machining: Analysis of Cutting Zone Temperatures, Tool
Behavior, and Cutting Forces in C45 Steel Turning at Elevated Speeds
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Abstract: High-speed machining (HSM) significantly influences the thermal dynamics of the cutting process, particularly in the tool-
workpiece interaction zone. At elevated cutting speeds, the reduced tool-workpiece contact time minimizes heat transfer to the workpiece,
concentrating thermal energy in the cutting zone. This results in localized material softening, reduced cutting forces, and enhanced process
efficiency. This study investigates the thermal effects of HSM by experimentally turning C45 steel using a cubic boron nitride (CBN) tool at
cutting speeds ranging from 800 m/min to 1800 m/min. Cutting forces were measured and analyzed in conjunction with temperature
distributions within the cutting zone and tool. The experimental results were compared against predictions from the analytical Oxley
machining model and numerical simulations using DEFORM software. The analysis revealed the dependence of cutting speed on cutting
zone thermal properties, providing insights into material behavior under high-speed conditions. Furthermore, the study identified optimal
cutting speeds that balance thermal effects and cutting process stability. These findings contribute to the definition of appropriate high-speed
machining parameters, ensuring effective heat dissipation and stable tool performance.

Keywords: HIGH-SPEED CUTTING, MODELING,CUTTING FORCESS

1. Introduction Moreover, simulations provide insights into machining
behavior that are difficult to obtain through experimental means
High-speed cutting (HSC) significantly differs from  alone.
conventional machining due to its elevated cutting speeds, which
influence various aspects of the cutting process, including cutting
force development, heat generation, chip formation, and surface
integrity (1). Unlike conventional machining, HSC often results in
lower cutting forces due to material softening at high temperatures,
improved surface quality, and a reduction in built-up edge
formation. Additionally, heat dissipation mechanisms vary between
the two processes, with HSC directing the majority of heat into the
chip rather than the cutting tool or workpiece.

This study aims to leverage FEM simulations alongside analytical
modeling to analyze the cutting forces and temperature distribution
during high-speed cutting. By comparing simulation results with
experimental measurements, this research seeks to enhance the
understanding of force reduction mechanisms at high cutting speeds
and contribute to the optimization of cutting speed for improved
efficiency and reducing the magnitude of cutting forces.

Given these complexities, numerical simulations, particularly 2. Material and methods
Finite Element Method (FEM) simulations, have become an
essential tool for analyzing and optimizing machining processes.
Simulations allow for the detailed investigation of cutting forces,
temperature distribution, stress development, and tool wear without
the constraints and costs of physical experiments. The fundamental
FEM simulation was based on an orthogonal 2D cutting model.
Several frameworks have been developed within 2D FEM maodels,
incorporating specialized machining methods. Hashemi at al. (2)
developed an explicit Lagrangian elastic-plastic finite element
model to simulate chip separation, segmentation, and interaction in
high-speed orthogonal cutting. Their model incorporates a fracture
algorithm to dynamically simulate chip formation and breakage,

enabling a detailed analysis of chip geometry, stress, and strain Both the analytical Extended-Oxley model and the 3D FEM
distributions in critical regions. In the study by Hussain et al. (3), the  cytting simulation were performed under identical cutting conditions
effects of PCBN tool edge chamfering parameters on cutting forces,  and utilized the same material model. The results of the cutting force

cutting temperature, and chip morphology during the hard turning of  measurements from the experiment, analytical model, and
GCr15 were investigated. Using both experimental tests and Deform  simuylation are summarized in the graph presented in Figure 4.

Finite Element Simulation, the research analyzed how variations in
cutting speed, feed rate, and depth of cut influence surface quality 21 Extended-Oxley Analytical model
and tool life. Karpat et al. (4) studied machining with negative rake
angle chamfered tools and analyzed the influence of the dead metal
zone on friction conditions and temperature distribution. They used
slip-line field analysis and an analytical thermal model to predict
temperature fields at the tool-chip and tool-workpiece interfaces.

The analytical cutting model and FEM simulation build upon the
Vopat et al. (6) experimental work. A total of 11 turning
experiments were conducted, with cutting speeds ranging from 800
to 1800 m/min, during which the cutting forces were measured. The
cutting experiments were conducted using CNGA 120408 turning
inserts. A DMG CTX alpha 500 turning center was utilized for the
machining tests. The workpiece material was C45 steel, shaped as a
cylindrical rod with an external diameter of 130 mm. To measure
the cutting force components, a Kistler 9257B static dynamometer
was employed. The cutting parameters were set with a depth of cut
of 0.4 mm and a feed rate of 0.13 mm/rev.

Pantalé et al. (7) present an enhanced implementation of the
Extended-Oxley analytical model for orthogonal metal cutting,
originally proposed by Lalwani (8). This implementation addresses
previous challenges related to solution non-uniqueness, accuracy,
and computational efficiency. Extended-Oxley Analytical model
However, with advancements in hardware capabilities and  predicts cutting forces and temperatures during orthogonal cutting
improvements in computational solvers, complex 3D FEM by solving a set of nonlinear equations. The algorithm minimizes the
simulations are becoming increasingly popular. Kyratsis et al. (5)  imbalance in cutting forces, ensuring equilibrium between predicted
introduces the fundamentals of 3D Finite Element Method (FEM)  and actual forces. The Python programming language and the
applied in standard machining processes such as turning, drilling, LMFIT library to solve the nonlinear equations efficiently. It
and milling. incorporates the Johnson—Cook thermo-elastoplastic flow law to
describe material behavior under varying strains, strain rates, and
temperatures.
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2.2. DEFORM 3D cutting model

The FEM simulation was conducted in accordance with the
experimental tests, utilizing DEFORM 3D software. To optimize
computational efficiency, the tool geometry was simplified to
include only the surfaces in contact with the workpiece, thereby
reducing the number of elements in the tool model. A finer mesh
was applied in the region closest to the workpiece to enhance the
accuracy of the simulation results. The cutting tool was modeled as
a rigid body, while the workpiece was defined as a plastic
deformable object.

The meshing parameters were configured with a minimum node
size of 0.025 mm in the cutting zone to ensure precise modeling of
material deformation. Chip separation was governed by an adaptive
remeshing criterion, allowing the mesh to dynamically refine in the
cutting zone to maintain high accuracy. The material behavior of
C45 steel was modeled using the Johnson—Cook constitutive
equation, consistent with the analytical Oxley model. Thermal
properties of both the tool and workpiece were set according to the
DEFORM 3D material database. The initial setup of the 3D cutting
model in DEFORM is presented in Figure 1.

FIXED

Fig.1 DEFORM 3D FEM cutting model setting

Friction at the tool-chip interface was modeled using a constant
coefficient of friction, set to 0.1. The simulation employed an
incremental Lagrangian solver to accurately capture large plastic
deformations during the cutting process. The iterative computation
continued until the predefined cutting time was reached, ensuring
convergence and accuracy in force and temperature predictions.
Results of the temperature mapping are shown in Figure 2.

Temperature

©)
Cutting
Zone -

Fig.2 3D FEM simulation result

3. Result and discussion

3.1.  Cutting forcess

The primary objective of this study was to compare the cutting
forces measured in previous experimental work Vopat et al. (6) with
those predicted by the Oxley analytical model and the 3D FEM
simulation using DEFORM. A representation of the progression of
cutting forces obtained from the FEM simulation is presented in
Figure 3. The simulation results indicate that the cutting forces
initially increased to a certain value before stabilizing.

It is important to highlight that the force-time history begins at
the onset of the cutting process, approximately 0.2 ps after
initiation. This extremely short duration may limit the ability to
obtain a fully comprehensive prediction of the cutting forces
throughout the entire machining process.
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Fig. 3 Cutting forces obtained from 3D FEM DEFORM simulation

The solid lines represent the components of the cutting forces
measured in the experiment Vopat et al. (6). The largest force, F,
corresponds to the main cutting speed vector. The component F; is
of approximately the same magnitude but slightly lower. The values
of the force components F, and F; are primarily influenced by the
cutting conditions, specifically the depth of cut and feed rate.
Focusing on the main cutting force F., an initial increase can be
observed, followed by a gradual decline beyond a cutting speed of
approximately 1100 m/min. This speed can be considered a critical
point at which the mechanical properties of the material change due
to temperature effects, leading to material softening.
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Fig. 4 Overview of cutting forces in relation to cutting speed

The analytical Oxley model provides predictions only for the F.
and F; components of the cutting forces, as it is based on an
orthogonal cutting assumption and solves for two-dimensional (2D)
cutting conditions. The predicted cutting force components are
represented by dashed lines, which exhibit a decreasing trend. This
observed trend supports the theory that the machined material
undergoes thermal softening as the temperature increases. However,
since the Oxley model is an analytical approach, it does not allow
for the precise identification of the critical point where the thermal
balance shifts material softening, as can be determined through
experimental measurements.
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The dotted lines show the forces obtained by 3D FEM

simulation. Comparing the values with the experimental results, the
simulations show that the force component F; is the smallest, while
Fc and F, are slightly higher. A more rigorous calibration of the
material model and boundary conditions could lead to more
comparable experimental and simulation results. However, the
simulation shows a similar behaviour of the cutting model as the
experiment. The forces initially increase, with a gradual decrease in
cutting forces at a speed of approximately 1100 to 1200 ms as in the
experiment. In the case of the complex 3D FEM simulation and the
experiment, we find agreement in the dependence of the cutting
forces on the cutting speed.

3.2.  Tool Temperature Distribution

The thermal balance in the cutting process plays a crucial role,
significantly influencing not only the machining operation itself but
also surface quality, tool life, and overall process efficiency. As
increased temperatures lead to material softening, this phenomenon
can be strategically utilized to reduce cutting forces. Although
temperatures were not measured during the experimental tests, both
the analytical Oxley model and the FEM simulation allow for
temperature monitoring and analysis. These models provide insights
into temperature distribution on the cutting tool as well as within the
cutting zone of the workpiece. Figure 5 illustrates the temperature
distribution along the cutting edge of the tool, highlighting the
thermal effects in the machining process.
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Fig. 5 Temperature distribution on the cutting edge of the tool

When analyzing temperature in the FEM cutting simulation, it is
important to consider that the simulation duration is limited to only
a few tenths to several microseconds. As a result, the thermal
process does not reach a steady-state condition within this
timeframe. It can be inferred that, for instance, the temperature of
the cutting tool would continue to rise until a thermal equilibrium is
achieved between heat generation and dissipation. Figure 6 presents
the temperature distribution at tool point near the cutting edge of the
tool over time from the initiation of the cutting process. The results
indicate a continuous increase in temperature, suggesting that
further heating would occur beyond the simulated timeframe.
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Fig. 6 Temperature distribution at tool point near the cutting edge

29

3.3. Heat analysis of the cutting process

Figure 6 provides an overview of the cutting zone, including the
chip shape and the overall temperature distribution within the
workpiece. Additionally, a histogram representing the workpiece
temperature is presented, where the highest frequency corresponds
to 20°C, which is expected given that the machining process was
conducted at room temperature. The histogram also provides insight
into the characteristic temperature distribution within the workpiece.

The workpiece temperatures, along with the maximum tool
temperature, are plotted against the cutting speed in Figure 7. From
this analysis, it can be observed that the maximum temperature of
both the tool and the workpiece occurs at a cutting speed of
approximately 1000 m/min. Notably, this corresponds to the speed
at which the lowest cutting forces were recorded.

poraturs (€}

| FORN
Fig. 7 Temperature distribution in cutting zone (DEFORM simulation)

It is also evident from the relationship between tool and
workpiece temperatures and cutting speed that beyond a peak at
1000 m/min, the tool temperature increases while the workpiece
temperature decreases. Figure 8 shows an illustration of this
relationship. This phenomenon is attributed to the rate of chip
evacuation from the cutting zone. According to heat balance theory,
approximately 90% to 95% of the heat generated is dissipated
through the chip. As a result, a higher chip evacuation rate leads to a
reduction in the overall workpiece temperature under the given
cutting conditions.
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Fig. 8 Tool and workpiece temperature in relation to cutting speed

4. Conclusion

This study demonstrates the limitations of analytical modeling
in predicting cutting forces and temperature distribution in high-
speed machining. While the Oxley analytical model provides useful
insights into cutting forces, its inherent assumptions and two-
dimensional orthogonal cutting make it insufficient for accurately
capturing the complex thermal and mechanical interactions in the
cutting zone.

Finite Element Method (FEM) simulations offer a more detailed
and flexible approach, enabling the analysis of cutting forces, chip
formation, and temperature distribution under realistic cutting
conditions. However, despite its advantages, the FEM simulations in
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this study were constrained by the short simulation time, preventing
the thermal process from reaching equilibrium. As a result, while
FEM provides more accurate cutting force predictions than the
analytical model, its ability to precisely analyze temperature
evolution remains limited.

Moreover, the accuracy of FEM simulations strongly depends
on the precise calibration of the material model and the correct
definition of boundary conditions. In this study, the material
behavior and heat transfer properties were consistently applied in
both the analytical and FEM simulations to ensure a valid
comparison. However, achieving reliable temperature predictions in
FEM requires a well-calibrated material model that accurately
represents strain, strain rate, and temperature-dependent behavior.

Future research should focus on extending FEM simulation
durations to allow for thermal stabilization and validating
temperature predictions through experimental measurements.
Additionally, further refinement of material models and boundary
conditions will enhance the accuracy and reliability of FEM
simulations, ultimately improving the understanding of high-speed
machining processes.
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Abstract: An coupled analytic-numerical model for calculation of distortions arising by welding fabrication is introduced. Target of the
analytical model is the calculation of the inherent strains after the local thermal-mechanical influence of the welding or thermal
straightening process. Following the fabrication processing chart the strains are loaded on an elastic FE-model of the structure and the
residual stresses and distortions of the whole structure are calculated. The consideration of welding and thermal straightening scenarios,
inclusively the assembling stages, is done by taking into consideration the intermediate variation of the strain state in the FE-model of the
structure at every processing step. The important physical relations are demonstrated. The model is intended to be used for solving industrial
tasks, i.e. intending acceptable precision and calculation time as well as low simulation costs.

Keywords: COMPUTATIONAL WELDING MECHANICS, WELDING DISTORTIONS, THERMAL STRAIGHTENING, INHERENT
STRAIN, FE-SIMULATION,

Despite the benefits the numerical models, one great difficulty
of their industrial utilization is the complexity of the problem

The welding distortions are still one of the main problems in ~ formulation and necessity of number of input data that, in many
welding technology. It decreases the quality of the welded structure, cases, are not available. In addition, the conventional numerical
complicate the smoothly accomplishment of the manufacturing  thermal-mechanical ~ welding  simulations, combined  with
process and increase the cost of post treatments. Since several straightening simulations are not feasible, as they require significant
decades, thermal straightening is an established technique for computation costs and highly qualified personnel. These difficulties
improving welding structures, figure 1. By the thermal straightening rise when the subject of the simulation is a large, complex welded
additional deformations are set into the structure, which lead to  structure, which often makes the employment of numerical methods
decreasing the out-of-plane distortion and increasing the in-plane in the praxis inefficient. Hence, there is a great demand for simple
shrinkage. Prediction and control of the welding distortions and the ~ welding simulation models and approaches, which allow for quick
effect of the thermal straightening process, during the early stages  distortions prediction. The technical literature gives among the
of a designing cycle, allows avoiding expensive engineering works [5-9] a set of validated applications that are limited to simple
correction that could occur later. welded joints [14-17].

1. Introduction

To answer this need, an innovative solution approach for
simulation of welding distortions has been developed in earlier
works [16,18]. The approach is an integration of analytical and
numerical calculation’s procedures in a hybrid model. The
analytical procedure calculates the shrinkage volume and strains
distribution in it, representing the weld seams, based on the
theoretical works of Okerblom [2], Gatovskij [4] and Vinokurov [5]
implemented in a novel enhanced model [18]. The calculated strains
are than applied to the global FE model in order to predict the
distortions of the structure during the welding stages, as well as
their residual state [18].

The aim of this article is to demonstrate the analytical models
for calculation of inherent strain by welding and thermal
straightening processes as well as their implementation it into the
welding simulation procedure. Thus, to suggest an engineering tool
that reduces the development time, costs and increases the
efficiency of manufacturing.

Fig. 1 Railway carriage after thermal straightening, ©ALSTOM Transport

Deutschland GmbH, Salzgitter[1]. 2. Concept of the coupled analytical-numerical
model
In the praxis, the straightening process guidance and parameters By welding, the analytical approach calculates the shrinkage

are chosen on the background of practical experience, volume, representing the weld seams, based on the theoretical
complemented with additional time- and cost-intensive  works [3-7]. The introduction of complex semi-empirical relations
experiments. Unfortunately, it is impossible to capture the influence allows to take into consideration the relevant factors and to reach
of the different structural stiffness, materials and residual stresses the need adequacy. The calculated plastic strains are then loaded (as
state after welding with this approach. inherent strain) on the global FE model in order to calculate the
distortions of the structure during the welding (after every one
weld), as well as the global stress field. For this purpose, an elastic
FE-analysis, which is fast and needs a simple material data
definition, is carried out. The stress state in the structure, obtained
from the numerical calculation, returns to the analytical one, using a
loop statement for every next weld. This procedure allows taking
into consideration the influence of the welding sequence as well as
the changes of the clamping conditions and variation of the
structure restrain.

Another approach seems to be a welding - thermal straightening
distortion simulation, based on the computational welding
mechanics. Particularly in welding, analytical [1-8] or numerical [9-
15] models achieve a solution to the problem. The application of
analytical models is strongly limited due to the necessary
simplifications of the physical phenomena. However, the numerical
models are free from such limitations. They cover a large number of
topics; one of which is the prediction of the residual distortions
caused by the mutual influence of highly localized heat input, the
material behavior, the initial inhomogeneous temperature and The solution of the deformations problem, in the thermal
stress-strain states and the response of the whole structure as well. straightening, bases on the hypothesis for prolonged accumulation

of plastic strains, caused by the irregular thermal-deformational
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field around the heat source, the restrain intensity and the variation
of the stress state as well. This govern the basic approach for
solving such problem (figure 2), in which a thermal-deformation
calculation is carried out, taking into account the nonlinear material
behaviour, as well as the field of initial elastic strains. The last one
could be due to residual stresses, caused either after welding or
already completed straightening works as well. That means the
simulation of straightening follows the simulation of welding and
consists of sequential calculations of plastic, i.e. inherent, strain of
every one heat spot.

field of initial material and process
elastic strain data
numerical calculation thermgl
analysis
initial strain deform*a'glon
» analysis

analytical calculation

inherent strain

Fig. 2 Coupled analytical-numerical analysis

On this place is not wroth to underline that the both, welding
and thermal straightening simulations may be executed in an
arbitrary sequence, following various manufacturing charts of the
fabrication plan.

3. Analytical model
3.1 Welding

Purpose of the analytical model (also shrinkage model) is
determination of the area where plastic strain appears. As
mentioned above, scientific background of the model for welding
build the plastic strains evolution under temperature dependent ideal
elastic-plastic material behavior [3,5-7]. In case of long welds, the
mechanical problem can be considered as uniform stress-strain in
the weld cross section with known distribution of the maximal
temperatures. The thermal strain (expansion and shrinkage) in the
longitudinal direction is constraint by the surrounding cold metal,
which realizes infinity restrain. After this model the zone with the
plastic strains wy, is defined by certain maximal temperatures, i.e.
by the maximal thermal strain a(4Tmsy) equal to yield strain gy pus
initial strain ¢y and 2ey., figure 3.

For the longitudinal component of the inherent strain, it is
govern by the equation:

S 2ey
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and for the transverse component, respectively:
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Herby the ¢" is the inherent strain to the corresponding
component direction (x or y), s is the thickness of the sheets, wy, is
the width of the plastic deformed zone, ¢y is the strain at the yield
stress, & is the initial strain (that is elastic in nature), ¢” are the
plastic strain components (x or y), eh is the thermal strain at the

maximal temperature.
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Different influences on plastic strains, for example relation of
the heat input to the thickness, external and internal stiffness, strain
hardening, existing plastic strains in the weld, solid state
transformations, clamping conditions or multi-run welding can be
considered by semi-empirical correction functions [6,17]. Capturing
all these effects on the arising distortions simultaneously is not
possible as they also affect each other. In the technical literature is
among the works [5-9] a set of applications published and compared
with experimental results for simple welded joints [14-17] or large
[16,18].

<v

Fig. 3 Formation of plastic strain by welding

The distribution of maximal temperatures can be obtained by
derivation of the quasi-stationary temperature field. In that order,
diverse analytical solution can be used. The current model for
welding, for example, uses a combination of moving point heat
source in semi-infinity body and moving line heat source in thin
plate [18,19]. The combination factor depends on the welding
process, heat input and the thickness of the sheets.

3.2 Heat spot

If the heat source is fixed, as it by thermal straightening with
heat spot is, the kinetics of plastic strain evolution vary. Assuming a
large circular disk, subject of heating at its center and followed by
cooling, an axial symmetric mechanical problem should be
considered, figure 4.
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Fig. 4 Radial distribution of the plastic strains after heat spot.
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In this case, the surrounding cold metal behaves elastically
during both heating and cooling, and the strain occurring in it is
equal to the elastic strain in the heated core. Hence, in a stress free
disc the plastic strains arise in domain between maximal thermal
strain a(4Tyax) equal to yield strain 2ey+2¢y and 4ey respectively,
see plastic deformed zone ry, on figure 4. Presence of any initial
strain will shift the thermal strain curves with its value and sign,
like to heat line problem [21,22]. Thus, the shrinkage volume (v, in
mm? mm/mm) in case of heat spot is given by the equation:

48Y

J‘Ardgth
(2ey +2¢¢)
where A, is the area bordered by the maximal thermal strain and
integral limits 2ey+2¢q and 4ey respectively. Hence, the radius of
plastic deformed zone is:
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pz =

To apply the model in the overall calculation procedure an
appropriate solution of the thermal problem is need. In the common
case, the solutions with instantaneous line heat source [19-23],
enhanced to non-uniform initial temperature Ty, suggested by [24]
give satisfactory results.

3. Application of the analytical-numerical model

To demonstrate the capability of the coupled analytical-
numerical model a welding simulation, followed by simulation of a
thermal straightening is carried out. The subject is a qualitative
demonstration, i.e. plausibility proof of the model. To do it, a
complex structure with 8 welds was chosen [20], figure 4. It is made
from two T-profiles being joined with the plate by weld 1 and 2,
two L-profiles joined with the plate by weld 3 and 4 and with the T-
profiles by the welds 5, 6, 7 and 8. Each wall thickness is 3 mm.
The distance between T-profiles is 800 mm. The material is a mild
structural steel. For the purpose of simulation, reference welding
process and parameters are chosen.

T-profil
/ p

weld 4

weld 7

7000

L-profil weld 5

Fig. 5 Model of the complex structure with dimensions and welds (upside
down)

Object of the analysis are the distortions in the sheet, closed by
the frame. The blades are not considered by the analysis. According
to [20] great angular distortions should be expected if at the
beginning the L-profile and the T-profile are welded together
(welds 5 — 8), afterwards they are joined to the sheet by welds 1 and
2 simultaneously and finally by 3 and 4.

For the distortion calculation using the hybrid model a finite
element model with shell elements was generated. For the purpose
of simulation, the mesh is very coarse and just refined in the
supposed areas of plastic deformation, where the structure is loaded.
Thus, in those domains the element size is about 20 mm (according
to the analytical solution). For the reason of free forming, only the
node in the middle of the plate (x=500, y=500) has fixed DOF
(translation and rotation). The loading is realized by longitudinal

and transverse strains, linear distributed along the thickness, in three
steps according to the welding scenario.

The strains in the longitudinal and transversal directions, as well
as their centroid are calculated by means of the analytical model,
stated above, under stress free condition. At this stage, a reference
temperature distribution is applied. For the third step, the residual
stresses after the second step (tension in the plate and compression
in L-profile along welds 3 and 4) are taken into consideration. The
obtained results are presented exemplary by the field of
displacement in Z-direction (out-of-plane), figure 6.

The distortions, obtained by the coupled analytical-numerical
model satisfy qualitatively the expected [20]. The average values of
calculated bending and transverse shrinkage in the plate, between
the T-profiles, in the middle of the structure, after welding are as
follow: 4Z=3 mmand 4Y =0,2 mm.

Fig. 6 Bending of the structure (displacement in z-direction, mm), scaling x75:
(a) after welding the profiles, (b) after welding entire structure
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Based on the calculated welding distortions a thermal
straightening simulation is carried out. It is done by means of 46
heat spots, with distance about 100 mm each other. The process
parameters are also reference, so that the nominal width of plastic
zone corresponds to about 20 mm. The heating sequence follows a
spiral trajectory, from outside to the middle, in 46 load steps, figure

The inherent strains for every next spot and direction are
recalculated, taking into consideration the actual strain (or stress)
vector from the current element. Hence, it varies from spot to spot
in the range between several times and zero. At this stage the
recalculation was done according to the relation from [18,24]. The
calculation time for the entire simulation, welding and
straightening, took 5 — 10°min. The obtained results, after the last
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spot, confirm the expected result — straightening the sheet (figure 8)
and accumulating additional shrinkage in the plane. The calculation
shows a reduction of the bending line to less than 1 mm, figure 9
(@). The in-plane shrinkage of the structure (exemplar distance
between the T-profiles), rise from 0,2 mm to 0,25 mm (figure 9 (b),
blue curve).

Stress distribution after 33-th point

= =
-240 -120 0 120 240
a)
2.heat 34.heat
spot spot

Inherent strain on the welds
and heat spots

1.heat

Fig. 7 Loading of the 34 heat spot: a) stress field (in MPa) after 33. heat
spot, b) inherent strain, loaded to the elements at 34. heat spot

-3 1 5

Fig. 8 Bending of the structure after straightening (displacement in z-
direction, mm), scaling x75

The examination of intermediate steps shows that not all heat
spots are reasonable, i.e. some of them don’t affect the distortions or
cause a negative effect. For example, the angular distortions after
heat spot 41 are equal to the final and after 44 spot they reach the
minimum. Never less, it is an evidence that the model provides
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possibilities to determine the structural shrinkage as well as to
analyze or optimize the straightening procedure.
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Fig. 9 Comparison between “after welding” and “after straightening”: (a)
out-of-plane displacement, (b) transverse shrinkage

4. Conclusions

To find the optimal process guiding and parameters for a
thermal straightening of welded structures as well as the resulting
shrinkage, the procedure of time- and cost-intensive experiments is
still commonly used. For this purpose, the employment of the
contemporary thermal-mechanical finite-element-simulation is
increasing. However, in range of large structures with multiple weld
seams, the complete thermal-mechanical FE-simulation is not
rational.

The limitations of the common thermal-mechanical FE-
simulation, regarding the distortions calculation of large welded
structures are summarized. An abstract about the existing simplified
approaches as well as their inadequateness is given. Based on the
need for fast and adequate precise approaches for calculating
welding distortions in large structures a novel and practically
relevant model is suggested and demonstrated.

To demonstrate model capability an analysis of welding
distortions, after welding and subsequent thermal straightening, in a
large structure has been carried out. Furthermore, the qualitative
interaction of the thermal straightening and the welding processes is
analyzed for one reference scenario. For this purpose, the variation
of the stress state in the structure, during welding and straightening
is taken into consideration. The results of the analytic-numerical
hybrid model match the expertise and the expectations.

The example is performed using ANSYS® FE-code. The
calculation time was about several minutes, on a common PC. The
coupled analytic-numerical model shows enormous potential
regarding to the reduction of the computation time, as well as
significant reduction of the pre-processing time. However, there is a
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demand for future research and development activities over finding
the proper equation for the maximal temperature distribution,
considering the most used flame and induction heat sources, as well
as cooling conditions due to fixing tools. In addition, the process
parameters, derivation of the material parameters for different
structural materials as well as different numerical model parameters
should be characterised.

Abbreviations

DOF degree of freedom

IP integration points

A is the area bordered by the maximal thermal strain and
integral limits 2ey+2¢ and 4ey respectively

By width of the plastic deformed zone

I radius of the plastic deformed zone

v shrinkage volume

AY overall in-plane shrinkage in Y-direction

AZ maximal out-of plane displacement

ATnax ~ Maximal temperature increment

To initial temperature

a thermal expansion coefficient

&y strain by yield limit

& initial elastic strain (residual strain from preliminary load
steps

Y inherent strain

& elastic strain

& plastic strain

M thermal strain
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Plasma jet surface hardening of tool steel - computational investigation using different
modelling approaches
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nikolay.doynov@ims.bas.bg

Abstract: The article presents a comparison of different computational approaches used to study the surface treatment of a NiCrMoV steel
with 0.55% Carbon content by a plasma jet. Metallographic observations show formation of martensite layer due to high cooling rate by
heat transfer into the bulk steel. Heat affected zone (HAZ) was 1 mm deep and 10-12 mm wide. The treated surface maximum hardness was
measured at 763 HV0.1 whereas untreated steel was at 210 HV 0.1. The computation indicates a hardening sink near the surface that went
undetected in the experimental observations. The ability of the different computational approaches to explore the process related phenomena
and to give reliable results is put into discussion.

Keywords: SURFACE MODIFICATION, SURFACE HARDENING, TOOL STEEL, HARDNESS SIMULATION, HAZ-SIMULATION, FE-
SIMULATION

: alloyed NiCrMoV steel with 0.55% Carbon (see Table 1). The
1. Introduction initial steel condition is soft annealed with hardness of HV 210.

A NiCrMoV high-strength low alloy steels (HSLAS)
incorporates high-strength into high ductility [1]. Among others,
this steel is increasingly used as tool steel for applications such as
molds for plastic, die casting, extrusion and forging. However, the
use of these steels is limited by their poor toughness at the highest
strength levels. Commonly, the quenching and tempering technique
is employed to produce a useful combination of strength and

The plasma torch is operated at 36 kW input power. The torch
traverse speed and standoff distance is adjusted to ensure the
substrate heating above austenitizing temperature (850°C) for this
steel but without melting (see Figure 1 and Table 2).

Table 1: Chemical composition, wt. % [9]

toughness for heavy section NiCrMoV steel components [2]. A

hardening in furnace with slow ramping and prolonged holding time c 1 i G Al o A/

0.55 0.3 0.7 1.1 1.7 0.5 0.1

is generally recommended [3]. Often the whole part does not need

to be treated.

In many industrial applications only specific area of a part made ~ 120le 2: Process parameter

out of a tool steel needs to be hardened. This provides hard and Parameters Units Value
wear resistant surface while preserves ductile core of the part to Arc current A 300
increase fatigue and crack resistance [4]. Among others, surface | Voltage v 110
hardening techniques laser and plasma jet treatments have hugest —|_Plasma gas total flow I/min 45

power density, however the plasma systems in general are much Plgsma gas power kW 19.8
less expensive and safe to operate. In comparison with inert gases, | 2istance to substrate mm 2530
the higher energy that is required for dissociation and ionization of ~LTravel speed m/min 0.838

the molecular gases translates into a higher plasma enthalpy. High
plasma enthalpy is desirable as it allows higher materials processing
rates [5-8].

However, controlling the plasma surface hardening process to
achieve the desired properties remains a challenge. The
experimental methods are often limited and do not allow a full
understanding of the processes. Supplementing those with
computational methods allows the problem to become more clearly
understood.

plasma torch

The target of the simulation is computing of hardness
distribution after the surface treatment and thus to explain the —3
experimental observations and to extend them. To simulate the h
process of hardening two appropriate approaches can be recognized.

The first approach - continuous cooling time approach (CCT) is

based on thermo-metallurgical analysis, which describes the e
diffusion and non-diffusion driven solid-state transformations by RS \
means of phase proportions as function of temperature and time. It

can also involve an analysis of carbon diffusion due to
carburisation. However, the current study omits this. The second
approach - maximal temperature, austenitisation and cooling time,
from German  “Spitzentemperatur,  Austenitisierung- und

5
po
()
<
&
@ l plasma jet
o
'

I

substrate

Fig. 1 Plasma jet process to surface hardening

Abkiihlzeit” (STAAZ) is a phenomenological representation of the During the experiments thermocouples type K is used to record
influence of the thermal cycle. It uses certain parameters from the the temperature-time history. The hardness is measured using UCI-
local temperature cycle (heating rate, maximal temperature,  Method (Ultrasonic Contact Impedance) on hardness scanner
austenitization time and cooling rate) and compares them with UT100-V (Producer BAQ GmbH, Germany). The measurement
known material data, e.g. hardness. was carried out with load 0.1 kg (HV 0.1) and grid size 0.2x0.2mm.
. . Due to limitations of the measurement method, the scanning area

2. Materials and experimental set-up has an offset of 0.2 mm from the top surface, see Figure 2-b).

Metallographic observations show formation of martensite layer
due to high cooling rate by heat transfer into the bulk steel. Heat
affected zone (HAZ) was ca. 1 mm deep and 10-12 mm wide. The

In this study, a tool steel surface treatment by plasma jet is
taken into consideration. The material of the test specimens is low-

36
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treated surface maximum hardness is measured at 763 HVO0.1
whereas untreated steel was at 210 HVO0.1.

Hyv' 0.1

150
215
280
345
410
475
540
605
670
735
800

b)

Fig. 2 Metalographical analysis of the sample cross-section: a)
macrostructure and b) hardness distribution

3. Modelling approach
Temperature field

Background for the computations is transient numerical (using
finite element method) calculation of temperature field. Concerning
the geometry of the body and the parameters of the process a 2D
heat conduction model was build. The assumption for 2D problem
in the cross-section, i.e. high-speed heat source, is verified by
comparison between analytical solution for moving and fast moving
heat source and the numerical calculation with simplified heat
source as well. It showed that the 2D model satisfies the process
conditions and also that the specimen geometry corresponds to
semi-infinity body, i.e. the requirement to the boundary conditions
at the free surfaces is not severe. The mesh properties are adjusted
and proved by means of h-method and the time steps - p-method.
The material properties (conduction coefficient and enthalpy
increment) of the model are get from [10, 11] and defined as
temperature dependent in the range between room temperature and
1400 °C. The initial temperature is set to 22 °C, assumed as room
temperature. At the free surfaces a convective boundary condition
with film coefficient of 25x10°® W/(mm?K) was optionally set.

To simulate the heat input a heat source model normally
distributed on the upper surface is used:

X2 +(v(t-ty))

2
fo

Ot~
3 e
T

. W/mm?

qz(X,t)=

where g is the effective heat power (12 kW), ry is the distribution
radius 7.6 mm, v is the travel velocity (6.38 mm/s) ant t, is the time
offset (2s). The efficiency as well the distribution radius ware
adjusted regarding the metallurgical investigations (ref. Figure 2).
The simulation is performed until cooling down to room
temperature.

The computed distribution of the pick temperatures indicates a
maximal value on the surface in the middle of the heated zone about
1250 °C and dimensions of the HAZ (assumed 800 °C isotherm):
11 mm width and 1 mm deep, see Figure 3. Figure 4-a illustrates
temperature-time curves from different points in the HAZ, marked
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with their distance in transverse direction and from the surface. The
results show extremely high heating and cooling rates (Figure 4-b)
and short austenitization time Figure 4-a. The temperature rates on
the surface are little higher.

e

BU0RE0NN

Fig. 3 Distribution of the pick temperatures in °C (specimen cross section,
symmetrically split)
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Fig. 4 Results from the temperature field analysis in several points of HAZ:
a) temperature cycles and b) curves of the temperature rate
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CCT approach

Concerning the first approach two reactions are taken into
account — transformation of the initial phase (labelled pl) into
austenite “austenite + carbide” (labelled p4) during heating and
decomposition of the austenite into martensite (labelled p3) during
cooling. To solve the austenitization problem the Leblond’s model
[12] is used. It allows simulation the diffusible phase transformation
process, considering the  continuous  time-temperature-
austenitization diagram. The model gives the austenite phase
proportion evolution dp/dt and is written as:

dp4 _ peq,4 (T) - p4
dt 7,(T)

where the austenite proportion at equilibrium P, 4(T) changes from
0 to 1 in the temperature range between A; and A and the time
delay function z,(T) takes into account the variation of the
transformation temperatures depending on the heating rate. Because
of absence of exact data, a steel grade 50CrMo4 is chosen as
reference material for austenite calculation from [10].

The martensite decomposition (matrensite phase proportion, p3)
is simulated using Koistinen-Marburger model [13]. The model has
two parameters: martensite start temperature M and coefficient k,
which depends on the martensite end temperature. The parameters
are usually constants but they can be also variables (e.g. functions
of C%), but not a function of maximum temperature. In our case,
the equation becomes:

P = Ps = Pu[Ll—exp(=k(M, =T))].

where Mg =225 °C according to [10] and k = 0.008 — guess value
(based on experience).

Generally, the results after this approach are only precise for a
domain with average pick temperatures according to the cooling
time diagram. In this case, it means that the representative range is
about 1000 °C.

The calculation of the hardness variation can be done by means
of mixing rule in respect to the phase proportions. It means that the
hardness of every one phase should be known. Assuming Leslie’s
model (for steels with more than 0.5 %C) [14] the maximal
hardness of martensite (HV,,) can be calculated as follow:

HV, =HV, =1667C —926C* +150 = 786.74

According to the Maynier’s model [15] (for low-alloyed steels)
it is:

HV,, =127 +949C + 27Si+11Mn+8Ni +
+16Cr + 21log(CR)

Near HAZ boundary, where the cooling rate (CR) is equal to
1.1736x10°°C/h, it gives HV,=823.4 and at the point with
maximal cooling rate (CR = 3.348x10° °C/h) the resulting hardness
is HV,,=833. The hardness of the retained austenite usually is
assumed as 100 HV.

The development of the phases in certain points in relation to
temperature or time can be tracked on Figure 5. In the middle of the
HAZ, on the upper side (red curve) the austenisation reach quickly
with increasing the temperature a value of 100% where 1.2 mm
under the surface (blue curve) the austenite formation reaches only
about 8% (Fig.5-b). That is due to solution of initial phase (Figure
5-a). During the stay above martensite start temperature, i.e. in the
time interval between ca. 2 s and 7 s, there is no visible change in
the phase proportions. After the 7-th second the entire HAZ
simultaneously cools down the martensite start temperature (ref.
Figure 4-a) and the martensite transformation begins. At about the
100-th second the velocity of martensite transformation process
reduces drastically. Figure 5-c indicates that after the cooling to the
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room temperature the final phase proportion at all four points does
not match exactly the austenite proportion. This means that part of
the austenite remains, i.e. retained austenite.
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Fig. 5 Variation of the temperatures and phase proportions with the time in
four locations with different depth in the middle of the HAZ: a) initial phase
“p1”, b) austenite “p4” and c) martensite “p3”’

The results from the performed calculation indicate a presence
of about 20 % retained austenite (p4) in the highly heated region of
HAZ (over 1200 °C), the rest 80% is martensite (p3), see Figure 6.
In the transition zone of the HAZ, which is about 5 mm wide (i.e.
maximum temperature up to 900 °C), the proportion is about 10 %
p4 and 20 % p3. In the core of the HAZ, i.e. in the range of
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maximum temperatures from 1000 °C to 1200 °C, the proportion is

75-79 % martensite (p3) and 15-20 % retained austenite (p4).
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Fig. 6 Phase proportions after cooling down to room temperature: a)

temperature field at 2.375 s (0.375 s after the source passing through the
section), b) initial phase, ¢) martensite and d) austenite (retain austenite)
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The calculated distribution of the hardness using both Mayner’s
and Leslie’s models is shown on the Figure 7. The oscillations of
the HAZ border are due to reduced integration points by the
elements formulation, i.e. element average and should be ignored by
the interpretations. The profile indicates a continuous increasing of
the hardness in the HAZ from the initial one, i.e. from the base
metal, (210 HV) to a maximal value of 738 HV according to
Mayner’s model (Figure 7-a) and 670 HV according to Leslie’s
model (Figure 7-b). Furthermore, the Leslie’s model predicts a
narrow zone in comparison to the Leslie’s model.

Disadvantage of this approach is that the influence of the
maximum temperature is not captured.
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Fig. 7 Variation of the temperatures and phase proportions with the time in
four locations with different depth in the middle of the HAZ: a) initial phase
“p1”, b) austenite “p4” and c) martensite “p3”’

STAAZ approach

The second approach allows taking into consideration the
influence of the maximal temperature on the martensite formation
or hardness (STAAZ model) [16]. Originally, the model requires
experimentally obtained hardness data from physical simulation
under variation of the austenitization temperature and time as well
as the cooing time, collected in a data cloud (STAAZ-cloud). The
created data cloud is than directly coupled with the thermal
analysis. The interpolation between the sets in the data cloud gives
the property value for particular temperature cycle, i.e. to every
element node of the FE-model:

[p]=[N]-[PT

where [p] is the interpolated property vector (for example phase
proportion, hardness, yield stress etc.) and [P] is the vector with the
reference values to the 2, 3 or 4D combination matrix [N]. In
current study, the used interpolation routine is numerical —
Lagrange interpolation [17].

For the simulation of the particular problem a STAAZ-cloud
from literature data for 50CrMo4 [10], as arbitrary material, is
generated (i.e. based on the same data as for the previous modelling
approach). In the current case, the STAAZ-cloud involves HV
values depending on maximal temperature and temperature rate.
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The austenization time is indirectly considered by its relation to the
maximal temperature. The initial hardness is set to HV 225.

The creation of the STAAZ-cloud model consists of conversion
of (quench hardness-austenitisation temperature curves) using the
data for HV 0.1. For the data assignment, the temperature cycle
parameters are transformed to their sets of maximal temperature
(Tmax) @and cooling time between 800 °C and 500 °C (tgs). For this
purpose, the individual quench curves must be analysed and
prepared for the application. During the evaluation and preparation
of the data sets, a plausibility check is carried out, supported by
literature data of similar materials. The STAAZ-cloud is then
defined in a 9x6 matrix, graphically presented in Figure 8.
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Fig. 8 STAAZ-cloud (HV values) as function of maximal temperature Tmax
and cooling time tgs

The results of the calculated hardness demonstrate that the
depth and width of the hardened zone is comparable to that obtained
using the previous calculation approach. The maximal calculated
hardness reaches a value of about 820 HV. However, a softening
effect on the surface layer in the middle of the HAZ is clearly
observable, Figure 9. This hardness sink can be explained with the
diminution of the martensite start temperature with increasing of the
maximal temperature and thus increasing of the retained austenite
fraction (compare to Figure 6-d). The maximal hardness correspond
the temperature range 1000 — 1100 °C.

R

BECO0OBEOOREN

Fig. 9 Calculated distribution of hardness (HV)

4. Comparison between CCT and STAAZ
approaches

The computation models created, on the base of the respective
approaches, are used to calculate the hardness in the HAZ of the
single heated track as a function of the calculated temperature
history. In order to calibrate the various models, the same original
metallurgical data are used. Figures 10 and 11 demonstrate the
comparisons between the measured and calculated hardness
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distributions, using the CCT and STAAZ approaches, respectively.
The calculated hardness distribution, employing both hardness
models created on the CCT approach, is, in general, underestimated,
primarily due to the disregard of the influence of maximum
temperature. The calculated hardness values in the HAZ using the
STAAZ approach (red curve of Figure 11) demonstrate a strong
correlation with the measurements. The reduction in hardness in the
areas of overheating, i.e. the creation of retain austenite phase
(compare to Figure 6-d), is well represented by this model. Despite
the data being collected for similar alloy and the austenitising time
being disregarded to minimise the preparation effort, a negligible
discrepancy is observed between the calculated and measured
hardness results. However, the calculations allow clear and
consistent statements to be made.

A000RECEN

0,2mm

250
300
350
400
450

w
=
=

550
600
650
700

MiNooaEnan

Fig. 10 Comparison of measured and calculated hardness profile using: a)
STAAZ and b) Maynier
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Fig. 9 Comparison between measured (two repetitions) and calculated
hardness distribution (Leslie, Maynier and STAAZ) on the axis of the
specimen cross-section

The CCT approach was realised with the FE-code Sysweld (ESI
Group, France) and the STAAZ approach with ANSYS APDL
(ANSYS Inc., USA).

By the CCT approach, the effect of the maximal temperature
cannot be captured because the M; is not function of T,,,. Because
of the missing of exact data some of the results (exact phase
proportion and HV) have only qualitative character. So, object for
future investigation should be a generation of austenitization
diagram and data sets with hardness values for calibration of the
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STAAZ model as well as the influence of the carbonisation on the
hardness variation. Furthermore, a determination of the carbon flow
and calibration of the diffusion model is also necessary. It is
noteworthy that an increase in the C-content due to carburisation
will result in a decrease in M, consequently leading to a greater
amount of retained austenite on the surface, i.e. a reduction in
hardness.

5. Conclusions

The article demonstrates the ability of computation to predict
the hardness distribution after the surface treatment, to explain and
extend the experimental observations as well as to show the
complex interactions.

* The CCT approach may give reliable data for phase
distribution, but its coupling with the hardening models does not
provide sufficient results for calculation of hardness distribution.

« The STAAZ approach provides a reliable calculation of
hardness. Due to the essential influence of maximal temperatures is
only able to recognise the hardening sink near the surface.

« Nevertheless, the application of both approaches serves a good
base for understanding on resulting properties after plasma jet
surface hardening, and therefore useful for the process optimization.

* The model creates an appropriate base for further development
for taking into consideration the carburisation effect of the plasma.
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MojenupoBaHue pacnpe/ielieHiss MApTeHCUTA B TIPOBOJIOKE M3 HEPKABEIOIIEeH CTaIH B TIPOIECcce
TEPMOMEXaHHUIECKOH 00paboTKH
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AHHOTAIMA. B OaHHOU cmamve NposedeH psi0 MeOpPemudecKux UCCIe008AHULl HOB020 KOMOUHUPOBAHHO20 NPOYECcd MHO2OYUKIOBOU
MepMOMexXanuueckol 00pabomku, GKIYAWel GOJIOYeHUe NPOBONIOKU U NOCIedyiowee OXAaxcoeHue 6 JCuokom azome. AHanus
MEMNEpamypHbIX Noel U MAPMEHCUMHOU COCMABTAIOWEL 80 6CeX PACCMOMPEHHbIX MOOCIAX NOKA3AT, Ymo 01 0Oeux MONuuH Camblm
IpPexmusHbIM BAPUAHMOM AETACMCL NOHUNCCHHAS CKOPOCHb GOJOYCHU. U OMCYIMCMEUe NpoMexcymouno2o nodozpesa. Ilpu smom
N08blUCHUE CKOPOCTU 0e(hOPMUPOBAHUSL PE3KO CHUNCACT YPOBEHb 00PA306AHUSL MAPMEHCUma 6 ocegotll 30ne. Haumenee s¢ppexmusnvim
BAPUAHMOM  STIACMCSL UCNONb308AHUEC NOBLIUEHHOU MONWUHbL 3d20MO6KU NPU NOBIUEHHOU CKOPOCMU BOLOYCHUL U OMCYMCMBUU
n0002pe6a 00 KOMHAMHOU MEMNEPAnypbl, KOMOPbiil 05 NPU NOGLIUEHUY MOIUWUHBL 3A20MOBKU bINOJHAM POJlb IOKAIBHO2O OXLANCOCHUS

0CeB0ll 30HbL 3420MOBKU.

K/IFOYEBBIE CJIOBA: ITPOBOJIOKA, MOJJEJIMPOBAHUE, BOJIOYEHUE, CTAJIb, KPUOT'EHHASI JE®OPMAIVSIL.

1. Beéeoenue

IIpousBoacTeo JUTMHHOMEPHBIX e OpMUPOBAHHBIX
noiaypabpuKaToB, TAaKMX KaK IPYTKH, NPOQHIN, IMPOBOJIOKA,
SBIIIETCS KIIIOUEBOM 3amadeil COBPEMEHHOW METaIypruu. OTH
MaTepHanbl MHPOKO MPUMEHSIOTCS B Pa3UYHBIX OTPACIAX, OT
MaIIUHOCTPOCHHS ¥ CTPOUTEIHCTBA 0 IEKTPOHUKU U aBHALUH.

CoBpeMEeHHOE TIPOM3BOJCTBO IIPOBOJOKH CTAIKHUBAETCS C
CephE3HBIMH  BBI30BaMH,  OOYCIIOBICHHBIMH  yCTapeBIINMH
TexHosorusmu. Mcnomsdyemoe — o0opynoBaHHME — OTJIMYAETCS
BBICOKHM 9HepromnoTpediieHeM u HHU3KOU
NPOM3BOAMTENBHOCTBIO, YTO  HEraTMBHO  CKa3blBaeTCs  Ha
pEeHTa0eNPHOCTH TPOM3BOJCTBA M KOHKYPEHTOCHOCOOHOCTH
KOMITaHUH Ha MHPOBOM PBIHKE.

Oco0yro aKTyaJbHOCTh  TNPHOOpPETAaeT  MPOU3BOJCTBO
MIPOBOJIOKU U3 AyCTEHUTHBIX KOPPO3HOHHOCTOHKHUX CTaleH, crpoc
Ha KOTOpbIE HEYKJIOHHO pacTeT. OTH CTalld, COCTABIAIOIINE
okos0 80% MHUPOBOrO pbIHKa KOPPO3HMOHHOCTOMKUX CTaleil,
XapaKTepU3yIOTCsS YHHMKaJIbHBIMH CBOWCTBaMH, IENAIOIUMU HX
He3aMEHHMBIMH B IMPOKOM CIIEKTPE OTpPaCIeH.

B nmamHOif pabore mpedymaraeTcs HOBas  TEXHOJOTHS
ne(GOopMHUpPOBAaHNUST TPOBOJIOKHM, OCHOBAHHAas Ha KpPHUOTE€HHOM
oxnaxaeHnu. CyTh ee 3aKII0YaeTcsl B CIEAYIOmEeM: MPOBOJIOKa,
Mpoxoas depe3 (uiIbepy, MOABEpracTcs XOJIOTHOW 0o0padoTke,
OCHOBAaHHOII ~ Ha  WCHOJB30BAaHWM  HHU3KHX  TEMIIEPaTyp.
Pa3paGoranHas TEXHOJIOTHs MO3BOJIUT H3MENIbYUTh
MHUKPOCTPYKTYPY U MOJYYUTh MApPTEHCUTHYIO COCTABISIOIIYIO B
POBOJIOKE.

MojenupoBaHue  3aHMMaeT  IEGHTPAaJbHOE  MECTO B
COBpPEMEHHOH Hayke H TexHHKe. OHO I03BOJISIET HAM HCCIIE0BaTh
CIIOKHBIE (DPM3UUECKHE SBICHHS, IPOTHO3MPOBATH WX IMOBEACHHE
M, 4TO HEMaJOBa)XHO, pa3pabaThiBaTh HOBBIE TEXHOJOTHH WIIH
COBEPIICHCTBOBATh yXke cymiecTByomme. s pa3paboTku u
ONTHMHU3AIMU  TEXHOJOTHH Ae()OPMUPOBAHHS MPOBOJOKH C
KPUOT€CHHBIM OXJIQXKJICHUEM HUCIIOJIB3YIOTCA KOMIIBXOTEPHBIC
MOJICIIH. MO}]CHI/I MO3BOJIAIOT H3YYUTH BJIUSHUE PaA3TUIHBIX
nmapaMeTpoB Ipolecca Ha CTPYKTYpY M CBOMCTBA HPOBOJIOKH
(Temmeparypa, CKOpPOCTh AehOpMaIHH, JHaMeTpa IPOBOJIOKH), a
TaKKe MPOBECTH ONTHMU3AIMIO TEXHOJIOTHYECKOTO MPOoIlecca.

Oco0yro poib MOAENINPOBAHUE WIPACT B MAaTepHAJIOBEICHHN.
W3yueHne MHKpPOCTPYKTYpHl MaTE€pHANOB, HX CBOICTB, a TaKke
npoueccoB ux aedopmanun u 00pabOTKH, — BCe 3TO SIBIAETCS
MpeAMETOM MHOTOUYHUCIEHHBIX HCCIEI0BaHNM, KOTOPBIE 3a4acTylo
HEBO3MOXHO IIPOBECTH 0€3 TPUMEHEHHUS KOMIBIOTEPHOTO
MOJIETTHPOBAHHUS.

HoBu3Hoif  nmaHHOM cTaThbW  SIBISIETCS  MOJCIMPOBAHUE
pacrpeneneHus] MapTEHCHTa B IPOBOJIOKE M3 HeprKaBeromen
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CTaJI B XOA€ HOBOTO COBMCIICHHOI'O IIpOII€CCa BOJIOYCHHUA C
KPUOTCHHBIM OXJIaXKJACHUEM.

2. Mooenupoeanue 6 npozpaMmMHOM
Deform

KomnJjiekce

ITpu paccmaTpuBaeMoi TepPMOMEXaHUYECKOH
HEepKaBEIOIIEH ayCTUHETHOH TPOBOJIOKH OyIeT MPOHCXOAUTH
(da3oBoe mpeBpamieHWe aycTeHMTa B MapTeHcuT. Ilpm 3ToMm
MHTCHCHBHOCTb JAaHHOHM TpaHchopManuu OymeT 3aBHCETh KakK OT
TEOMETPHYECKUX MapaMeTpoB (HAYaIBHBIA JHAMETpP NPOBOJIOKH H
3HAUeHHs OOXKaTuii B  KaXIOM NOpPOXoJe), TaK H  OT
TEXHOJIOTHYECKHX IapaMeTpoB (paclpeieneHrue TeMIepaTypsl Io
CEUYCHUIO, KOTOpask 3aBUCUT OT CKOPOCTH JedopMHpoBaHHsS B
BOJIOKE M BPEMEHHU OXJAXJCHUS B JKUIKOM a3ote). s oleHKn
JNaHHBIX (a3oBbIX TpaHchopManuii OBUIM  HCIONB30BaHBl 8
MoOjieIe!, TOCTPOEHHbIE IPU U3YUEHUN YCUITUN:

1) ¢ 6 MM 10 5 MM mipu 500 MM/C ¢ TTOIOTPEBOM 3arOTOBKH 0
20°C mocie KakI0Tro OXJIaKICHUS B a30T€;

2) ¢ 6 Mmm 10 5 MM mipu 1000 MM/c ¢ TOJOTPEBOM 3aTOTOBKH /10
20°C nocie KaXa10ro oXJ1axJIeHus B a30Te;

3) ¢ 6 MM 10 5 MM mipu 500 MM/c Ge3 moIoTpeBa 3ar0TOBKH;

4) ¢ 6 MM 10 5 MM mipu 1000 Mm/c 6e3 moorpeBa 3aroTOBKH;

5) ¢ 9 mm 10 7 MM mipu 500 MM/C ¢ IOJOTPEBOM 3arOTOBKHU 10
20°C mocie KakI0To OXJIaKIECHHS B a30T€;

6) ¢ 9 mm 0 7 MM mipu 1000 MM/c ¢ TOJOTPEBOM 3aTOTOBKH JI0
20°C mocie KaxxI0Tr0o OXJIaKIECHUS B a30T€;

7) ¢ 9 MM 1o 7 MM mipu 500 Mm/c Ge3 ToIoTpeBa 3ar0TOBKH;

8) ¢ 9 MM 10 7 MM mipu 1000 mm/c Ge3 ogorpeBa 3arOTOBKH.

Jlnst KOppeKTHOro MojenupoBaHus (a30BbIX MPeBpalleHuUit
HeoOXoauMo B 0a3zy Marepuana BBECTH TEPMOKHHETHUECKYIO
JAarpaMmy, XapaKTEPU3YIOLIYIO (asoBbie [Iepexoabl B
3aBHCHMOCTH OT TeMriepatypsl U Bpemeru (Puc. 1).

IMomy4yennsle paHee KapTHHBI pacHpeeleHus TeMIepaTypHBIX
Mmoieil TO3BONAET OILEHUTh paclpeleNieHHe MapTeHCHTa Mo
CEUYCHUIO 3arOTOBKH IIOCTE KAXKJOH CTAaAUH TEPMOMEXaHHIECKON
o0paboTku. [[ns HauaabHOTO COCTOSHHA OBLIO 33aJaHO YCIIOBHE
100% aycTeHuTa, KOTOpBIE MOXXET NPEBPALIaThCs B MApTEHCHUT.
[ToaToMy /111 KOJTMUECTBEHHOM OLIEHKU AOCTATOYHO paccMaTpuBaTh
TOJIBKO COZIep)KaHWE MapTeHCUTa (Ol ayCTCHUTA COCTaBISIET
OCTAaTOYHYIO YacTh OT 1).

Ha puc. 2 nmpuBeneHsl KapTUHBI —pPaclpeneeHUsS
MapTEHCUTA B CEUYCHUH 3arOTOBKHU JUISL MOJEIH BOJOYCHUS C 6 MM
o 5 mMm mpu 500 mMm/c ¢ momorpeBoMm 3arotoBku 1o 20°C.
OTYeTINBO BUAAHO, YTO B OTIMYHMHU OT TEMIIEPATYPHBIX MOJIEH, 371ECh
HET XapaKTEpHOM OJHOPOIHOCTH MO AJMHE 3aroToBku. Ilosromy
paHee HCHONb30BAHHBI TOUEUHBIH METOJ OLEHKH A IaHHOTO

06paboTKe
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napaMerpa He noaxoauT. IlockojabKy OCHOBHOW — MHTEpec
NpEJCTaBIsIeT COJASp)KAaHME MAapTeHCHUTa TIOCIe BCEX CTammit
TEpMOMEXaHUYEeCKOil 00paboTKH, OBUIO pPELIEHO paccMaTpuBaTh
TOJBKO MOCIETHIOK CTaHIO0 OXJIAXICHUS B )KUAKOM a3oTe. OLEHKY
MapTEHCUTHOH COCTAaBIIIONIEH B 3TOM cilydae yJOOHO NPOBOAUTH
10 1IIKajge, KOTOpas IIOKa3blBa€T MHHHUMYM M MaKCHMyM
COZIepKaHMsI MapTEHCHUTA B CEUCHNH 3aTOTOBKU HAa JAHHOH CTaIUH.
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Fig. 2 Pacnpeodenenue mapmencumnoii cocmagnsioweii 8 MOOEIU 6010UEHUs
¢ 6 mm 00 5 mm npu 500 mm/c ¢ nodoepesom 3azomosku 0o 20°C

0.000 0.000 0.819

st cpaBHUTENBHOTO aHaNW3a Ha PUC. 3 OBUIM MpPEICTaBICHBI
pe3ynbTaThl MOAEIHPOBaHMSA (Ha30BBIX TIpEBpalleHHHd BceX &
MOJIeNleil B TOpSAKE WX YIOMHHAaHHS W TPOBEICHHOTO paHee
paccMOTpeHHs TeMIlepaTypHBIX mojeld. CpaBHHBas IMOJyYeHHBIS
KapTHHBI paclpeleNieHnss MapTeHCHTa H paHee IOJNyYeHHBIe
rpaduKy TeMIEpaTypHbIX MOJIei, MOXKHO C/Ie1aTh BBIBOJ O TOM, YTO
ypOBeHb 00pa3oBaHMsl MapTEHCHTA HAXOOUTCSI B  IPSIMOM
3aBHUCHUMOCTH OT MHTCHCHUBHOCTH OXJIQAXXIACHHUA METaJlJIA. Tak npu
00paboTKe TOHKOW 3aroTOBKH ¢ 6 MM g0 5 MM Hauboiee
3¢ PEeKTUBHBIMH YCIIOBUSIMHU, NP KOTOPBIX MapTEHCUT o0Opasyercs
IMOYTH BO BCEM CCUYCHWH, SBISIETCS IIOHIKCHHAs CKOPOCTh
BOJIOUCHHSI W OTCYTCTBHE IMpOMexyTrouHoro mnoxporpesa (Puc. 3,
BepxHHU psp). B aTom ciydae ypoBeHb MapTEHCHTa B CEYCHUU
cocranisier 88%. Brirouenue B JaHHbIE YCIOBHS IIPOMEKYTOUHOTO
HarpeBa CHIDKaeT oOpaszoBaHue MapTeHcuTa 10 82%. 3xech
HEOOXOJMMO OTMETHTh TOT (aKT, YTO JAHHBIC 3HAYCHHUS YPOBHS
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MapTeHCcUTa 3a(UKCHPOBaHBI B OCEBOHM 30HE, TOrga Kak Ha
MIOBEPXHOCTH YPOBEHb MapTeHcuTa coctabisieT 100%.
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[NoBBIIEHHE CKOPOCTH BOJOYCHHUS, KAaK YK€ OBLIO OTMEUCHO
paHee, IPUBOJUT K CHIDKCHHUIO OXJIAXKICHHMS 3arOTOBKH (OCOOECHHO
B OCEBOI 30HE). DTO NPUBOAUT K PE3KOMY CHIKEHHIO 00pa30BaHUs
MapTeHCHUTa B JaHHOW obmactu 1o 40-45% B cirydae ¢ moJorpeBoM
3aroToBKH U 10 50-55% B cirydae 6e3 momorpesa 3ar0TOBKH.

Hcmonp30BaHWe 3aroTOBKM  yBENMYEHHOH TOJIIMHBI JaeT
aHaJOrH4Hble pe3ynbrarsl (Puc. 3, HIKHUI psx), XOTA U ¢ Oonee
HHU3KHM YpOBHEM 00pa3zoBaHus MapTeHcHTa. CaMbIM 3 (EeKTHBHBIM
BapUAaHTOM SIBISIETCSl TIOHW)KEHHAas CKOPOCTh BOJIOYEHUS U
OTCYTCTBHE HPOMEXYTOYHOIO IOJAOrpEeBa, B 3TOM Clydyae
MHUHHMaJIbHBIM YpOBEHb MapTeHCUTA B OCEBOM 30HE cocTaBisieT 70-
75%. Hamnume mpoMeXyTOYHOTO HarpeBa CHIDKAaeT 0Opa3oBaHHE
MmapTeHcuTta 10 68%. 37ech MOXHO OTMETHUTH TOT (hakT, Ha
MOBEPXHOCTH YPOBEHb MApPTEHCHTA IIO-NPEKHEMY COCTABIISET
100%, cHmkasch 10 95% Mpu HATMYAN TPOMEKYTOUYHOTO HArpeBa.
IToBBIlIEHHE CKOPOCTH BOJIOYEHHS pPE3KO CHIKAeT YpPOBEHb
0o0pa3oBaHUsl MapTEHCHTa B 3arOTOBKE MOBBIILICHHOI TOJIIMHBL
Ipu HanmuuuM mojorpeBa 3aroTOBKH O KOMHATHOI TeMIepaTypbl
YpOBEHb MapTEHCUTA COCTaBJsieT puMepHo 48% B OCeBOii 30HE U
90% B MOBEpXHOCTHOH 30HE. IIpH OTCYTCTBHH NPOMEXYTOYHOTO
MOJOTpeBa A0 KOMHATHOM TeMIepaTypsl YpOBEHb MapTEHCHTA
cocrasisieT npuMepHo 38% B oceBoit 30He 1 80% B MOBEPXHOCTHOM
30He. TakoW pe3ynabTaT SBISETCS CIEACTBUEM IOJIYy4aeMoro
TEMIIepaTypHOTO TIOJIs, KOTJIa OCeBas 30HA IOCNe OXJIAXKACHHS B
KHAKOM a30Te MMEET TEMIEPATYpPy BbIllle KOMHATHOI.

4, 3aknrouenue

AHanu3 TeMmIepaTypHbIX MOJeH M MapTeHCUTHOM COCTaBISIOLIEH
BO BCEX PACCMOTPEHHBIX MOJENAX ITOKAa3all, 4TO Ul 00enX TOJIINH
caMbIM 3()(EKTUBHBIM BaPUAHTOM SIBIIAETCS MOHMKEHHAs! CKOPOCTh
BOJIOYEHHMS] U OTCYTCTBHE IPOMEKYTOYHOTO moporpesa. IIpu sTom
HOBBILIEHHE CKOPOCTH J1€(OPMHPOBAHHUS PE3KO CHIDKAET YPOBEHb
00pa3oBaHUst MapTeHCUTA B 0ceBOi 30He. HanmeHee 3¢ hekTHBHBIM
BAPUAHTOM SABJIAETCSA UCIHOJB30BaHUE TTOBBIIIICHHO W TOJINIMHBI
3aroTOBKH IIpU MOBBIIICHHOMN CKOPOCTU BOJIOYECHHUA U OTCYTCTBUU
MoOTpeBa /0 KOMHATHOM TeMIepaTyphl, KOTOPBIH M MpH
INOBBIIIEHUN TOJIIIUHBI 3arOTOBKU BBINIOJHACT POJIb JIOKAJIBHOT'O
OXJIAXKJICHUS] OCEBOM 30HEI 3aTOTOBKH.

5. @unancuposanue
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Modeling of microstructure evolution during the combined process “radial-shift broaching
with drawing” by cellular automata method

MopenupoBaHue 3BOJTIONNUA MUKPOCTPYKTYPBI B X0/1€ COBMEILIEHHOT0 MPOIlecca «PaauajabHO-CIBUT0OBas
NMPOTAKKA ¢ BoJIoueHrneM» MeToaoM cellular automata
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AHHOTAUMSA: B Oannoii cmamve npoeedeHo UCCIe008aHUe GIUAHUA COBMEUEHHOU MeXHONO2UU PAOUaNIbHO-COBU060U NPOMANCKU U
nocieoyowezo B0N0UEHUs HA IBOMOYUID MUKDOCHPYKNYPbL NPYMKOE 08yMsa Memooamu mooenuposanus — JMAK u xiemounvimu
asmomamamu. AHanu3 pe3yrbmamos nOKA3al, Ymo pe3ynbmamvl MOOEIUPOBAHUS UMEION BECoMA BbICOKYIO CIENEHb CXOOUMOCU MEXCOY
€000, NOIMOMY MONHCHO PEKOMEHO08AMb UCHONLI08AMb 000U U3 IMUX MEMOO08 01 NOYUeHUs UHdopmayuu o pasmepe sepHa. Ecau sce
HE0OX00UMO NOTyYeHue OaHHBIX 00 UsMEHeHUU (OpMbl 3epeH, Mo 8 IMOM crydae npueoOHvim memoodom 6yoem Cellular Automata. B smom
cyyae MoJCHO byOem omcieoums usMeHeHue hopmul 3ePeH 8 PAHLIX HANPAGICHUSIX.

K/IIOYEBBIE C/IOBA: TIPYTOK, MOJAEJIMPOBAHUE, CTAJIb, PAIUAJIBHO-C/IBUTOBA [TPOKATKA.

1. Beeoenue
CoBpeMeHHBIC METO/IbI 00pabOTKH METAIIOB JaBJICHUEM IUPOKO
pactpocTpaHeHbl M MO3BOJSIOT pelIaTh caMble Pa3HOOOpas3HbIe
3a/1a4yd, B TOM YHCIIC IPOU3BOICTBO JeTanell (1 momydadpukaTon)
3aJaHHOW (OPMBI C YIYYIIEHHBIM KOMIUIEKCOM MEXaHHYECKHX
CBOMCTB. TpaJAMLIMOHHBIE METOIbl, TaKHE KaK IIPECCOBaHUE,
KOBKa, INTAMIIOBKa M IIPOKaTKa, HANpaBJIeHBl Ha IOJy4YCHUE
M3IeIUid 3aJaHHOW reomerpuyeckod Qopmbl (mpodmis) u
pa3smepoB. Kpome Toro, HekoTopble METOIbBI, HAlPHMEP METOJ
WHTCHCUBHOW mnactudyeckor nedopmanuu (UI1J]), mo3Bonsror
C03/1aBaTh CBEPXTOHKHE CTPYKTYPHI MATEPHAJIOB C IOBBIIICHHBIM
YPOBHEM MEXaHHYECKUX CBOHCTB.

Ilonyuenue MaTepHajoB c MEJIKO3EpHOCTPYKTYpPOi
CTPYKTYpPOH TOCJIE IUTACTHYECKOH nedopMani OCHOBAaHO Ha
ucrionibzoBanuu  MmeronoB  MUIIJ. Lensto UIIJ  sBusercs
HaKoIUIeHHe OONBIINX cTeneHel nedopManuy (MCTHHHAS CTETICHb
nepopmamnmu ot 6-8 u Gomee). Ho y meromos HWIIJ umeetcs
0oJbIIOE KOJMYECTBO HEJIOCTAaTKOB, OJHHM M3 OCHOBHBEIX 3TO
OTpaHHYCHHUE 1I0 Pa3MepaM 3arOTOBKH.

Jlns momydeHus JIMHHBIX OIUTHHIPAYIECKUX MMOITy(haObpHuKaToB
C YIYYIIEHHBIMH MEXaHHYECKHMMH CBOWCTBAMH OBII H3y4YeH H
TPUMEHEH METOJ MPOKaTKu ¢ paauainbHbM casurom (PCII). Psg
UCCIEOBAaHUH MOKa3aj, 4YTO OJTOT METOJ MOXeT OBITh
UCIIOJIb30BaH IJIs1 00pabOTKM MPAaKTHYECKH JIOOBIX METaUIOB M
CIUIaBOB, B TOM YHCJIE€ C BBICOKOW IPOYHOCTBIO M HHU3KUM
comportuBicHueM gaedopmanuu. [lo cpaBHEHHIO ¢ OOBIYHOM
CIUpaJIbHON MpokaTkol, mpouecc FSR mo3Bosser mnoiayduTh
Ooylee MENKO3EPHHUCTYIO CTPYKTYPY M CXAaTh METall MO BCEMY
o0pemy mpyTka. Takoll mpomecc Takke YIydIIaeT CBOMCTBa
MpoKaTa 3a CYeT TMOJYYEeHUs YHHUKAIbHOM MHKPOCTPYKTYPEIL.
Pesynmbrarsl umccnenoBaHms [1] MOKa3bIBAIOT, YTO MPH MAJBIX
yriax mnoaadyd B ueHTpaanoﬁ YaCcTH 3aroTOBKH IIOSABIIACTCA
peIxyieHHe Mertania. Ilpu yBenudenun yria nomauu ¢ 18 go 240
METaJII CXKUMACTCA 151 HHTCHCUBHO 06pa6aT|>13aeTc;1 JUIA
MOJy4eHHs Oosiee MENKO3EePHUCTON CTPYKTYPBL.

UccnenoBanust moxassBaror, uro Mmerox PCII mosBomser
MOJIYIHUTh TPAIUEHTHYIO MEIKO3EpHHUCTYIO CTPYKTYpy. Marepuan
B NOBEPXHOCTHOH obmactu nedopmupyercs Oonee MHTEHCHUBHO,
¢dopMHpysT KaK MeEJIKO3EPHUCTYI0O MHKPOCTPYKTYpPY 3a CUeT
JUHAMHYECKOIl pPEeKpPHCTAJUIM3AlMU, TaK M KPYMHO3EPHHUCTYIO
MHKpPOCTPYKTYpY, 0Opasylollylocss B pe3yiabTaTe pa3BUTHSA
npoliecca PeKpUCTAIUIN3AIMY. B IIEHTpaNnbHOM CJI0€ COXpPaHSETCs
neGopMHUpOBaHHAs ~ HEPEKPUCTAIIM30BaHHAs  CTPyKTypa. B
pesynsrate nocie PCII ynaercst chopMHpoBaTh Tak Ha3bIBAEMYIO
TPafMeHTHYI0 CTPYKTYpYy, KOTOpasi OJHOBPEMEHHO IPHUIAET
0o06pabaTeiBaeMOMYy MaTepHally BBICOKYIO IPOYHOCTH H BSI3KOCTB.
IIpu 5TOM KOHEUHBIH YPOBEHb MEXaHHUECKHX CBOHCTB 3aTOTOBKH
COIIOCTABUM C IOKa3aTeNIIMU, OJIy4eHHbIMU MeToioM MIT/L.

B 2001 rony na dakynsrere MI'TY um. I''1. HocoBa Gbinn
HauaThl TNPHUKIAJHBIE MCCIENOBAHUS IO PaAHaALHO-CABUTOBOM
npotsbkke (PCIIp) [2]. Ee mporoTumom sBisercs paauanbHO-
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CIBUIOBasi IPOKAaTka. BO3MOXKHOCTb COBMELICHHS IPOLECCOB
IIBII wu BomoueHuss paccmarpuBaiack B  pabore [8].
Hcnonp30oBaHue  TPAaJULIUOHHOTO  BOJIOYEHHS B  KadecTBe
3aKIIOYMTEIBHOTO Mpoliecca Mociie pa3inuuHbIX npoueccos WITJ]
SIBJISIETCSl XOPOLIMM BapUaHTOM, TaK KaK HPU 3TOM YCTPAHSIOTCS
BCE HEJOCTAaTKH IpeIBapHTENbHON aedopManuu (Hampumep,
HEOJTHOPOJHOCTh T€OMETPHH, IIOPUCTOCTH H T.1I.).

2. Mooenuposanue 6 RpPOZPAMMHOM KOMHJIEKCE

Deform

Jnst MoJenupoBaHMsl HBOJIIOIUN MHUKPOCTPYKTYPHl METOIOM
Cellular Automata HeoOXOIMMO WCHOJB30BaTh YK€ 3apaHee
paccuuTaHHBIE MOJIEIHN C MOJSIMU BCEX IapaMeTpoB (HaIpsDKEHUS,
nedopManyy, CKOPOCTH TedeHHs H T.0.). i BO3MOXHOCTH
cpaBHeHHs ¢ pesympratamm Mogemn JMAK, mpm pacuere
KJIETOYHBIMI aBTOMAaTaMH B Ka)KJJ0if MOJIETIM pacCMaTpHBAIIHCh JIBE
TOYKH — B IIEHTpPE 3aroToBKM M Ha paccrosHnu 0,5 MM Ha
MOBEPXHOCTH B O0ONAaCTH KOHTAaKTa MeTaula C BalKaMH, YTO
MO3BOJISIET OLIEHUTh MAaKCUMAIBHBIH YPOBEHb MPOPAOOTKH MeTaa.
ITomuMmoO 3TOTO, OBUIO PEIIEHO PACCUUTHIBATH MHKPOCTPYKTYPY B
0003HAYECHHBIX TOYKaX B JABYX HalpaBJIeHUsX (TONEpeyHOM U
NPOJONBHOM), TOCKOJBKY  JaHHBIH  METOJ  MPeJOCTaBIsIeT
BU3YalbHYI0 KapTHHY 3€peH U MMEeTCs BO3MOXKHOCTh OLIEHKH HE
TOJBKO M3MEHEHHs HX pa3Mmepa, HO M ¢opmbl. s pacuera Bcex
MOJIeNield MCIOIBb30BaJIOCh NOCTPOEHHE OKHa ¢ pasmepamu 100 x
100 mxM. McxomHast cTpyKTypa CO CpeIHHM pa3MepoM 3epHa 25
MKM IIpejcTaBieHa Ha Puc. 1.

Ha pucynkax 2 - 4 mnpexncrtaBieHbl pe3yibTaThl pacyera
MHKPOCTPYKTYpHI uist Mozeneit 30-25-20 npu Tpex Temreparypax.

4

Puc. 1 Hcxoonas muxpocmpykmypa

AHanmu3upys TONyYeHHbIE JaHHBIC, MOXKHO OTMETUTH PE3yNIbTaThl pacuera
KJIETOYHBIMH aBTOMaTaMU HMEIOT BBICOKYIO CXOIMMOCTB C Pe3yJIbTaTaMH B
moznenu JMAK, 0co0eHHO B TONEpEeYHOM HampaBieHHU. B mpomoiabHOM
HaInpaBJIeHHH Ha MOBEPXHOCTH COXPAHSAETCS IOCTAaTOYHAs OJHOPOIHOCTD
(dopMBI  3epeH, TOrJa Kak B LCHTPaJIbHOW oOiacTu HaOirogaercs
UHTCHCHBHOE YUIMHEHHUE 3€PEH 3a CUeT AEHCTBUS PaCTATUBAIONINX CHII IIPH
BOJIOYEHUH U JaMuHapHoro tedeHus mno cxeme PCII. Ilpu temmnepatype
900°C MHTEHCMBHOCTb Y/UIMHEHMS 3€pPEH CHMXKAeTCS H3-3a aKTUBALMU
MEXaHH3Ma CTaTHYECKOH PEKPUCTAIM3alUH, KOTOPBIH IPHBOAUT K
(OpMHPOBaHHMIO HOBBIX 3epeH. B Tabmuue 1 mpuBeneHbI CpaBHHUTEIbHbIC
JaHHBIC CPEAHEro pasMepa 3epeH Mo O00OMM METoJaM pacyera

MHKPOCTPYKTYPEL
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Fig. 2 Muxpocmpyxmypa mooenu 30-25-20 npu 20°C: a — nosepxnocme,

nonepeuHoe Hanpasjienue,; 0 - noe6epxHocmby, npodoﬂbnoe Hanpaeienue; 6 —
Yyenmp, nonepedHoe Hanpaejernue, e - yenmp, npodwzbuoe Hanpaeienue

Ta6auia 1 - Cpennuii pazmep 3eped B Mogemsix 30-25-20, Mkm

Temneparypa | Hanpasnenue IToBepxHOCTH Lentp
CA JMAK CA JMAK

20°C ToTIepegHoe 73 8 15,96 16
TPOJIOJIBHOE 7,7 16,46

500°C IoTepevHoe 12,03 12 18,07 18
MPOIOJILHOE 12,39 18,55

900°C IoTepeyHoe 14 14 20,27 20
MPOIOJILHOE 14,33 20,95

Kaxk B ciyuae ¢ monemsimu 30-25-20, npu aHanu3e pe3yabTaToB
mogerneit 30-27-23 Obuta  BBISBIEHa BBICOKas —CXOJMMOCTB
pe3yJIbTaTOB pacyeTa MHKPOCTPYKTYPBI C pe3yJibTaTaMH METO/a
JMAK kak Ha MOBEPXHOCTH, Tak W B IeHTpe (cMm. Tabmmma 2).
3mech TakkKe HaONOMAeTCsl YUIMHEHHE 3€peH B IPOJIOIBHOM
HalpaBJICHUH B IIEHTPAIbHON OOJIACTH 3aTOTOBKH, Ha MMOBEPXHOCTH
3epHa HMMEIOT Oosee paBHOOCHYIO (opMmy H3-3a TypOYJICHTHOM
CXEeMBbI TEUSHHUSI MeTaJlla 32 CYeT KOHCTPYKTHBHOTO PACIIONOKEHHUS
BajkoB craHa PCIL

Ipu ananuse pesynbratoB Moaesneil 20-18-16 Obuta BbIsBICHA
BBICOKAsl CXOJMMOCTH PE3yJIbTaTOB pacueTa MHKPOCTPYKTYPHI C
pesynsTaTamu Metona JMAK kak Ha ITOBEPXHOCTH, TaK U B IIEHTPE
(cm. Tabmuma 5.3). 3neck mpakTHYecKH He HaOmomaeTcs dddexra
VIUIMHEHHSI 3€peH B TMPOJOJILHOM HAINPAaBICHUH, ITOCKOIBKY
LeHTPAJIbHbIE CJIOM B O9THX MOJEISIX IONYy4YaloT KpaifHe
HEe3HAYNTENbHOEe M3MellbueHUE 3epeH. [[0BEpXHOCTHBIE CIION TaKkKe
npopabartsiBatoTcst BecbMa ci1abo. OCHOBHOI HPHYMHON Takoro
a¢dekra sBISETCS PE3KOe CHIDKCHHE CAMHUYHBIX OOXaTHH, a
TaKoke HCIIONB30BAaHUE 3arOTOBKM YMEHBIIEHHOTO [uamerpa. B
pesynpTate ouar gedopMmManuM B Bagkax (QopMmMHpyeTcs B
MPSIMOJIMHEHHON 00JacTH BajJKOB, YTO PE3KO CHIKACT Yroll
3aKpyYHBaHHs MOBEPXHOCTHBIX CJIOEB — B O3TOM Ciydae
nenecoodpa3Ho TOBOPHTh HE O pPaagHalbHO-CIBHUIOBOH, a 00
00BIYHO} ONIEPEYHO BUHTOBOI POKATKE.
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Fig. 3 Muxpocmpykmypa mooenu 30-25-20 npu 500°C: a — nosepxnocmo,
nonepeunoe Hanpasienue; 6 - NOBEPXHOCMb, NPOOOILHOE HANPAGIEHUE; 6 —
yenmp, nonepeuroe Hanpasienue; 2 - YeHmp, NPOOOILHOE HANPAGIEeHUe
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Fig. 4 Muxpocmpyxmypa mooenu 30-25-20 npu 900°C: a — nosepxrocme,
nonepeunoe Hanpagienue; 6 - NHOBEPXHOCMb, RPOOVILHOE HANPABICHUE; 6 —
yeHmp, nonepeuroe Hanpaesiexue, 2 - YeHmp, nPoOOIbHOE HANPAGIEHUE
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Ha pucynkax 5 - 7 npeacTaBieHbl pe3yibTaTbhl pacuera
MHUKPOCTPYKTYpHI utst Mogeneit 30-27-23 mpu Tpex Temieparypax.
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} Fig. 7 Muxpocmpyxmypa mooeau 30-27-23 npu 900°C: a — nogepxrocmo,
56 nonepedyHoe Hanpaejiernue, 6 - noeepxnHocmea, npO()DﬂbHOe Hanpaejenue, 6 —
. . - yenmp, nonepeyHoe Hanpaejienue, e - yenmp, npO()OfleOe Hanpaejenue
1_) B ey ot Ty e
Tabnuua 2 - Cpennuii pazmep 3epeH B Moaensax 30-27-23, MkM
Fig. 5 Muxpocmpykmypa mooenu 30-27-23 npu 20°C: a — nogepxnocme, Temneparypa | HampaBnenne IToBepxHOCTH IlenTp
nonepeunoe nanpasienue; 6 - NO6ePXHOCMb, NPOOOTILHOE HANPAGTEHUE, 6 — CA | IMAK | cA T IMAK
Yyenmp, nonepedrnoe Hanpasjiernue, e - ueHmp, ﬂquOﬂbHOe HanpaeieHue 200C Honepeque 12 17 12 17 21 17
npojonsHoe | 12,39 17,84
500°C nonepeynoe | 13,21 13 20,27 20
mpomosapHoe | 13,79 20,95
900°C nonepeynoe | 15,22 15 23,03 22
TIPOAOJIEHOE 15,8 23,03

Ha pucynkax 8 - 10 mnpexncTtaBieHbl pe3yiabTaThl pacueTa
MHKPOCTPYKTYpBI U1st Mozeneit 20-18-16 mpu Tpex Temmeparypax.

Tabnuia 3 - Cpennuii pazmep 3eper B Mojensix 20-18-16, Mmxm

Temneparypa | Hampasnenue | IloBepxHOCTh Lentp
CA | IMAK | CA | IMAK
20°C MOTIEPEYHOE 19,95 20 23,563 25
MPOJIOIBLHOE 20,6 24,06
500°C moriepeynoe | 21,72 22 24,06 25
npomxosipHoe | 22,13 24,62
900°C nonepeynoe | 23,03 23 25,89 25
npojonsHoe | 23,53 26,6

5. @unancuposanue

This research has been/was/is funded by the Science Committee
of the Ministry of Science and Higher Education of the Republic of
Kazakhstan (Grant Ne AP19678974).

r)
Fig. 6 Muxpocmpyxmypa mooenu 30-27-23 npu 500°C: a — nosepxnocme,

nonepeunoe nanpagienue; o - NO8EPXHOCNIb, NPOOOILHOE HANPAGLEHUE, 8 —
Yenmp, nonepeynoe HanpaesieHue; 2 - YyeHmp, NpoOOIbHOE HANPAsGieHUe
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Fig. 8 Muxpocmpykmypa mooenu 20-18-16 npu 20°C: a — nogepxnocme,
nonepeunoe Hanpasienue, 6 - NOBEPXHOCMb, NPOOOILHOE HANPAGIEHUE; 6 —
Yenmp, nonepeunoe HanpasieHue; 2 - YeHmp, NPOOOIbHOE HANPABIEHUE
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Fig. 9 Muxpocmpyxmypa mooenu 20-18-16 npu 500°C: a — nosepxnocme,
nonepeunoe Hanpasienue, 6 - NOBEPXHOCMb, NPOOOILHOE HANPAGIEHUE; 6 —
Yenmp, nonepeunoe HanpasieHue; 2 - YeHmp, NPoOOIbHOE HANPAsIeHUe
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Fig. 10 Muxpocmpyxmypa mooeau 20-18-16 npu 900°C: a — nosepxrocmo,
nonepeunoe Hanpasienue; 6 - NOBEPXHOCMb, NPOOVILHOE HANPAGIEHUE; 6 —
yenmp, nonepeuroe Hanpagienue; 2 - YeHmp, NPOOOIbHOE HANPAGIECHUE
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4. 3aknouenue

W3 nosy4eHHBIX JaHHBIX MOJEIUPOBAHHSA MUKPOCTPYKTYPBI MOKHO
CKa3aTh, 4TO Ae(OpMHPOBaHUE 3aroToBKH o cxeme 30-25-20 mpu
KOMHATHOH  Temmeparype sBisercd camMbiM  3(G(EKTUBHBIM
CIoco0OM, TOCKOJBKY ITO3BOJISIET HM3MENBUNTh HCXOJHOE 3€PHO
Gomee 4emM B 3 pasa Ha MOBepXHOCTH 3arotoBku. [Ipm sToM
ucmonb3oBanue cxembl 30-27-23 mpu KOMHATHOW TeMmmeparype
JaeT JOBYKPAaTHOE H3MENBUCHNE MCXOIHOTO 3epHa. [IpopaboTka
LEHTPAIBHONW 00JacTH 3arOTOBKM BO BCEX PacCMOTPEHHBIX
MOZEJISIX HOCUT cl1abo BBIPaXKEHHBIN Xapakrtep, pocturas 35%-oro
YMEHBIIEHHUS B CAMBIX ONITUMAJIbHBIX YCIOBHSX.
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Composite modifications obtained through various technological approaches based on
inorganic binders and foam glass materials
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Abstract: Composite structural modifications based on hydraulic inorganic binders and foam glass aggregate fractions were prepared. Formwork
moulds were developed for the moulding of composite test bodies using different technological approaches. A series of experimental specimens
meeting the requirements for standard laboratory tests were obtained. The role of the technological regimes used in the formation of the structural
characteristics and performance of the composites is examined. The existing possibilities for further modification and potential application of the

obtained composite materials are analysed.

Keywords: COMPOSITE MODIFICATIONS, FORMWORK MOULDS, INORGANIC BINDERS

1. Introduction

The intensive expansion of large urbanized territories is
accompanied by the active construction and reconstruction of a diverse
building stock, the establishment of industrial zones and the
development of transport infrastructure. In this aspect, the quality of
the construction and renovation activities carried out is dependent on
the technological and operational characteristics of the building
materials used [1-3]. At the same time, the modern development of
construction is today associated with the active application of
innovative materials that meet the requirements for energy efficiency
and adequate noise insulation of buildings [3-5].

On the other hand, the growing quantities of waste products
(of industrial, construction and household nature) create conditions
for the emergence of environmental and other accompanying
problems in their collection and disposal. A main approach to
reducing the negative impact of these factors on the state of the
environment is the implementation of complex strategies for long-
term waste management and recovery [6, 7]. Greater deployment of
appropriate green technologies, providing for the efficient recycling
of a variety of waste materials with a view to their use as raw
materials, is essential for a sustainable improvement of
environmental ~ security [8-10].  Cost-effective  production
technologies have been developed for the production of separate
categories of foam silicate materials by utilizing significant amounts
of waste glass (of various origins) [11-13]. One basic technological
approach is the thermal foaming of powder fractions of waste glass
(obtained after grinding) in the presence of suitable foaming
additives [11, 12]. The development allows for the recycling of
waste materials that are practically non-degradable in the natural
environment. For the realization of the production process, systems
of specialised equipment, applicable in conjunction with standard
equipment, have been developed [11]. Foam glass materials are
used in the construction for thermal insulation of buildings (of
various types), installations and equipment [14].

Composite materials involving inorganic binders and granular
foam glass have been developed [15-19]. The resulting composite
materials combine the specific characteristics of the components
used and are suitable for the preparation of non-load-bearing, non-
combustible, water-resistant, long-lasting thermal and acoustic
insulation panels, boards, profiles etc [15-18]. A promising
opportunity for further functional development of the developed
composites is their structural modification by using different
technological approaches. In relation to this, a preliminary study
across a wide thematic range has been carried out [20-34].

The experimental research work carried out led to the
conclusion that the existing traditional laboratory formwork moulds
(of different materials) are inappropriate for forming test bodies
when using some of currently employed technological approaches.
Therefore, there arose a methodological need to apply formwork
moulds meeting the requirements of the developed composite
materials.

The aim of the present work is to present the main design
characteristics and application possibilities of innovative formwork
moulds, tailored to the specificity of the technological methods used
for the preparation of composite experimental specimens based on
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inorganic binders. Composite modifications obtained in laboratory
conditions by using different technological modes are considered.
The main structural characteristics of the obtained materials and the
prospects for their potential application are analyzed.

2. Materials and methods

The development uses various raw materials, components,
technological additives and standard equipment: laboratory balances
Kern type ABJ220-4NM, platform balances with a weighing
capacity of up to 10 kg, a ball mill with a working volume of 50 L
(at a working speed of approx. 260 rpm), agate mortar, a set of
sieves, laboratory baths, a perforated spatula, a grid stand, a
granulator, programmable muffle furnace LM-312.11, waste glass
(origin - municipal waste), foaming additive (glycerine or calcium
carbonate), sodium silicate (module 3.0), Portland cement (CEM I
52.5 R, white CEM |1 52.5 N or CEM | 42.5 N), gypsum, technical
silicone, etc. Perlite (mainly in a fraction of up to about 3 mm),
reinforcing fibres, etc. were used as additional components for some
of the formulations. The quantities of waste glass provided were
subjected to a two-stage grinding process (from initial coarse
crushing to obtain powder fractions).

In accordance with the basic requirements for performing
various standard laboratory tests of construction materials, sets of
formwork moulds were developed for the preparation of composite
test bodies:

- cubes with dimensions 100x100x100 mm for compressive strength
testing;

- prisms with dimensions 100x100x400 mm for flexural tensile
strength testing;

- plates with dimensions 250x250x50 mm for studying the thermal
conductivity coefficient.

The technological process for the preparation of the designed
formwork moulds involves preparing a model and a gypsum mould
with silicone inserts.

The obtained formwork moulds consist of two gypsum side
parts with silicone inserts and a bottom part (fig. 1 and 2) with an
additional silicone element (overlay or insert). This allows for the
application of different technological schemes for moulding
composite structure specimens. The silicone inserts of the side parts
end on both sides with tensioning elements that fix them to the
gypsum parts so as to prevent their deformation when in use. In the
molding process, the silicone inserts form the sides of the test
bodies, while the bottom forms their lower part.

The design of the bottom of the main formwork moulds
includes a drainage system as a structural element which allows the
separation of part of the liquid phase (from the introduced mixture
consisting of cement mortar and foamed silicate aggregates).
Separate sets of formwork moulds have been developed: with a
bottom of solid gypsum with perforated holes (and an additional
silicone overlay) or with special bottom made of a modified silicone
insert with an integrated sieve (or grid element) and silicone
overlay. The incorporated sieve is made of corrosion-resistant
material with a mesh size smaller than the minimum grain size of
the fractions of lightweight additive materials used. The insertion of
the silicone overlay upon the bottom blocks the outlet holes and
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prevents the liquid phase leaking out. At the same time, additional
formwork moulds with a monolithic gypsum bottom (without
perforations) and a silicone insert were developed as well.

Fig. 2. Formwork mould for the preparation of composite specimens.

A series of composite specimens involving lightweight silicate
aggregates and hydraulic binders were prepared in laboratory
conditions.

Fractions of foamed glass granules were obtained by applying
controlled thermal foaming (at temperatures of up to 900°C) to a
primary granulate prepared from a powder fraction of waste glass, a
foaming additive and a plasticizer.

Cement mortars (with different values of wi/c ratio) were
prepared, to which foam-silicate aggregates and additional
components were introduced. The complete wetting of the foam-
glass aggregates in the cementitious solutions is considered as a
recommended technological condition. This allows individual
surface pores to close and ensures the presence of a surface layer of
binder in the contact areas of adjacent aggregates. After intensive
homogenisation, the resulting mixtures were distributed by pouring
them into the prepared formwork moulds.

The design features of the formwork moulds allow, by using
different technological approaches, to obtain composite specimens
with different structures.

Regardless of the compositions and technological methodology
used, all specimens were subjected to a residence time (in the
formwork moulds) of up to 48 h, after which they were carefully
removed from the formwork moulds.

The main differences between the individual composite
modifications obtained by the different technological approaches
consist in the varying specificity of the structure thus formed and
the amount of residual cement phase in the final specimens.

3. Results and discussion

From the prepared mixtures (cement mortar and granules),
experimental specimens were moulded by controlled drainage of a
portion of the liquid phase through the perforated holes or the
embedded sieve at the bottom of the formwork moulds. The
implementation of this technological process involves mounting the
formwork moulds on metal stands, under which are placed
laboratory vats provided for the collection of the draining liquid
phase. The application of a water cement w/c ratio in the range of
0.6 to about 0.9 enables the full use of the existing technological
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capabilities of the methodology and obtaining materials with
relatively low mass.

Placing the silicone overlay stops liquid phase drainage at a
predetermined technological stage and allows influencing
effectively the formation of the structural specificity of the obtained
final samples. The method provides adequate control of the
available cement mortar and of the bulk density and mass values of
the resulting specimens.

Due to the reduced presence of binder, the final specimens thus
prepared are characterized by relatively lower mechanical
properties. This effect can be partially limited through the use of
higher strength cements (CEM 1 52.5 R or others), the introduction
of suitable plasticising additives, modifiers, etc. For some product
categories for which there are no regulatory requirements for
increased mechanical properties, this composite structure allows to
obtain various modifications tailored to a specific functional role.

The use of different fractions of foam-silicate aggregates with
an appropriate ratio of the radii of the individual granules allows
obtaining materials with a variety of structures (fig. 3).

Fig. 3. Structure of an experimental specimen (fragment).

Due to the gradual drainage of a significant part of the cement
solution, the prepared specimens have as a characteristic structural
feature the availability of direct contact between individual
aggregates and the formation of interconnected gaps between
adjacent granules. Composite modifications with relatively
uniformly sized interconnected gaps allow for the preparation of
drainage elements potentially applicable in different operating
conditions.

In the experimental specimens prepared with the use of only
larger fractions of foamed glass aggregates, a structure with distinct
and relatively large interconnected free gaps was observed.

A promising option for additional modification of the obtained
composite materials is their further technological processing by
impregnation with mixtures of inorganic binders solutions of and
non-combustible thermal insulation fillers (perlite or others).

On the basis of two aggregates fractions with a suitable radii
ratio, it is possible to form a relatively compact composite structure
in which the introduced smaller aggregates are positioned in the free
spaces between the granules of the larger fraction. At the same time,
the foam glass granules obtained in real technological conditions
are characterized by a variety of individual shapes, in a number of
cases different from an ideal sphere. Therefore, the software-
generated three-dimensional models of composite systems built on
the basis of aggregates with ideal spherical shape provide only an
approximate idealized view of the state of the structure and the
possibilities for optimising the materials.

Developed in addition to the technological approach considered
here is an alternative version which provides for an initial
distribution in the form of a layer of the prepared mixture (cement
mortar-foam granules) placed on a separate grid stand. This allows
for a more efficient drainage of a significant part of the liquid
phase. After a process time of 5 to 10 min, the resulting residual
mixture is introduced into the formwork moulds.

A comparative series of composite test specimens was prepared
without draining the liquid phase (following the classical method).
The specimens were made using formwork moulds with a silicone
overlay pre-placed on the bottom (prior to the introduction of the
prepared cement mortar-silicate aggregate mixture), which prevent



MACHINES. TECHNOLOGIES. MATERIALS. vol 1, 2025

free drainage of the liquid phase. Another technological option is
the use of formwork moulds with a monolithic bottom (without
perforation) and a silicone insert.

The molded compact specimens are characterized by a typical
composite structure formed by the cement phase (acting as a matrix)
and fractions of glassy aggregates distributed in the volume of the
material. The resulting composites represent a potential fully
functional alternative to different types of standard thermal
insulating lightweight concretes obtained with the participation of
conventional lightweight aggregates.

This technological method enables the preparation of relatively
more massive composite samples with increased mechanical
characteristics, but at the same time with higher values of bulk
density and relatively higher mass of the material. Observation of
the prepared cross-sections of the moulded experimental specimens
revealed mainly extensive zones with a predominant concentration
of foam silicate aggregates (fig. 4).
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Fig. 4. Section (fragment) of experimental composite specimens.

At the same time, the cross-sections of some of the obtained
composites showed the presence of limited local areas composed
predominantly of massive cement phase. The considered
technological method is suitable for moulding composite specimens
mainly at w/c ratio of about 0.5 or lower values.

An appropriate technological option for the preparation of other
composite modifications is the initial co-introduction (in the
prepared cement mortar) of the necessary fractions of granulated
foam glass and of other additional components (expanded perlite
and/or reinforcing fibres, etc.).

The performance characteristics of the base components used in
the development (Portland cement and foam-silicate aggregates)
ensure the production of durable, waterproof and non-combustible
materials.

The main technological guidelines for the optimization of the
structure and functional capabilities of composites is the use of
appropriate fractions of lightweight additive materials, the
application of appropriate proportions between the amounts of
cement mass and foam silicate aggregates, the use of more
prolonged and intensive homogenization of the prepared mixture
(cement mortar - granules), etc.

4, Conclusions

Formwork moulds kits were developed to mould experimental
specimens with composite structure based on inorganic hydraulic
binders and foam glass aggregates. The design characteristics of the
formwork moulds allow for the application of different
technological approaches in the moulding process: by controlled
drainage of part of the cement mortar or without removal of part of
the liquid phase. The specimens thus prepared can be used for
laboratory tests to determine compressive strength, flexural tensile
strength and to study the thermal conductivity coefficient.

The specificity of the used compositions and the capabilities of
the individual technological schemes offer a possibility to obtain a
variety of composite modifications. A comparative analysis of the
specimens prepared under different technological regimes has

50

revealed characteristic structural differences and variations of the
amount of cement phase, all of which determine the performance
properties of the composites and the potential opportunities for their
functional application.

A possible alternative use of the prepared formwork moulds lies
in the moulding of experimental specimens obtained from other
materials, subject to the necessary technological and
methodological compatibility.
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Abstract: In the development of new composite structural elements based on sedimentary rocks (clays) as inorganic binders and foam
composite materials, their physical characteristics are presented for the construction of recipe compositions and the determination of their
complex new properties. The role of the components of the compositions, together with organic reinforcing fiber materials such as straw,
rice husks and others, basic parameters of the technological regime and other factors for ensuring adequate workability of the prepared
composite compositions for obtaining building coatings and elements - bricks and panels for building ecological houses - is considered. The
determination of the necessary technological characteristics of the composite mixtures ensures their effectiveness.
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1.

In recent years, luxury homes made from sedimentary rock-
based materials have begun to be built in Europe, the US and
Auwustralia, with more than 10,000 in Australia alone. Obviously, this
is not about some fashion extravagance, because a similar trend can
be observed in the construction of public buildings such as schools,
hospitals, shops, tourist sites, museums, churches, etc. More and
more universities, academic institutions and construction companies
have become involved in the development of new compositions and
technologies for the production of such materials.

There is a growing trend to consider natural materials used in
construction as the materials of the future, mainly because of their
energy and performance efficiency and the proven betterment of
quality of life that they bring. It should be noted that buildings
constructed using bricks, panels and mortars based on unfired
sedimentary rocks absorb and release airborne moisture faster and
to a greater extent than those using other materials (e.g. 30 times
more than baked bricks). This is a characteristic that brings about a
balance in the indoor climate. Unbaked products based on this kind
of building material are able to conserve heat, isolate noise and save
energy [1, 2]

The topical significance of the proposed material lies in the
discovery of the fundamental interactions between the elements in
the sedimentary rock-based recipe compositions which can
contribute to the creation of a non-combustible and non-flammable
thermal and acoustic insulating eco-composite building material. It
can be obtained in two varieties:

(a) as coarse and fine eco-friendly coatings, by adding organic
and inorganic modifiers (hemp stalk fibres, pieces of different
lengths of wheat, rye, oats, or barley, rice husk, marl, glass and
other fibres and waddings) to the basic raw materials;

(b) as heat-treated building elements for construction and
renovation, where the material is enriched by adding suitable
modifiers (heat-treated rice husk, expanded clay, expanded perlite,
vermiculite, foam glass granules, etc.) to the basic raw material.

In order to ensure adequate energy efficiency, modern
construction makes wide use of external thermal insulation systems
for various types of buildings [3].

The research objectives of the present paper are of exceptional
importance for the development and the future use of an innovative
multifunctional eco-friendly composite building material based on
plastic sedimentary rocks and possessing thermal and acoustic
insulating properties.

A further possibility of applying different fractions of foam
glass granules is their introduction, together with organic fibres, as
lightweight additive materials.

Bulgaria offers the necessary conditions for the
implementation in the construction industry of products and
materials based on sedimentary rocks.

The increasing production capacities in various industries and
the intensive utilization of the resulting products in various
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economic sectors and in everyday life are accompanied by the
generation of significant quantities of waste materials of different
origins [4-6]. The existing quantities of waste products such as
waste glass, straw and rice husks represent a significant
environmental problem with an alarming prognosis for its growth in
the long term. Effective and safe waste management requires the
existence of established landfills and an organized system of
collection and transportation using specialized transport equipment
[12-14]. A partial but very good solution to the problem is the
development and implementation of production technologies
through which a number of waste products can be recycled waste-
free and then be used as primary raw materials in the production of
a wide range of products.

Due to their high durability, significant chemical resistance and
specific thermophysical and mechanical properties, glassy waste
materials are considered as a fully usable raw material [7]. There
are already industrial production methods implemented for the
utilization of vitreous waste raw materials and the production of
thermal insulating foam glass materials, mainly from differently
sized granules [8-10].

A team from IMSETHC-BAS has been working on improving
the foam glass production technology and developing innovative
equipment for obtaining foam glass granules based on patents and
utility models. At the same time, the team organizes the use of
organic and inorganic fibres to strengthen the resulting mixtures.

The individual technological stages of the production cycle
have been optimised. The laying of the coatings has been related to
determining the time required to give them the necessary strength.
Adequate regimes for the processing of the building elements -
bricks and panels — have been developed, tailored to the specificity
of the waste raw materials used and with a focus mainly on the use
of a specific drying mode that can make the elements as strong as
necessary.

A further possibility for creating the composite material recipes
lies in employing different compositions of the base material -
sedimentary clays and different fractions of foam glass granules
introduced as lightweight additive materials, as well as in the use of
differently sized fibres.

Innovative composite building elements have been developed
using granulated foam glass and inorganic binders, with clays as the
main component. Owing to their characteristics, the prepared
composites represent a potential alternative to a number of
traditional and standard thermal insulation building products. An
experimental industrial line has been developed for the production
of granules, panels and other elements with potential application in
construction [11-14].

What deserves particular attention is the type and size of the
fibres used. When the reinforcing material for the obtained clay
products is straw, it must be cut to a certain size, the longitudinal
pieces being mainly up to 5 mm long for coatings and up to 10 mm
long for products such as bricks and panels. Another fibre material
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is rice husks, treated in the same way as straw but without the need
of cutting.

To further modify the material, a variety of research data with a

broad thematic scope were analyzed. At the same time, the
experimental results obtained in additional laboratory studies are a
prerequisite for further expanding the technological possibilities for
the preparation of new composite products based on sedimentary
rocks.
The aim of the present work is to determine the technological
characteristics of composite mixtures applicable for the preparation
of different modifications of experimental specimens for coatings
and separately for reinforced and unreinforced bricks and panels.
The research carried out takes into account the existing experience
in the field of composite materials [15-19] and the laboratory
analytical methods presented in the specialized literature [20,21].

2. Description of experimental thermal insulation
composites based on sedimentary rocks
1.1. Creation of thermal insulation compounds for
coatings

Table 1 presents the experimental recipe compositions (series

A.1 - A.4) developed on the basis of a dry mix consisting of clay,

sand, foam glass granules up to 2 - 3 mm in diameter (Fig. 1.), fibre

- rice husks (Fig. 2.), modifying additives (perlite and zeolite) and

water at a water to dry mix ratio (B/CS) of 30% to 100% for
coatings and 25% to 100% for articles, respectively.

The composition of the mixtures is in units of weight.

Fig. 2. Rice husks

The availability of an optimal amount of water needed to obtain
a mixture of normal density (viscosity) is one of the most important
indicators of the obtained working mixture. This density should be
neither low nor high, but just right to allow good adhesion to the
work surface for application by hand or with a shotcrete machine.
The drying temperature is very important. Drying at freezing
temperatures is not permitted.

Table 1. Experimental compositions in weight %
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Compositions A.1 Compositions A.2

Composition A.1.1
Dry mixture (DM) = clay (C) : sand
(S) : granules (G) : fibre (F) +

Composition A.2.1
Dry mixture = clay (C) : sand (S) :
granules (G) : zeolite (2) :

water (W) fibres (F) + water (W)
C/SIG/F = 25+25+25+25 CISIG/ZIF = 35+25+25+10+5
Composition A.1.2 Composition A.2.2

Dry mixture = clay (C) : sand (S) :
granules (G) : fibre (F) + water (W)
C/SIG/F = 45+25+30+5

Dry mixture = clay (C) : sand (S) :
granules (G) : zeolite (Z) :
fibres (F) + water (W)
C/SIG/ZIF = 30+25+20+20+5

Composition A.1.3
Dry mixture = clay (C) : sand (S) :
granules (G) : fibre (F) + water (W)
CISIG/F = 35+35+30+0

Composition A.2.3
Dry mixture = clay (C) : sand (S) :
granules (G) : zeolite (Z) :
fibres (F) + water (W)
C/SIG/Z/F = 35+20+20+25+0

Composition A.1.4
Dry mixture = clay (C) : sand (S) :
granules (G) : fibre (F) + water (W)
CISIG/F = 35+30+35+0

Composition A.2.4
Dry mixture = clay (C) : sand (S) :
granules (G) : zeolite (Z) :
fibres (F) + water (W)
C/SIG/ZIF = 35+20+20+25+0

Compositions A.3 Compositions A.4

Composition A.3.1
Dry mixture = clay (C) : sand (S) :
granules (G) : perlite : fibre (F) +

Composition A.4.1
Dry mix = clay : sand : granules :
perlite : zeolite, fibre + water

water (W) C/SIGIPIZIF = 40+20+20+10+5+5
C/S/GIP/F = 35+25+20+10+10
Composition A.3.2 Composition A.4.2

Dry mixture = clay (C) : sand (S) :
granules (G) : perlite : fibre (F) +

Dry mix = clay : sand : granules :
perlite : zeolite, fibre + water

water (W) CISIGIP/IZIF =
C/SIGIPIF = 30+15+35+5+5 35+25+25+05+5+0
Composition A.3.3 Composition A.4.3

Dry mixture = clay (C) : sand (S) :
granules (G) : perlite : fibre (F) +

Dry mix = clay : sand : granules :
perlite : zeolite, fibre + water

water (W) CISIGIPIZIF =
C/S/GIPIF = 35+35+20+10+0 35+15+25,10+10+5
Composition A.3.4 Composition A.4.4

Dry mixture = clay (C) : sand (S) :
granules (G) : perlite : fibre (F) +
water (W)

Dry mix = clay : sand : granules :
perlite : zeolite, fibre + water
C/SIGIPIZIF =

C/S/GIP/F = 30+20+25+20+05 40+20+10+10+20+0

1.2. Data for determining the parameters of the
composite mixture
1.2.1. For coatings

The choice of clay for coatings depends on its composition,
homogeneity, particle size, moisture content and some other
physical parameters.

The clay deposit is selected according to its composition in
order to achieve the desired strength of the coating. Clays with more
iron oxide content (red clays) and others with more aluminium
oxide content (grey clays) can be used. After drying, the clay is
ground to a particle size of 0.5 — 1.0 mm and the ingredients are
dosed and homogenised. The studies were carried out with plastic
sedimentary rock (clay) from the region of the town of Troyan.
Solid mineral and biological inclusions such as quartz, belemnites,
etc. were removed from the clay. Sands of different particle sizes —
from 1.0 to 4.0 mm — were used.

Typically, coatings are not baked but dried at the natural
ambient temperature. They are usually made up to 5.0 mm thick,
therefore the size of the foam glass granules is small — up to 2.0 or
maximum 3.0 mm and so are the sand ones.

The greater the excess water in the resulting mixture, the greater
the drying distortion will be. Moreover, there is a danger of
delamination of the mixture, which severely degrades its properties.
Thus, any water layers that may have formed can freeze in winter
working conditions and will cause the coatings to crack and
crumble. It is therefore not recommended to work in winter
conditions.

1.2.2. For bricks and panels
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The materials used to make products such as bricks and panels
do not differ from those for coatings except in the size of the
components involved.

Depending on the type and size of the product, it can be
reinforced using different materials, mainly steel grids for panels
with larger dimensions, as well as modifications of the recipes with
water glass modulus 1.4 (Si,0,/Na,0) and sodium silicochloride
(Na,SiFg).

The times for drying and removal of the formwork of the
obtained elements are determined experimentally according to the
thickness of the products.

The quantity of fibres and their size is also determined
experimentally.

The quality of the articles - mainly their strength - depends on
the time and pressure during the filling the formwork.

The determination of the normal density, i.e. the viscosity, is
carried out using a vicat apparatus.

1.2.3. For coatings
Once the dough (mixture) is ready, it must retain its plasticity
for some time before it can be used and processed. The drying time
is determined on the same sample as the one previously used to
establish the normal density.

1.2.4. Preliminary drying and final drying

These are parameters of the coating compositions and articles
which depend on the condition of their gel masses. The evaporation
of water from the gel masses causes surface and deep drying of the
articles.

To prevent cracking of the articles, it is particularly important to
observe the amount of water prescribed in the recipes, as well as the
drying time and speed, all of which must be adjusted according to
the composition.

A study of the physical and mechanical properties of
compositions used for the preparation of thermal insulation coatings
and articles

The water in the compositions is intended to be up to 30 or
25 % over the total weight. The viscosity of the coatings varies
from 100 to 120 mN.s/m2 depending on the formulation of the dry
mix. The viscosity of the articles was not measured as the material
for them is not flowable but plastic.

The preliminary drying time of the articles is within 24 h before
placing them in a drying oven for final drying.

Table 2. Physical and mechanical properties

Compo- .
sition type Characteristic
. . . Thermal
VSR Cloripresee conductivity Drying time,
cP, strength, .
[mn.s/m2] [ka/cm2] coefficient, h
A, [W.m-1.K-1]
For
coatings
120 140 0.1-0.15 6
120 140 0.1-0.15 6
100 120 0.1-0.15 5.5
100 120 0.1-0.15 5.5
For
articles
- 150 0.15-0.17 12
- 150 0.15-0.17 12
- 135 0.15-0.17 12
- 135 0.15-0.17 12
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Fig. 3. Diagram of brickwork for walls

Figure 3 presents a diagram of brick masonry, according to
composition A.1. — clay, sand, foam glass granules, rice husks.

2. Conclusions

With the increase of heat and sound insulation additives, the
viscosity of the coatings decreases from 120 to 100 cP.

With the increase of heat and sound insulation additives (foam
glass granules, perlite, zeolite, etc.), the drying time of the coatings
decreases from 6 to 5.5 h, and for the obtained products it is 12 h.

With the increase of additives in the brick and panel composite,
the compressive strength decreases from 150 to 135 kg/cm?.

As a result of the present and forthcoming studies, it will be
possible to correlate the obtained dynamic characteristics
concerning the thermal and acoustic insulation of the modified
sedimentary rocks, as well as the relationship with the static
characteristics — the strength of the specimens of the different recipe
compositions, the drying time of the mixtures, the viscosity of the
coatings, etc., i.e. a decrease in some characteristics at the expense
of an increase in others and vice versa. It will be possible to create
mathematical models with which to optimise the compositions for
different specific purposes.
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Electrical and thermal monitoring for remote diagnostics of X-ray generators
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Abstract: Many industries, like the aviation industry and border control, rely on X-ray inspection systems for their security operations. These
systems are state of the art complex electromechanical machines that need to be maintained by highly qualified service specialists. The most
critical part of each x-ray inspection system is the x-ray generator. In this article, we propose a technique for remote diagnostics based on
electrical and thermal telemetry monitoring. We have studied the most important electrical and thermal parameters of various conventional
X-ray generators equipped with stationary anode X-ray tubes, up to 300kV acceleration voltage, and their correlation to the operational
condition of the generator. The experimental results, obtained in a real operational environment, show that a limited number of monitoring
parameters are enough to properly estimate the condition and diagnose some failures in X-ray generators. A simplified physical model,
based on electrical and thermal parameters, has been proposed and compared with the results.

Keywords: X-RAY GENERATOR, FAILURE, SENSORS, REMOTE DIAGNOSTICS, PREDICTIVE MAINTENANCE

remotely in real-time. The studied generators are equipped with
conventional stationary anode X-ray tubes (Fig. 1) which are

Modern X-ray inspection systems are mighty electromechanical mounted inside the generator body and immersed in insulator oil.
machines that incorporate not only conventional X-ray generators  The typical Hi-tension range for X-ray inspection purposes starts
but also a combination of much more accurate CT (Computer  from 140 up to 300kV acceleration voltage.
Tomography) modules, delivering high-resolution and 3D X-ray
image reconstruction. Aside from their main function to generate
and detect x-ray radiation, those systems are equipped with Shielding
advanced computer algorithms for automatic image recognition of
threats like weapons, explosives and other prohibited objects and oi

. . . . il bath . .

substances. X-ray systems are widely used in various security Cooling radiator
applications, like luggage and cargo screening in the aviation
industry as well as for borders and customs control.

1. Introduction

X-ray beam

Vacuum

Cathode

In general, the X-ray inspection systems are subjected to very _
intense usage, and in most cases can be used in environmental
conditions that vary in a wide range. For example, a regular airport
hand-luggage scanner operates continuously generating x-ray
emissions for long periods that may exceed 5 hours each. On other
hand, the EDX (Explosive Detection Systems) used for inspection
of checked luggage usually operate and generate continuously,
without interruption, x-ray emission for even longer periods that
may exceed 10-12 hours, executing thousands of luggage scans per
day.

“Focal / -
spot

Glass container

Fig. 1 General representation of an x-ray tube [3].

N . . . . To achieve remote diagnostics of X-ray generators it isn’t
Considering the intense usage of X-ray inspection systems, their necessary to monitor all the X-ray system parameters. The most

complexity, and their importance for security, the high availability jmyortant parameters, subject to remote monitoring in real-time are
became the most important KPI (Key Performance Indicator). This 40 following 8:

way problems with estimating their health status, making failure

predictions, and taking actions for failure prevention became Electrical parameters:

essential f_or every owner and user that needs high aval!ablllty c_Jf 1. Positive Hi-tension (from +70 to +150 kV)
such devices. Even in modern procurement regulations, this
question occurs explicitly in the service contracts. 2. Negative Hi-tension (from -70 to -150 kV)

The most powerful tool for X-ray systems health status 3. Cathode current (filament current)
estimation and failure prediction is remote monitoring of technical

parameters and environmental conditions. Using telemetry sensor 4. Anode current (electron beam)

data in real time, health status can be obtained using modern Thermal parameters:

mathematical algorithms [1]. All this makes the remote monitoring ) o )

and remote diagnostics of X-ray systems a "must-have” instrument 1. Ambient temperature inside the housing of the X-ray
for every service provider who wants to provide the highest possible Inspection system

availability but keeping the optimal maintenance cost [2]. 2. Surface temperature of the X-ray generator

The most critical and simultaneously the most loaded part of
each X-ray system is the X-ray generator. For this reason, we’re
focusing our attention on a technique for remote diagnostics based 1. Environmental temperature
on electrical and thermal telemetry monitoring of conventional X-
ray generators.

Environmental parameters:

2. Relative humidity

To successfully monitor these parameters in real-time, we’re
2. Materials and methods using sensor networks comprising voltmeters, thermometers, and
humidity sensors. Those located inside the housing of the X-ray
system consider “Internal sensors”. Environmental parameters are
measured by “External sensors”. Data collection and data transfer
are established using the commercial infrastructure of the PM4X
LPR™ solution represented in Figure 3. All sensors for this

In this article, we propose a technique for remote diagnostics
based on electrical and thermal telemetry monitoring. A limited
number of important electrical, thermal, and environmental
parameters, of conventional X-ray generators, are monitored
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particular study are installed on more than 10 X-ray inspection
systems of different types operating in a real environment. The data
have been collected over 2 years.

The monitored electrical parameters are absolute indicators
because they are directly related to the current operational condition
of the generator, and they can be easily used for remote diagnostics.
In contrast, the thermal and environmental parameters cannot be
used directly for condition diagnostics if their values still fit the
threshold range predetermined by the manufacturer. Of course, if
their values exceed the threshold, usually it is too late for a reaction
and the failure is imminent.

PM4Xx

Smart Data Bl Dashboard

Infrastructure

24/7 Service Desk &
Automated Monitoring

Service
Excellence

®

Al Condition
& Predictive
Models

Knowledge
Base

Fig. 2 PM4X LPR infrastructure for remote monitoring [2].

For this reason, we have developed and tested in practice a
simplified physical model dedicated to estimating the internal
temperature of the X-ray tube components by only measuring the
surface temperature of the generator body [3]. The results of this
model determine four operational regimes and only the first one
assures the normal operation. All other regimes lead to long-term or
short-term failures that can be diagnosed or even prevented. Table 1
represents an example for x-ray generator with 140 kV accelerating
voltage operational regimes as a function on the surface
temperature.

Table 1: Relation between the X-ray tube operational regime, measured
surface temperature and estimated temperature X-ray tube cooling element

[3].
Defined internal
Operational temperature range at Measured generator
i - external surface
regime X-ray tube cooling
temperature
element
Normal R B 0 -
operation 10°C < T: < 80°C 10°C < Tou < 51°C
Slow . O 0 -
degradation 80°C <T:i<250°C 51°C < Tour < 80°C
Faster R _ B - O
degradation 250°C =T: < 300°C 80°C < Tou < 87°C
Imminent . -
Failure T: > 300°C Tout > 87°C

All the thresholds are set based on physical models in
combination with the engineering data provided by the
manufacturers for each X-ray generator component.

3. Algorithm for remote diagnostics of X-ray
generator

The general algorithm consists of three steps.

The first step is to collect the sensor data. PM4X LPR™
solution collects data from internal and external sensors. If the
thresholds are exceeded even on this step the diagnostic can be
obtained and failure determined.

The second step is to plug this data into ML (Machine
Learning) models. Utilizing predetermined thresholds and historical
data these models can derive dynamically adapted threshold values
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of the measured parameters corresponding to the environment and
the feedback from the next step.

The third step uses predictive modeling to forecast the condition
based on the current state estimated by the dynamically adapted
thresholds. Here is also the feedback to step two for next iteration of
dynamic adaptation of thresholds.

If the thresholds do not adapt, it means that the X-ray system
works in its nominal safe conditions.

External sensors data

| |

Data collection

Intemal sensors data

Machine leaming
algorithm

Dynamic thresholds
generated

Predictive modeling

——

-ray system condition
forecast formed

Fig. 3 General algorithm for health status and condition forecast estimation

These three steps are excellent for remote diagnostics of the
current state but for credible failure probability estimation, these
steps are insufficient. In such cases, the algorithm changes into an
advanced form. Figure 4 shows an advanced algorithm for
estimation of failure probability based on sensor telemetry data
combined with additional data sources like, X-ray OS (Operating
System) log messages and history maintenance reports. Detailed
description of this algorithm is published under the patent
application EP3955707A1 [4].

Service &
maintenance report

l l l ]
I

Data collection

i

Calculation of
threshold values

¥
Dynamic adaptation of
threshold values

External sensors Internal sensors Operating system

- = -»

Calculation of the difference
magnitude

A=Pronitoced = Paynamic threshold

Monitoring of

[+— operating parameters
Pronitorsd

Time-domain and frequency-domain
analysis of A, short-term and long-term
operating parameter prediction formation

Comparison the results with the
previously recorded predictions
and data from service reports

—————1

Determination and
recording of failure
probability

Fig. 4 Advanced algorithm for health status and failure probability
estimation [4]

4. Results and discussion

Using remote monitoring and improved algorithms we
succeeded in remotely diagnosing and forecasting the status of X-
ray generator in real operational conditions.
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e —
In the case of successfully powered-on and stand-by state of X-

ray system, the absence of cathode (filament) current is an absolute

indicator for failure of the generator and its power supply.

During the execution of the X-ray scanning procedure, the
absence of positive or negative Hi-tension is an absolute indicator
of failure of the generator and its power supply.

Measuring the surface temperature of the generators helps to
estimate the wearing rate of the x-ray tube. An interesting
experimental result is the prolonged operation at the lower range of
the “Slow degradation” regime, this will not activate thresholds
warnings but could lead to up to 50% shortened lifespan of the
generator.

5. Conclusions

Tested in practice, real-time remote monitoring allows the
collecting of real-time data from electrical and thermal parameters
and makes remote diagnostics not only possible but reliable. Using
simple algorithms, the remote diagnostic and condition forecasting
of X-ray generators is achievable with the monitoring of only 8
parameters per generator. Forecasting the condition could initiate
on-time corrective actions to prevent sudden failures.

6. Acknowledgements

This paper is part of a project PM4X LPR https://pm4x.eu/
funded by the EU through the NextGenerationEU:
Project BG-RRP-2.006-0015-C01/12.09.2023.

7. References

1. G. Nalbantov, D. Todorov, N Zografov, S. Georgiev, N.
Bojilova: Predictive Maintenance Tool for Non-Intrusive Inspection
Systems, arXiv:2103.01044 [cs.LG] (2021)

2. N. Zografov, D. Todorov: Advanced Sensor Telemetry
Unleashes the Power of Predictive Maintenance for X-ray
Inspection Systems, Luxatia International (2024)

3. P. Petkov, A. Zyapkov, N. Veselinov, K. Genkov, D. Todorov
and N. Zografov: Thermal Monitoring for Condition Based
Maintenance of an X-ray Generator, PoS BPU1l (2023) DOI:
10.22323/1.427.0270

4. N. Zografov: Method and system for predicting a failure
probability of a component of an X-ray system, EPO EP3955707A1
https://data.epo.org/publication-server/rest/v1.0/publication-
dates/20220216/patents/EP3955707NWA1/document.pdf

58


https://pm4x.eu/
https://arxiv.org/abs/2103.01044
https://www.luxatiainternational.com/article/advanced-sensor-telemetry-unleashes-the-power-of-predictive-maintenance-for-x-ray-inspection-systems
https://pos.sissa.it/427/270/pdf
https://pos.sissa.it/427/270/pdf
https://data.epo.org/publication-server/rest/v1.0/publication-dates/20220216/patents/EP3955707NWA1/document.pdf
https://data.epo.org/publication-server/rest/v1.0/publication-dates/20220216/patents/EP3955707NWA1/document.pdf

MACHINES. TECHNOLOGIES. MATERIALS. vol 1, 2025

Optimization of a casting technology with the tools of Magmasoft software package
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Abstract: The latest version of MAGMASOFT software package — MAGMAG.1 is used to simulate and optimize a casting formation. The
alloy AISi7Mg was used for this purpose. The casting is intended for the production of a wire connector for high voltage power transmission
networks. Die casting method is used. The results obtained from the stimulation of pouring and crystallization of the casting are presented.
Based on the located defects and the analysis performed, changes of the technology were made, which ultimately ensure the formation of a

defect-free and soundness casting.

Keywords: COMPUTER SIMULATION, CASTING FORMATION, OPTIMIZATION

1. Introduction

Mathematical modeling of the processes of casting formation from
various types of alloys has long become an integral part of the
process of designing and optimizing foundry technologies. It finds
its widest application in its software implementation. The
incontrovertible favorite in this area is the MAGMASOFT software
package [,

Created by the company MAGMA Giessereitechnologie based in
Aachen, Germany?, the package is continuously developed and
enriched by the company's employees, through the development of
numerous scientific projects with various units of leading German
institutes such as the Foundry Institute in Aachen, Max Planck
Institute, etc. The mathematical models included in the program are
constantly updated, reflecting most of the most important scientific
developments in the field of materials science, whether they are the
subject of doctoral dissertations or scientific publications. Both the
mathematical models are being extended and improved, covering an
ever-wider range of phenomena and processes, as well as the
database, which allows the treatment of an ever-wider range of
materials and alloys, as well as casting methods. It is a well-known
fact that MAGMASOFT has no competition in terms of the built-in

database in the package.

In addition to successfully optimizing the casting technologies,
MAGMASOFT is also successfully used in the research and
formation of new materials and alloys®®*!.

In this work, the capabilities of the latest version of MAGMASOFT
— MAGMAG.1 are illustrated on the example of a casting for the
production of a contact detail for the needs of high-voltage power
transmission networks. The geometry of the casting equipment and
the casting conditions are given in the next section.

2. Casting equipment and conditions

The geometry of heuristically build casting equipment after
rebuilding with the MAGMASOFT’s modeler is presented on Fig.1.

Thermocouple

Pouring
basin

Casting

Control
points

Fig. 1 Casting equipment.
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The working surface of the mold is coated with ,,Wolfraco coating.
It is a graphite-based consistency. It is diluted with water, has good
application and gives smoothness to the surface of the casting.

A thermocouple is mounted inside the casting which sensitive end is
visualized with the control point TC1(Fig.2).

Body of the thermocouple

TC2

Fig.2. Cross section of the casting system. Control points.

The symmetrical point of TC1 with respect to the vertical plane of
symmetry is labeled TC2. "INLET" is the software inlet of the
liquid metal when it filling the mold cavity. Die casting method is
used to simulate the processes of pouring and crystallization. The
process of filling of the casting with molten metal is presented in
next section.

3. Results of the filling process

The following two figures show two consecutive moments of the
process of filling the mold cavity with liquid metal. The
temperature field is color-code represented. The process occurs by
maintaining a full cup.

Temperature
“c

725

Fig.3. Process of filling. t=2.2sec.
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Temperature
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Fig.4. Process of filling. t=3.8sec.

The software offers a "Tracer” tool that allows the trajectories of
individual fluid particles to be traced during the filling. Its
visualization is shown on Fig.5 in a concrete moment of time.
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Fig.5. “Tracer”. t=2.5sec.

4. Results of the solidification

As a result of the simulation of the crystallization process of the
casting, its temperature field was obtained. It is presented at two
characteristic moments in time in Fig. 6 and Fig. 7. The solidifying
phase in the casting is visualized as transparent to highlight the
liquid phase zone.

Temperature
©
636.8

Empty

6368
6267

6166

4953

Fig.6. Temperature field during solidification, t=23.3sec.
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Fig.7. Temperature field during solidification, t=30.7sec

In Fig. 7, a thermal hot spot between the two holes of the part is
clearly visible. This finding is also confirmed by the evolution of

the "Fraction Liquid" criterion, presented in Fig. 8 and Fig. 9.
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This thermal hot spot is also confirmed by the “Hot Spot FS Time”

criterion in Fig.10.
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All these criteria indicate that a mass deficit and a high risk of
porosity should be expected in the outlined area. This is also
confirmed by the "Porosity" criterion shown in Fig. 11 and Fig. 12.

|

Porosity
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Localized porosity is represented by a view from both sides of the
casting. For greater clarity, the free of defect part of the casting is
represented as transparent.

5. Optimization

The analysis of the evolution of the temperature field during the
crystallization indicates that, on the one hand, the filling cup cools
down too early and fails to sufficiently supply the mass deficit in

the casting, and on the other hand, the insert forming the upper

opening crosses the feeding path and contributes to the formation of

the defect.

To eliminate these undesirable effects, the following changes were

made:

e The working surface of the filling cup was treated as being
covered with an insulating coating with high thermal resistance;

e To form the upper opening of the part, a new steel insert was
constructed, the contact surface of which with the casting is
assumed to be covered with the same coating.

The geometry of the new insert is shown in Fig.13.

©

After these changes, the feeding of the casting has already been
significantly improved, flowing consistently from its lower end to
the filling cup without closing thermal nodes. Under these
conditions, crystallization forms a defect-free casting. This is
evidenced by the "Porosity" criterion presented in Fig.14 and
Fig.15.
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6. Thermocouple inertia estimation

Thermocouples used to measure temperatures in metal melts are
built into a protective body /usually a tube made of heat-resistant
material/ for the following reasons:

o they work at high temperatures;

e they work in a chemically highly aggressive environment;

o need for electrical insulation.

Thus constructed, the thermocouple is a body with its own
thermophysical parameters, which exchanges heat with the
environment and forms its own temperature field. The sensitive tip
of the thermocouple measures the temperature at the point of
contact with this temperature field.

Therefore, the measured temperature does not coincide with the
temperature of the point in the medium that we want to measure.

To get an idea of the inertia of the thermocouple used in our case,
we have chosen a second control point in the casting /TC2, Fig.2 /,
which has the same temperature as the first /TC1, Fig.2 / because it
is symmetrical to the vertical plane of symmetry of the casting
equipment. Fig. 16 shows the temperature curves at the control
points.

Temperature Curve

Temperature ['C]
g ]

L2

It is clearly visible that there is a serious difference in the behavior
of the two curves, especially at the beginning of the process, which
means that this effect must be taken into account when interpreting
the data from such measurements.

7. Prediction of structural and mechanical

properties

One of the great advantages of computer simulation is that we can
obtain realistic predictions of the structures and mechanical
properties of the formed details without making laborious and
expensive experimental measurements. Two such prediction results
are presented in Fig. 17 and Fig. 18.
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8. Conclusion
The authors hope that the above is a convincing illustration of the
efficiency and expediency of using modern computer simulation in
the optimization and improvement of foundry technologies. They
are widely used both in the formation of new materials and alloys,
and in the identification of parameters that are difficult to measure

(5]
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Measurement comparison between 3D model of the promotional school windmill shaft and
two different prototypes made on a 3D printer Ender 3 S1 Plus

Vid Bozi¢
Secondary Technical School, 4e Smarska Str., 6000 Koper, Slovenia
Vid.bozicl@gmail.com

Abstract: Parents bought me a 3D printer three years ago. Many products have already been made on it, for friends and even a teacher who
came up with the idea of making a promotional school windmill. A few of our classmates got together to cooperate on this project. Our task
was to follow the demanding construction process, from planning to concepts, detailing, planning and production of technical
documentation. In this article, 1 would like to present my work and the knowledge | have acquired through a school project: from
conceptualization in the SolidWorks, to the production of a prototype on an Ender 3 S1 Plus machine. The 3D printer will produce the
component with two different additive thermoplastic materials, PLA and PETG. If there is any significant difference in the accuracy of
manufacturing the component with different materials will be shown by measuring on the Atos Q scanner.

Keywords: RAPID PROTOTYPING, ENDER 3 S1 PLUS, THERMPLASTICS, ATOS Q MEASUREMENT

1. Introduction

The first step for faster product development was computer-
aided design (CAD) software system that makes engineers more
productive. The product CAD data was so effective, that the system
was expanded throughout the enterprise connecting everyone
involved in designing and building products. Design review
meetings and communication are critical to the success of any
product development project.

For design engineering, rapid prototyping is a most powerful
tool for conceptualization, form and fit review, functional analysis,
and pattern generation. These applications are also relevant to the
manufacturing process. Prototypes are often used to answer two
types of questions: "Will it work?" and "How well does it meet
the customer needs?" When used to answer such questions,
prototypes serve as learning tools.

Result of two different rapid prototyping techniques is shown in  Fig. 2 Sketch of our final concept, made on a school blackboard.
Fig. 1.

Each of us students in the group took charge of one component
of the assembled windmill. Each of us had to make a 3D model of
the component in the SolidWorks program, draw a workshop
drawing of the component and make a prototype. My mentor
assigned me to make the component — the windmill shaft.

The Solidworks software we learned to use in our Technical
school. SolidWorks is a software for solid modeling computer-aided
design (CAD), computer-aided engineering (CAE). The complete
software includes also tools for analyses and simulations, such as
Finite Element Analysis, which supports modeling, design, and
collaborative work. Figure 3 shows a 3D model of the shaft.

Fig. 1 Result of Rapid Prototyping for learning and communication purpose.
Exhaust and foot holder BMW motorcycle component made with DMLS (left
side) and with CNC rapid prototyping technology (right side od Fig.) [1]

2. From idea to modeling of windmill components

One way to think about the development process is as the
initial creation of a wide set of alternative product concepts and
then the subsequent narrowing of alternatives and increasing
specification of the product until the product can be reliably and
repeatably produced by the production system.

The conceptual design phase includes the definition of the
product architecture and the decomposition of the product into
subsystems and components. The final assembly scheme for the
production system is usually defined during this phase as well. The
output of this phase usually includes a geometric layout of the
product, a functional specification of each of the product's
subsystems, and a preliminary process flow diagram for the final
assembly process.

We all have ideas. And so, in our class, with the support of our  £jg 3 3p model of windmill shaft in SolidWorks program..
teacher-mentor, we set ourselves a development challenge: to make
a prototype of a windmill that would serve to promote the school.

First, a concept was created, based on the sketch presented in Figure The_SoIldWorks user basg ranges fm”? individuals to Ia.rge
2. corporations and covers a wide cross-section of manufacturing

market segments. Its core industries include industrial equipment,
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high-tech, life sciences, home and lifestyle, architecture,
engineering, and construction. Figure 4 shows a drawing of the
shaft.
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Fig. 4: Technical drawing of windmill shaft.

Rapid prototyping and 3D printer: Ender-3 S1 Plus

The next stage was the production of the shaft using rapid
prototyping technology. If you own a 3D printer, software matters.
That is why Cura is an open source slicing application for 3D
printers. It was created by David Braam who was later employed by
Ultimaker, a 3D printer manufacturing company, to maintain the
software.

Ultimaker Cura is used by over one million users worldwide
and handles 1.4 million print jobs per week. It is the preferred 3D
printing software for Ultimaker 3D printers, but it can be used with
other printers as well. It works by slicing the user’s model file into
layers and generating a printer-specific g-code. Once finished, the
g-code can be sent to the printer for the manufacture of the physical
object. The open source software, compatible with most desktop 3D
printers, can work with files in the most common 3D formats such
as STL, OBJ, X3D, 3MF.

Fig. 5: 3D model in Ultimaker Cura program.

The Ender-3 S1 Plus resembles any number of open-frame 3D
printers, including close to a dozen in Creality's Ender-3 stable
alone. The printer is made up of a handful of essential parts. The

base, measuring about 33 by 38 by 5 centimeters, houses the
printer's electronics, power supply, and ports (a USB-C port and an
SD card slot).

The mentioned printer is suitable for beginners who are still
learning about the 3D printing process. This is my first 3D printer,
and while it's very easy to set up and start printing, it does take
some time and research for the user to get the hang of it. Most prints
took anywhere from 1 to 5 hours or even more depending on the
size and level of quality detail.

Fig. 6: My first 3D printer.

Basic printer Ender-3 S1 Plus specifications:
Print size: 300 x 300 x 300 mm
Print speed: 100 mm/s
Filament: 1.75 mm PLA, PETG
Working mode: online or SD offline
File format: STL, OBJ, G-code
Net Weight: 6.7 kg
Layer Thickness: 0.1-0.4 mm
Nozzle Diameter: 0.4 mm
Printing accuracy: + 0.1 mm
Nozzle temperature: 255 °C
Heater temperature: 110 °C

The printer, as | mentioned, works with a process called fused
deposition modeling (FDM). It works as follows:

e Filament: The printing material is available in spools of thin
plastic filament, similar to a thick string.

e Heating and Extruding: The printer heats the filament until it
melts. The molten plastic is then extruded through a nozzle.

o Layer by layer: The nozzle moves precisely, depositing layer by
layer onto the build platform, slowly building a 3D object.

Filament PLA and PETG

Many materials are used as filament on 3D printer machines. |
decided to compare two different materials: PLA and PETG.

Thermoplastic polymers such as PLA (polylactide), PETG
(glycol-modified polyethylene terephthalate) and other types of
plastics are usually obtained from natural sources such as corn,
sugar cane, potatoes or petroleum, depending on the base material
component. PLA is the most widely used plastic filament material
in FDM 3D printing due to its low melting point, high strength, low
thermal expansion and good layer adhesion, although it has poor
heat resistance unless annealed.

PETG delivers significant chemical resistance, durability, and
formability for manufacturing. PETG has good strength and
durability, as well as being more impact resistant and better suited
to higher temperatures. It is also widely used in 3D printing since
the glycol prevents the problems such as overheating and becoming
cloudy and fragile. With good adhesion between layers, minimal
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deformation during printing, good resistance in low temperature
environments, chemical resistance against bases and acids, PETG is
becoming the favored material for 3D printing.

I got the best visual results from both PLA and PETG
prototypes after a week of testing, varying the printing parameters.
The best PLA prototype was made with the following parameters:

Print nozzle temperature: 200 °C

I used this temperature for final PLA prototype. This
temperature enables optimal melting of the material, as it is the
highest limit that still ensures good adhesion and prevents problems
such as clogging of the nozzle and uneven extrusion of the material.

Printing substrate temperature: 70 °C

This temperature is recommended for materials such as PLA
due to the good adhesion of the first layer. The stability of the first
layer is critical to a successful print finish, as irregularities in the
initial layers can cause problems throughout the process.

Print speed: 50 mm/s

Reducing speed did increase the print time, but | expected the
quality of the final product to be much better, as printing slower
reduces defects such as uneven surfaces, excessive layer overlap or
edge irregularities.

Speed of filling (Infill): 50 mm/s

This speed was chosen as a compromise between the printing
speed of the inner layers and the quality of the structure.

External wall printing speed: 25 mm/s

To print the outer walls, | reduced the speed too, as | assumed
that this would improve the quality of the outer surfaces and
increase the smoothness of the edges.

Extruder movement speed: 100 mm/s

I significantly reduced the speed of the extruder movement to
100 mm/s as | assumed this would improve the quality of the
model.

Response time: 20 mm/s

For the response time, | reduced the value to 20 mm/s to
increase the accuracy when applying the material, especially during
fast movements of the print head.

The best PETG prototype was made with the following
parameters:

Print nozzle temperature: 235 °C
Printing substrate temperature: 85 °C
Print speed: 50 mm/s

Speed of filling (Infill): 50 mm/s
External wall printing speed: 25 mm/s
Extruder movement speed: 100 mm/s
Response time: 20 mm/s

Measurement of two prototypes and comparison with 3D
model

The company Merilna tehnika s.p. has its laboratory in Unec,
close to Postojna. The director of the company is Mr. Samo Strle.
Samo has many years of experience in the field of measurement and
quality. He just had some time to show me the measuring
instruments and machines that he has in his premises. | learned a lot
about contourograph, roughness meter, altimeter, optical meter and
two 3D measuring machines: Zeiss and Dea.

We decided to measure both prototypes and compare them with
the 3D model on the ATOS Q 3D scanner. ATOS Q is an industrial
3D scanner that can be used in a variety of applications due to its
wide range of measuring areas. In addition to incorporating many of
the features of our high-end automated systems, ATOS Q's
lightweight design makes it easy to transport from one location to
another, providing users with added convenience and flexibility.
One of the major advantages is that with ATOS, the entire part’s
surface is captured. ATOS blue light 3D scanners help alleviate this
challenge by picking up every visible area. This results in incredibly
detailed, accurate data full of millions of XYZ points that create a
geometric part in minutes.

These scanners register the surface information of an object
with the help of reflected light from its surface. 3D scanning spray
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is an evaporating solution that works to matt out reflective and
transparent surfaces. With a dedicated spray, we prepared both
prototypes for measurement, to ensures much more efficient 3D
scanning and complete scan results. Nejc, an employee of company,
introduced me to the machine and measurement with ATOS Q.
Figure 7 shows the measurement process - scanning the PLA
prototype and blue light for high-quality measurement capture.

COa W

x‘«vw Nz ‘

Fig. 7: Measurement of PLA prototype with ATOS Q [2].

GOM Inspect is the comprehensive, user-centric 3D metrology
software that tackles every challenge. It has one user interface that
handles the entire workflow, which covers complex inspection tasks
in different applications. With GOM [3] inspect software we can
easily visualize surface inspections and generate reports of
measuring results.

Figure 8 presents the results of measurements of the PLA
prototype relative to the 3D model. A color gradient towards dark
blue means a deviation of the prototype measurement relative to the
3D model in a negative direction, while a color gradient towards
dark red means a deviation of the prototype measurement relative to
the 3D model in a positive direction.
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Fig. 8: Results of measurement of PLA prototype with GOM software.

The measurements surprised me greatly, as the results of the
PLA prototype are extremely good: the largest deviation from the
3D model was at the shaft end: - 0.270 mm and in the upper hole: +
0.218 mm.

Figure 9 presents the results of measurements of the PETG
prototype relative to the 3D model.
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Fig. 9: Results of measurement of PETG prototype with GOM software.
A slightly larger deviation from the 3D model was measured in

the PETG prototype. The largest deviation from the 3D model was
at the shaft end: - 0.325 mm and in the upper hole: + 0.310 mm.
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A comparison between the two prototypes is shown in the
figure 10. The difference between them is greatest on the underside
of the shaft and ranges from -0405 mm to + 0.223

mm.
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Fig. 10: Comparison results of measurement of PLA and PETG prototype.

Conclusions

Our project team is almost at the end of its concept. We have to
combine, assemble all the prototype components into the final
assembly and test our first windmill prototype on the planned
object. 1 am satisfied with my work, acquired knowledge and
experience. | used my previous knowledge in the field of 3D
modeling and rapid prototyping technology. The results after
measuring the two first prototypes surprised me. | expected greater
deviations from the 3D model. We can achieve good results with a
relatively cheap printer. The results of the prototypes could possibly
be further improved by optimizing the settings of the machine's 3D
printer. However, this task should wait for me, if the team agree on
making a real functional prototype.
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Abstract: FEM Simulation is widely used in engineering practice. The use in small and medium-sized companies is partially limited due to
the high workload and the time required for the simulation calculations. In recent years, the use of Artificial Intelligence (Al) has been
increasingly adopted, emerging as an exciting and promising area of research. This article presents a methodology for the implementation of
artificial intelligence in the simulation process of a part and an assembly. This methodology includes phases to integrate Al into the CAD
model preparation process, as well as the definition of contact conditions, fixtured reactions, and external forces. Artificial intelligence can
process a large volume of previous calculations, allowing it to analyse and automate these preparation steps AND thus increase the

accuracy of simulations.
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1. Introduction

Artificial intelligence (Al) has penetrated many areas of industry
and society. It has recently become increasingly clear that without
artificial intelligence, companies will find it relatively difficult to
manufacture competitively in the future.

Machine learning is a branch of artificial intelligence (Al) that
enables computers to learn from experience and recognize patterns in
data without being explicitly programmed. Algorithms and statistical
models are used to analyze data, identify patterns and make
predictions or decisions. There are different types of machine learning,
with two of the most prominent approaches being supervised learning
and unsupervised learning.

The Finite Element Analysis (FEA) is used to predict forces,
deformations, and stresses in engineering systems. To achieve this,
designs are first created in CAD. This model is then meshed, material
properties are assigned, and the acting forces are applied. The decision
regarding the model's level of detail and meshing (idealization) must
be purpose-driven, as such calculations typically take several days to
complete. Computation time increases exponentially with the level of
detail and mesh density. If the level of detail is too coarse, no
conclusions or incorrect conclusions can be drawn from the analysis
results. Conversely, if the level of detail is too fine, the efficiency of
the analysis decreases.

Small and medium-sized enterprises (SMEs) make up 99% of all
companies in the EU [1]. With the help of various action programs,
the competitiveness of SMEs is to be promoted through research and
development and access to funding is to be simplified for the relevant
companies. The strategies for improving conditions for SMEs also
take digitalization into account. In addition, new considerations for the
use of Al for process optimization have been initiated.

Artificial intelligence in design offers enormous potential in
mechanical engineering to drive productivity, quality and innovation.
By integrating Al technologies, companies can create more efficient
production processes that meet today's dynamic market conditions.
Nevertheless, there are also challenges to overcome, particularly with
regard to data security, system integration and the shortage of skilled
workers. Close collaboration between researchers, engineers,
manufacturers and regulators is crucial to fully realize the benefits of
artificial intelligence in mechanical engineering. [1].

Al has a special application in small and medium-sized
companies, where there are many customers with individual needs.
These customer needs can be optimized with Al-based programs.
While conventional CAD systems are often geared towards general
standards, Al-supported systems can be customized to automatically
take specific requirements into account.

By solving the task, the employees can be strongly supported, as
the modelling and idealization decisions require a lot of know-how
and are made by approximation. This also results in the benefit of an
accelerated development process.
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2. Phases of the implementation of artificial
intelligence

To perfect the specific application of Al in mechanical
engineering, certain steps must be taken. First, it is important to
identify areas in the production process where the use of artificial
intelligence makes sense. However, it is important to evaluate the
potential benefits and associated challenges of each application. The
possible advantages, such as improved product quality, reduced
downtime or increased efficiency, should be considered.

The customer is the one who can best define the current situation
and the desired improvements in the work process. On this basis, Al
specialists can make suggestions for achieving the customer's goals
by making the best use of the possibilities offered by artificial
intelligence. This collaboration ensures that the implemented solution
is not only functional but also meets the specific needs and
requirements of the company.

The introduction of artificial intelligence in a company takes
place in certain phases. These include the initial analysis of processes
to determine where Al can best be implemented. They also include
the collection of the data required to train the system and finally the
actual implementation of artificial intelligence. Diagram 1 defines the
sequence and key phases of Al implementation.

» Define tasks What data is Developmen ]
Definition that the used to train tand esting :
of goal system AT training of Validation
o oL the models

perform

Diagram 1 Phases of the implementation of artificial intelligence

The process begins with an analysis of the situation in the
company and the definition of focal points in the work process. These
form the goals that we want to achieve with the implementation of
artificial intelligence. It is important to evaluate the potential benefits
and associated challenges of each application. Particular attention is
paid to the following benefits: improved product quality, reduced
downtime or increased efficiency.

When implementing artificial intelligence in a process, it is
important to clearly define the specific tasks that the system will
perform. This ensures that the development is specifically geared
towards achieving the set goal.

Before formulating specific tasks, it is necessary to analyze the
current workflows. This includes mapping the workflows and
identifying key stages; determining manual and repetitive actions that
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can be automated; analyzing weak points and frequent errors that can
be eliminated with Al; examining complex processes that require
analysis of large data volumes. Once the processes have been
analyzed, specific tasks that the system needs to perform can be
formulated.

The appropriate system is selected on the basis of these tasks.
The decision is whether to use a system that merely automates the
processes through a defined algorithm or whether to apply artificial
intelligence where the system is able to make decisions on its own
Once specific requirements of the application are defined, suitable
Al models or solutions should be developed or acquired, The
selection of the right Al models is crucial to achieve optimal results.

Machine learning is a branch of artificial intelligence that
enables computers to learn from experience and recognize patterns
in data without being explicitly programmed. Algorithms and
statistical models are used to analyze data, identify patterns and
make predictions or decisions.

The implementation of artificial intelligence is possible if data
and information are available that provide the necessary basis for
evaluating the process that is to be optimized. This data forms the
basis for analysis and processing in order to obtain meaningful
information. If artificial intelligence is to be used in mechanical
engineering, it is important to prepare the data in such a way that it is
suitable for analysis.

Obtaining the data required for artificial intelligence and
processing it are the next phases in the implementation process of
artificial intelligence. When collecting data, it is crucial to cover all
possible cases of the situation under investigation. The quality of
the data used to train a model determines the accuracy of its
performance.

The use of artificial intelligence requires access to large
amounts of data in order to train meaningful models and make
accurate predictions. Companies must ensure that their data is
adequately protected during collection, storage and processing.

The final phase is related to the development and training of
artificial intelligence models. This is a process in which algorithms
are created and trained to perform tasks related to data processing,
decision-making, or pattern recognition. The main goal is to build
intelligent systems that can "learn" from data and perform specific
tasks in a manner similar to human intelligence.

3. Methodology in FEM Analyses and defining the
goal we want to solve with Al

In modern digital design, the process begins with the creation of a
CAD model in a CAD system, which represents a precise and detailed
three-dimensional digital model of the structure. Subsequently, an
FEM (Finite Element Method) analysis is performed using a CAE
(Computer-Aided Engineering) system, which is an important step in
verifying the structure under various loads.

During the design and development of machines and components,
a strength analysis is carried out to determine stresses and
deformations. This makes it possible to check whether the developed
design can withstand the loads to which it will be subjected and how it
will behave under different load conditions. These calculations and
analyses are of crucial importance for the safety, efficiency and
durability of the respective mechanisms and components.

FEM simulation can also be used to analyze structures that are
not clearly defined. This simulation is considerably faster compared to
conventional methods for calculating loads. Therefore, companies that
design various components and systems are recommended to integrate
such software into their work. Depending on the scope of the analysis,
the simulation can be divided into two main categories:

«  Simulation for strength analysis of a component / part and,

«  Simulation for strength analysis of an assembly.
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This classification enables more precise planning and application of
the appropriate analysis methods, depending on the specific
engineering problem.

FEM simulation uses a part or assembly created in a CAD system.
In order to proceed with the simulation, preparation of the model and
the assembled unit is required. This preparation can be roughly divided
into two parts:

Geometric refinement of the model including
simplification and optimization of the geometry, removal of
insignificant elements, and adding additional/auxiliary
elements.

The definition of contact conditions fixtured reactions, and
external forces necessary for calculating stress and
deformations.

This preparatory work requires considerable experience and
knowledge as it determines the accuracy and efficiency of the
subsequent calculations. The experience is based on information from
previous calculations as well as knowledge from disciplines such as
material strength. In addition, the experience of a long-time employee
with practical knowledge of the behavior of components and
assemblies can be extremely valuable in defining the boundary
conditions correctly.

The use of artificial intelligence in this process makes sense for
two main reasons:

- Al can process a large volume of previous calculations and
determine the most efficient method for model preparation.

- Based on the collected information, Al can automate the
refining of the CAD model, as well as the definition of
fixtured reactions, contact conditions, and external loads.

The goal being pursued is the introduction of Al to support the
process of preparing the CAD model and defining the support
reactions, reactive connections and forces. The implementation of
artificial intelligence in this process would lead to a significant
reduction in preparation time and an increase in the accuracy of the
simulations.

4. Definition of tasks that Al must solve in the CAD
model refining process and the process of defining
contact conditions and fixtured reactions

This section examines the process of preparing CAD models and
assembly, as well as the preparatory actions the author has encountered
throughout their long-standing practice. Based on this, the tasks that
can be solved with the help of artificial intelligence are defined.

It is shown how the integration of Al in simulation of parts and
assembly facilitates and optimizes the corresponding operations. The
introduction of Al allows the automation of repetitive tasks, reducing
preparation time and increasing the accuracy of results, which
significantly improves the efficiency of the entire FEM simulation
process.

The analysis of operations makes it possible to identify the
specific actions carried out at each stage. Based on this, the tasks that
artificial intelligence must perform are formulated. Additionally, the
ways in which Al implementation can facilitate the respective
operations will be presented.

4.1. Definition of tasks that Al must solve in the
Part Simulation

Refining the CAD model before initiating the FEM simulation is a
crucial step in ensuring both the accuracy and efficiency of the
calculations. This process involves simplifying geometry by removing
elements that do not significantly impact the simulation results, such as
small geometric features or structural details that are not subjected to
considerable loads.
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In metal-cutting machines, the body is often a welded structure
with ribs Fig.1. For FEM simulation, this welded construction needs
to be transformed into a unified model, known as "verschmolzen".
This process requires a significant amount of time and expertise to
correctly merge the individual elements. The author sees advantages
in implementing Al, which, based on previous simulation results, can
automatically recognize and connect the elements, thereby saving time
and improving efficiency.

Mit Rippen g F G H

Fig. 1 Machine stand in welding construction. [6].

Often it is necessary to define auxiliary planes in the CAD model
to be used in setting the support reactions and reactive forces by
simulations. Such an example is presented in Figure 2, where a force
does not act uniformly on the whole surface of the workpiece, but is
applied only in a certain area. By defining auxiliary planes, we define
the area of influence of the force.

Fig. 2: Auxiliary planes used to define the force in FEM simulation.

The FEM analysis of the component begins with defining the
fixtured reactions and the loads acting on the component. Their correct
determination in the FEM simulation software is the result of the
designer's many years of experience. To apply a load to a model, it
must be fixed on one side. This is done by selecting various options on
the Constraints menu. Figure 3 provides an example of defining the
support reaction for a beam.

Fig. 3 Definition of External Loads and Fixtured

The mesh divides the component into small (finite) elements and
forms the basis for the subsequent calculation process. The smaller the
element size is selected, the denser the mesh becomes and the smaller
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the deviation from the actual strength value usually is. However, an
increasingly finer mesh means greater computational effort. An
incorrect mesh definition can lead to inaccurate results. Common
errors include: elements that are too large, incorrect geometry, poorly
defined transitions between zones and inconsistencies in the mesh at
contact surfaces.

Table 1 presents the tasks involved in implementing Al for
preparing the CAD model of a part for simulation. For each task, the
advantages of using artificial intelligence are outlined.

Task Description Advantages of Al
Refining the | Removal of | Automatic identification
CAD unnecessary elements [and removal of Small
geometry (small holes, fillets, | Elements That Do Not

and chamfers) Affect the Simulation
Definition of | definition of contact | automatic creation
external conditions,  fixtured | boundary conditions
loads and | reactions, and external | based  on  previous
fixtured forces for the | experience
calculation of stresses
and deformations.
Defining defining material | recommend material
Materials properties based on  previous
experience
Creation  of | defining auxiliary | automatic creation of
auxiliary planes to  support | auxiliary planes
planes reactions and reactive
forces
Creating subdividing the model | optimization of mesh
mesh for |into small pieces -|quality and size to
FEM meshing achieve a  balance
Analysis between accuracy and
efficiency in meshing

Table 1: Tasks for Refining the CAD model for FEM Simulation

4.2. Definition of Tasks that Al Must Solve in the
Assembly Simulation

When simulating an assembled unit, contact conditions are set to
determine the influence of the individual elements relative to each
other. These contact conditions replace the forces and reactions with
which the bodies interact. The choice of these conditions is a design
decision based on previous experience and knowledge of theoretical
mechanics Fig.4.

Dicke der Schalen wird berdckichtigt

v

Keine Penetration v
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[F] [Fache<2>@Ktemmhenel-1 |}
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Fig. 4 Defining Contact Conditions in Assembly Simulation [7].
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The fastening elements in an assembly can be defined through
contact conditions or replaced with simplified models. When using the
second approach, we reduce the computational time of the simulation.
First, we need to remove the fastening elements from the assembled
unit in the CAD system, and then, in the simulation software,
introduce simplified models. These are routine tasks that usually take
a lot of technological time, and defining the simplified models
requires a competent thought process from the operator. Therefore, the
introduction of artificial intelligence is appropriate to assist in this
process.

Al can automate the removal of fastening elements in CAD
models and generate simplified models for simulations, thus saving
time and reducing the complexity of the task. Al could also assist in
determining the best approximation for simplified models based on the
specific characteristics of the assembly, further optimizing the
process. Fig.5

Fig. 5 Definition of Fastening Elements by Connectors (Bolts) in FEM
Simulation

Table 2 presents the tasks involved in implementing Al for
preparing the CAD assembly for simulation. For each task, the
advantages of using artificial intelligence are outlined.

Ne Tasks Description
- In FEM analysis, bolts can be replaced with
Definition of| . ..
1 |fastening snmpln‘lgd models, such as Bolt (bplt
connection) or Check Interaction (interaction
elements
check).
Defining of|Determination of contact areas between
2 |component components, including type of contact
contact (“frictional”, "bonded" or "free").

An incorrect mesh can lead to inaccurate
results. optimization of mesh quality and
size to achieve a balance between accuracy
and efficiency in meshing

3 |Defining of mesh

Ensures that simulations or further analysis
are accurate since interference could affect
the results.

Interference
Detection

Table 2: Tasks for Refining the assembly for FEM Simulation

5. Data and information needed for training Al by
FEM Simulation

The implementation of artificial intelligence in an organization
requires careful data management, as this is the basis for its efficient
functioning. With Al, the focus is on creating algorithms and models
that enable computers to learn from data. Instead of being explicitly
programmed for each task, the algorithms are trained through
examples and experience, allowing them to improve over time.

The first step in data collection and integration is to identify
relevant data sources and merge them. For FEM simulations, the
classic approach involves an expert performing the analysis based on
their experience, using manuals, technical literature and standards
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such as DIN. This process requires considerable effort and time, which
limits the possibilities for faster and more scalable implementation of
artificial intelligence solutions.

In order for artificial intelligence to utilize the same knowledge
available in specialized literature, a second system — the autoencoder —
is introduced during training. An autoencoder is a type of artificial
neural network used for unsupervised learning. It compresses the input
data into a latent-space representation and then reconstructs the output,
allowing the system to learn patterns and features from the data.

Training artificial intelligence to simulate deformations requires
numerous results from simulations of components and assemblies that
have already been carried out and are specific to the components used
in a company. However, companies often do not have enough digitized
data. The digitization of data and information from previous
simulations is therefore of great importance for the introduction of Al.
For Al models to be accurate and reliable, the data must be consistent,
well-organized and of high quality. The standardization of data formats
and structures is crucial to avoid errors during processing.

6. Conclusiones

The problem presented in the report aims to significantly expand
the scope and efficiency of artificial intelligence. The proposed
analysis and approach can be used to tackle a wide range of tasks and
develop a fully functional model. The results can be systematized as
follows:

1. A systematic methodology for the implementation of
artificial intelligence in the simulation process has been
proposed.

An analysis of the preliminary refinement of the model and
the assembled unit before FEM simulation has been
conducted, highlighting the challenges where the author
identifies advantages in the implementation of Al.

3. Definition of tasks that Al must solve in the CAD Part
refining process and the process of defining contact
conditions and fixtured reactions.

Definition of tasks that Al must solve in the CAD Assembly
refining process and the process of defining contact
conditions and fixtured reactions.

5. The article proposes a concept for collecting data necessary
to train an Al system capable of preparing the model for
simulation.
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The influence of vibrations on the friction of removable electrical connectors during
operation, and the causes of malfunctions in electrical contacts
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Abstract: This paper discusses contact interaction under mechanical stress and how vibrations change the physical properties of conductor
materials, which affects their ability to provide reliable contact. It also analyzes the causes of contact failures, which allows us to better
understand the mechanisms that lead to problems in the operation of electrical connectors. These factors can lead to serious consequences,
including breakage and reduced reliability of connectors, and also considers the possibilities of improving the characteristics of electrical
contacts at the stage of their creation, using various technologies for applying and creating an approximately ideal molecular structure of
the contact surface of detachable electrical connectors, with an increase in the surface layer of the contact and a decrease in the coefficient

of friction.
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Introduction

Modern electrical connectors play a key role in ensuring
the reliability and efficiency of electrical and electronic systems,
finding application in the automotive industry, aviation,
telecommunications and consumer electronics. Detachable electrical
connectors, in particular, allow for quick connection and
disconnection of electrical circuits, which makes them
indispensable in conditions of frequent replacement or maintenance
of equipment. However, there are many factors that negatively
affect their performance and durability, including vibrations that
occur during operation. The relevance of this study is due to the fact
that vibration effects can cause serious problems, such as
deterioration of contact interaction, increased resistance,
overheating and failure of connectors. Under conditions of constant
mechanical impacts, it is important to understand how vibrations
affect friction in detachable electrical connectors and what measures
can be taken to minimize the associated risks. The article analyzes
the effect of vibrations on the friction of connected contacts,
identifies various types of vibrations and their sources that affect the
quality of an electrical connection. Contact interaction under
mechanical stress and how vibrations change the physical properties
of conductor materials, which affects their ability to provide reliable
contact, are considered. An analysis of the causes of contact failures
was also carried out, which allows for a better understanding of the
mechanisms that lead to problems in the operation of electrical
connectors.

Results and discussion

Analysis of the Effect of Vibration on Friction of
Connected Contacts . Vibrations that occur during the operation of
electrical and electronic systems significantly affect the condition
and reliability of removable electrical connectors. These mechanical
vibrations can be caused by the operation of engines or external
conditions, for example, in vehicles and industry. Understanding the
effect of vibrations on friction in connected contacts is critical to
ensuring their reliability and durability. Contact interaction in
connectors is based on microscopic irregularities in the surfaces of
the materials from which the electrodes are made. When connected,
the contacts deform, increasing the contact area and reducing
electrical resistance. However, vibrations can change the
mechanical characteristics of connectors, causing microcracks on
the contact surfaces, which leads to increased friction and changes
in pressure distribution. At high vibration levels, a change in the
contact structure occurs [ 1 ] . Vibrations can loosen connected
elements, increasing wear and aging of materials, which makes the
interaction between the contacts less predictable and can lead to a
loss of sealing of the connection. Contaminants from mechanical
impacts also reduce conductivity, and their accumulation under the
influence of vibration aggravates the situation, creating difficulties
in establishing stable contact. The durability of connectors can be
affected by resonance phenomena that occur at certain vibration
frequencies. If the vibration frequency coincides with the natural
frequencies of the system, this can lead to significant vibrations in
the connectors, causing additional energy that contributes to the
formation of microscopic cracks and other damage.
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Types of vibrations and their sources . Vibrations
caused by mechanical influences can be classified into several
types, each with its own sources and level of impact on electrical
connectors. Understanding these types of vibrations, their
amplitude, frequency and nature of impact is important for
assessing the behavior and durability of connections in electrical
systems. The first type is periodic vibrations caused by the
operation of rotating machines such as generators, motors and
compressors[ 2]. These vibrations have a fixed frequency
corresponding to the rotation speed of mechanical units and can be
transmitted through the structures on which the devices are
installed. Periodic vibrations can cause resonance effects that
amplify the vibrations and increase the loads on electrical
connectors. The second type is random vibrations caused by various
external factors such as impacts, jolts or atmospheric phenomena
such as strong wind. These vibrations are characterized by
amplitude and frequency that vary over time, making them unstable
and difficult to predict. This increases the likelihood of damage to
electrical contacts due to random loads. The third type is impact
vibrations, caused by sudden dynamic impacts that are usually short
in duration but high in intensity. Examples include equipment
falling or sudden stops and starts of machines. Impact vibrations
can cause instantaneous deformations in conductor and connector
materials, which can lead to serious damage and reduced reliability
of connections.

Contact interaction under mechanical stress . When
using pluggable electrical connectors, it is important to consider the
mechanical effects of vibrations on contacts, which may be caused
by motors, adjacent machinery, vehicles or natural phenomena.
These vibrations can degrade the interaction between contacts and
reduce the reliability of the connections. Vibrations affect the
mechanical properties of materials, causing temporary changes in
the shape and parameters of contacts. Depending on the structure of
the materials, this can lead to compaction or wear, which reduces
the pressure on the contact surfaces and, therefore, the effectiveness
of the connection [ 3]. Cyclic loads can also cause material fatigue
and the formation of microcracks, which degrade the quality of
contact and create risks for the reliability of the connection. These
changes can affect both the surface and the internal layers of the
material. In addition, vibrations can displace contacts, changing
their position and reducing the effectiveness of the connection.
Insufficient contact can lead to intermittent current, overheating and
deterioration of the electrical properties. It is important to consider
all these factors to ensure the reliability of electrical connectors.

Physical properties of conductor materials . Conductor
materials have unique physical properties that affect their behavior
under mechanical influences such as vibration. Key characteristics
are electrical conductivity, mechanical strength, and corrosion
resistance, which are important for understanding the effects of
vibration loads on electrical connectors. The electrical conductivity
of copper and aluminum depends on their atomic structure and free
electron density. Vibrations can cause oscillations that lead to shifts
in the crystal lattice and deterioration of contact characteristics. At
high frequencies, fatigue cracks are possible, which reduces the
reliability of connections [ 4]. Mechanical strength is also critical,
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since vibration loads can cause deformations and accumulation of
fatigue damage, which leads to a decrease in the strength of
connectors and their failure. Low strength can contribute to
micropressures and open pathways for corrosion. Corrosion
resistance is important for the durability of connections, especially
in aggressive environments where vibrations can aggravate
corrosion processes. Taking all these factors into account is
necessary to ensure the reliability of electrical connectors under
mechanical influences.

Contact Failure Root Analysis . Vibration-induced
electrical contact failures are a complex issue affecting the design,
operation, and monitoring of removable electrical connectors.
Understanding the causes of such failures requires consideration of
many factors, including the mechanical properties of materials, the
nature of the contact interaction, and the types of vibration. One of
the main causes of failures is insufficient mechanical strength of
connector materials. Vibration loads can cause uneven stress
distribution, leading to fatigue failure. Different vibration
frequencies can cause different vibration amplitudes, which changes
the properties of materials and can lead to cracks or wear if
permissible stress limits are exceeded[ 5]. The nature of the contact
interaction between conductors is also important. Parameters such
as the amount of pressure, the geometry of the contact surfaces, and
the presence of contaminants affect the possibility of failure. Under
constant vibration conditions, the contact may oscillate, which
changes its quality. Incorrect angle of inclination, insufficient
rigidity of the structure or inadequate clamping can lead to
divergence of connections, increased resistance and overheating of
contacts. The condition of the contact surfaces is also critical. Oxide
and other coatings can form on electrical contacts, affecting their
characteristics. Mechanical loads during vibration can cause a
flickering contact, which hinders the transmission of electric current
and leads to additional losses.

Methods for Minimizing Operational Risks . Effective
risk management for removable electrical connectors requires an
integrated approach to minimizing the impact of vibration on
friction and contact reliability. It is important to consider many
factors during the design, installation, and operation stages. The
first step in reducing risks is careful selection of materials. Using
conductors with high mechanical and electrical properties, such as
alloys with high compressive strength and wear resistance, can
reduce the likelihood of failure. The friction coefficients of different
materials should also be taken into account to optimize contacting[
6]. The manufacturing processes of connectors are also important.
Controlling tolerances and surface roughness of contacts during
production can significantly affect the amount of friction. Laser
processing and special coatings can improve material compatibility
and increase the service life of connectors. Also, the use of galvanic
methods of applying and processing electrical contacts is usually
the most effective and durable, with the least likelihood of failure of
contact connectors along with other methods of processing and
creating electrical contacts. Installation and operation must take into
account possible mechanical effects. The location of connectors,
vibration of surrounding equipment, and the level of attachment are
critical. Engineers must design wiring diagrams that ensure secure
attachment and reduce connector movement. Dynamic testing to
standards can help identify vulnerabilities at the design stage.
Regular maintenance also plays an important role in preventing
failures. Connector condition checks can help identify and resolve
problems before they occur.

Prospects for Research in Connector Reliability .
Prospects for research in connector reliability open up new
opportunities for improving technologies and increasing the
efficiency of electrical systems. The relevance of the topic is due to
the growing requirements for the reliability and durability of
connectors under harsh operating conditions, where vibrations and
mechanical loads can significantly affect their performance. One of
the areas of research is an in-depth understanding of the processes
occurring in contacts under the influence of vibrations. Current
research shows that vibrations cause dynamic changes in contact
zones, which affects normal and friction contact forces. To create
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more accurate models predicting the behavior of connectors under
various conditions, it is necessary to combine theoretical and
experimental approaches [ 7]. Studying the interaction of materials
from which electrical connectors are made is also important for
improving reliability. The development of new alloys with
improved physical and chemical properties can reduce the
likelihood of oxidation and destruction of contact surfaces. The use
of modern technologies, galvanic treatment of special coatings,
allows us to create connectors that are more resistant to mechanical
wear and vibration. Implementing active monitoring of the
condition of connections during operation can significantly improve
their behavior. Using sensors to monitor vibration and temperature
allows early detection of potential faults and the implementation of
the concept of predictive maintenance, which increases reliability
and reduces replacement costs. Attention should also be paid to the
study of model figures on which the mechanical characteristics of
connectors are based. Modern numerical modeling methods can
help in this process, providing a deeper understanding of the
behavior of connectors under various operating conditions.

Conclusion

The study found that vibration effects from the operation
of various mechanisms and equipment significantly affect the
contact interaction in electrical connectors. These effects can
change the friction coefficient, which worsens the quality of
electrical contact and can lead to malfunctions. Vibrations can be
both periodic and random, with varying intensity depending on the
operating conditions. Contact interaction under mechanical stress
was also analyzed in detail. The initial contact pressure and the
mass of the moving parts play a key role in the reliability of
connectors. Insufficient pressure can cause microcracks and
increase contact resistance, which leads to overheating and other
problems. Uneven achievement of the working pressure can
negatively affect the durability of connectors, causing uneven load
distribution and deterioration in contact quality. The physical
properties of conductor materials are also significant. Different
materials have different mechanical and electrical properties, which
affects their behavior under vibration loads. In the course of the
work, the main causes of malfunctions in electrical contacts were
identified, including overheating, insufficient pressure and abrupt
achievement of the working pressure. These factors can lead to
serious consequences, including breakdowns and reduced reliability
of connectors , and the possibilities of improving the characteristics
of electrical contacts at the stage of their creation are considered. In
this direction, the most promising is the study of applying galvanic
coatings to electrical connectors, using various technologies for
applying and creating an approximately ideal molecular structure of
the contact surface of removable electrical connectors, with an
increase in the surface layer of the contact and a decrease in the
friction coefficient.
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Abstract: The aim of this paper is the calculation of the PLEM (Pipeline End Manifold) System of the 18" dia. subsea pipeline, according to
the International Codes and Standards. A Geotechnical survey was carried out to define soil — structure interaction, effect of scour, soil
stratigraphy and susceptibility to liquefaction. Then were defined the acting forces on PLEM, pipeline and submarine hoses taking in
consideration the total buoyancy as well. The calculation was carried out for filled pipeline (in service), as well as for empty pipeline. The
ground conditions along the sealines and at the location of the PLEM have been investigated by a dedicated additional site investigation,
consisting of 12 no. vibrocore samplings and the related laboratory testing. The stability of PLEM was checked for several load
combination. This calculation it was very important for environmental reason and shows that the structure meet the requirements of the

project.

KEY-WORDS: PLEM, SUBMARINE PIPELINE, TOTAL BUOYANCY, LIMIT EQUILIBRIUM

1. Introduction

A fuel oil (FO) line 3.5 km long and ND 18” was designed and
installed offshore in Vlora Bay to transfer fuel from vessels to
onshore FO tanks located near the Combined Cycle Power Plant of
Vlora. The plant should operate with fuel oil D2, because the
natural gas is not available in Albania. A Pipeline End Manifold
(PLEM) was installed, and the Mooring system capacity was to
accommodate 15 T oil tanker, the quantity needed for one month
operation of the plant in base load.

Due to environment reasons the offshore structures and pipelines
should be reliable, despite of the high price of the erection.

Albania has a short history in the field of offshore pipeline
constructions. Consequently, this paper is a new approach towards
finding satisfactory solutions.

Investigations consisted of site activities and laboratory tests and
the results are reported here below. The data collected provide a
strong tool to compare with geotechnical analysis of structures and
to calibrate the used models.

The behavior of the structure was checked under lateral loads to
verify its reliability [1]. Moreover, the analysis of stiffness and soil—
structure interaction were carried out. The analysis that provides
information on soil composition is necessary to assess the
susceptibility to liquefaction of natural on-site shallow soils.

2. Design data

Pipeline [2]

Manufacture process SAW /ERW
Nominal Diameter 18" = 457.20 mm
Inner diameter 438.16
mm Inner section 1507 cm?
Assumed Wall Thickness 0.375" =9.52 mm
Material AP| 5L — X52

SMYS
Max Working pressure

52000 psi = 358.6 Mpa = 3655 kg/cm?
15 barg (including surge)

Flow rate (max) 1500 m® /h
Max water depth —12.00m
Max operative pressure 15 barg
Fluid [3]

Type Fuel Qil
Density (40°C) 856 kg/m®
Viscosity (40°C) 2.7 cStat 38°C
Submarine hoses [4]

No 2
Nominal Diameter 8" =203.2 mm
Material reinforced rubber / synthetic rubber
Total length 35.0m
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Figure 1. PLEM
3. Weights

With reference to the Figure 1, the following Weights and
Buoyancy forces must be considered:

3.1 Weight in open air, empty pipe

Concrete block  6.85m *4.50 m * .70 m * 2.4 t/m* =51.80t
Steel frame =530t
Piping dia. 18" =060t
Piping dia. 8" - 4" =025t
Valve — Flanges dia. 18" =225t
Valves — Flanges dia. 8" - 4" =160t
Total ~62.00t
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3.2 Total buoyancy

Concrete block  6.85m*4.50m *0.70 m * 1.03 t/m® =22.20t

Piping dia 18" 0.452 /4 *7.00 m * 1.03 t/m° =1.15t

Piping dia 8" - 4" 0.222 /4 *9.00 m * 1.03 t/m° =0.281

Valves and flanges Negligible

Total ~23.60t
3.3 Net Weight with empty pipes

Weight =62.00t

Buoyancy =-23.60t

Total ~38.40t
3.4 Net Weight with filled pipes (In-service)

Weight =62.00t

Buoyance =-23.60t

Fuel 0.95+0.19 +0.05 =120t

Total ~39.60t

As a result of the above calculation:

Weight / Buoyancy = 62.00 / 23.60 = 2.627

4. Limit Equilibrium

The following forces could be applied on the PLEM structure:
e  Line pressure (15 barg)

R; = 1507 cm? * 15 barg = 22600 kg = 22.6 t
(horizontal applied) [3]

e  Pulling forces by submarine hoses (breaking load)

R, = 12000 kg * no. 2 = 24000 kg =24.0 t
(Applied over 25 m/ 15 mi.e. - a=25°) [3]

Drag forces are negligible in reason of partially embedded
condition. The following stabilizing forces can be considered.
Horizontal stabilizing forces:
e Horizontal Base sliding (with sliding factor =
sandy / gravely material) [4]

0.7 for

Sp = Net weight *0.7=39.60t*0.7*1.1=305t

e Soil Passive pressure, with .70 m of embedment (¢ = 35°,
K, =3,y =0.9 t/m% [4]

Si=05*y *.702m * K, *45m=05*0.9*.702 *3 * 45
S;=3.0t
Stot = Sb + Sf =335t
Based on the aforementioned forces the following conditions are
verified:

e  Horizontal equilibrium:
Fs =St/ (R * cos @) =33.5/(24.0 ¥ 0.9) = 1.55

e Vertical equilibrium

Fo=W/ (R, * sin a) = 39.6 / (24.0 * 0.42) = 3.9

e  Rotation equilibrium
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My =R, *sina *4.5=24.0 ¥0.42 *4.5=454tm
Mg =W=*45/2=396*45/2=89.1tm
Fs=Mg /My =89.1/45.4=1.96

5. Average Soil Pressure
The average soil pressure is:
p=W/A=239.6/(6.85*4.50) = 1.285 t/m* = 0.13 kg/cm?

Which is admissible for sandy soil layer.
6. Results and discussion

Global PLEM behaviour under lateral loads has been modelled
using the APILE2 software [5], which considers the non-linear
behaviour of the soil by means of nonlinear horizontal load-
displacement (p-y) curves.

The horizontal, vertical and rotation equilibrium was checked
taking in consideration all the forces acting in the structure and
considering the two cases; when the pipeline is empty and when the
pipeline is filled with fuel oil (in service). The different buoyance
was considered for the two cases.

The safety factors are as below:

For the horizontal equilibrium: F,=1.55
For the vertical equilibrium: Fs=3.9
For the rotation equilibrium: Fs=1.96

7. Conclusion

After a geotechnical inspection to define foundation type, in this
paper it is analysed the stability of the PLEM. The PLEM is a steel
frame connected with to the pipeline by means of a spool piece with
flanged connection and with two submarine hoses.

There are considered two load combinations, and the result of this
analysis is that PLEM structure is steady and reliable.

The offshore installation of the pipeline and PLEM was carried out
successfully and the system for fuel oil unloading is still working

properly.
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Assessment of the risk of electromagnetic emissions through monitoring for an object on the
territory of the Metropolitan municipality
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Abstract: In many cases, the importance of electromagnetic fields or the so-called “electromagnetic smog" on human health, living
organisms, and the environment is ignored or at least minimized. The electromagnetic field (EMF) is a combination of invisible electric and
magnetic fields with charge that occur in nature. Today, the impact of electromagnetic fields on the environment is increasing from human
activities with the development and application of telecommunication technologies. Measurement, continuous monitoring, database creation,
and evaluation of electromagnetic field parameters in urban environments are important aspects of optimizing EMF levels to achieve a
healthy living environment. The paper presents an analysis and evaluation of electromagnetic radiation measurements from base stations of
mobile operators, at one site, in a lightly urbanized urban environment over a certain time interval. Initial measurements showed exceeding
the levels of electromagnetic emissions according to national legislation. During the repeated measurements, it was found that mobile
operators, after correcting the radiation from base station antennas, have brought the radiation levels within the permissible limits. This
underscores the necessity of ongoing monitoring.

Keywords: ELECTROMAGNETIC RADIATION, ELECTRIC FIELD, ELECTROMAGNETIC POLLUTION, ENVIRONMENTAL
LEGISLATION, EMF MONITORING

of Bankya, Sofia Municipality, Bulgaria, and the modern world's
need for communication devices have led to the number of
The rapid development of the telecommunications industry has ~ transmitting antennas and their power exceeding the maximum
led to an oversaturation of the environment, especially the  permissible standards in the Site under consideration. The purpose
urbanized one, with technical sources of electromagnetic radiation. ~ of this type of monitoring is to verify and assess the dose of
Electromagnetic radiation (EMR) is a wave propagating through  electromagnetic fields received from the base station RADOST -
space with an electric and magnetic component. Communication ~ SID SOF0318 with three sector antennas (Al: KATHREIN
devices such as: mobile phones, cordless phones, local wireless 80010292, A2: KATHREIN 742266, A3: KATHREIN 742266)
networks and radio transmission towers, provide an electromagnetic ~ near the studied site. Does the facility fall within the hygienically
field (emission) at the time of receiving and transmitting protected zone within the meaning of regulation [8] of the Bulgarian
information. Existing and new radio communication technologies legislation on the maximum permissible levels of electromagnetic
are leading to an increase in the number of base stations. When fields in populated areas and the determination of hygienically
these facilities are placed in close proximity to or on public and  protected zones around radiating facilities?
residential buildings, in order to ensure greater traffic capacity and

1. Introduction

full radio coverage of the mobile phone service area, their 2. Characterization methods
penetrating radiation increases the voltage in the aforementioned
buildings many times over. 2G, 3G, 4G, 5G antennas, with low and Two types of specialized mobile equipment were used. One of

high range, continuously broadcasting the signals of mobile the devices is SPECTRAN, manufactured by the German company
operators penetrate our homes and workplaces and can pose a  AARONIA AG, including a SPECTRAN HF 6060 device for
serious threat to our health. Electromagnetic radiation is invisible to measurements in the range of 1 MHz to 7 GHz, with a directional
us, we cannot see, taste, or feel it, and this makes it particularly antenna type HyperLOG 7060. The measurement results are
dangerous, as we have no way to protect ourselves from it. visualized in real time and recorded on a laptop computer on which
Radiation (EMF) passes through material or a person's skin, causing the manufacturer's software is installed, allowing for settings,
ionization that can damage chemical structures, and if the damage measurements, visualization and storage of the results in graphical
occurs to critical chemicals in cells (such as the DNA molecules  and digital form.
that make up chromosomes in the cell nucleus), the cell can become The device was set to a measurement frequency range - from
damaged and lead to the formation of cancer [1-5]. 700 MHz to 2500 MHz, to cover the emission range from the
In many cases, the importance of electromagnetic fields or the RADOST Base Station - SID SOF0318. The device is equipped
so-called “electromagnetic smog” on human health, living with a directional HyperLOG 7060 antenna. It was set to a
organisms, and the environment is ignored or at least minimized. ~ measurement frequency range of 0.68 — 8 GHz. Measurement data
European environmental policy currently includes more than 300 is recorded every 1000 ms. The data are stored in digital files and
legal acts, including directives, regulations, decisions and are combined with additional accompanying information, such as
recommendations [6,7]. They cover a wide range of measures to coordinates, a map of the area, location of the antennas, records of
protect the environment from pollution through standards for air  the spectrograms in graphical form for each measurement interval,
quality, waste management, water, nature conservation, control of and photographs of the measurement locations with the installed
industrial pollution, chemicals, background noise and climate antennas.
change. Unfortunately, despite the growing public interest and The second device is the NARDA AMB 8057-03, for
concern, not enough attention is still paid to electromagnetic fields electromagnetic monitoring of the environment in the frequency
of artificial origin as a pollutant and the effects they cause on the range from 110 kHz to 7 GHz, providing capabilities for continuous
environment, human health and living organisms. The fact is that autonomous control of electromagnetic radiation, even in points
the level of radiation from artificially created EMI in a number of  difficult to access for observation. It uses isotropic antennas to
cases significantly exceeds the level of electromagnetic fields from  measure the characteristics of electromagnetic fields propagating in
natural sources. Therefore, monitoring is necessary. To verify, the environment and reaching the antenna from all directions in
assess, control and protect the population and the environment from space (360%). The transmission of data to the server with the
exposure to electromagnetic radiation in accordance with the  database is automatic, and there is also the possibility of remote
national standards and regulatory requirements adopted for each  setting of the device. The measurement results are stored in a
country [8-10]. specialized  database  containing information  about the
Monitoring can be done for: source monitoring, environmental characteristics, frequency distribution and location (coordinates of
monitoring and individual monitoring, as appropriate. In this work  the measurement points in a geographic information system GIS) of
we show individual monitoring. The rapid urbanization of the city ~ electromagnetic radiation. Mobile equipment NARDA AMB -
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8057-3 provides capabilities for visualizing and reviewing
measurement information for a selected time interval, date, week or
day, for the entire frequency range (110 kHz — 7 GHz), a selected
subrange of the frequency range (110 kHz — 7 GHz), peak values or
average value for a specific frequency, a selected time interval of
the day, to observe subtle effects in the distribution of radiated
power for a given frequency.

3. Results and Discussion

Object - town Bankya, Sofia Municipality, Bulgaria.
Measurements of electromagnetic fields in the frequency range 700
MHz to 2500 MHz were carried out with mobile equipment
SPECTRAN HF 6060 in the time interval from 11:17 to 11:35 on
21.10.2015 (Fig.1). The measurement lasts for 18 minutes. The
point from which the measurements were taken at the site is located
~ 25-30 meters in a straight line from the transmitting antennas of
the base station. It should be noted that the measurements were
conducted in a residential area, on a weekday, Wednesday. The area
is without public and administrative buildings and it is assumed that
the use of mobile communications is characterized by low traffic.

Fig. 1 Location of measuring equipment and arrangement of base stations
around the research site.

Figure 2 shows the average values of the measurement results in
three frequency ranges 943 MHz, 1690 MHz and 2152 MHz.
Maxima are observed in the levels of measured EMI around 267
uW/em?, at a frequency of 943 MHz. These measured values are
twenty times above the permissible level of 10 pW/cm?, according
to [8]. Excessive electromagnetic pollution has been measured. At
frequencies 1690 MHz and 2152 MHz, the measured values are
below the permissible level of 10 pW/em?, 0.8990 pW/cm? and
0.5070 pW/cm?, respectively.

microWicm ?, 843 MHz , 21.10.2015

1017 min 11h 35 min

Fig. 2 Average values of the results of measuring the energy flux density of
EMF.

In the same object, city Bankya, Metropolitan Municipality,
Bulgaria, repeated continuous 24-hour measurements of
electromagnetic fields with another mobile device NARDA AMB-
8057-03 were carried out from May 27 to June 9, 2021 in the
frequency range 100 kHz to 7 GHz. This frequency range covers the
frequencies of all mobile operators operating on the territory of
Bulgaria and allows to track the dynamics of electromagnetic
radiation from the antennas, on weekdays and weekends. The point
from which the measurements were made in the object is located ~
25-30 meters in a straight line from the emitting antennas of a base
station.

Figure 3 shows the average values of the measurement
results in three frequency ranges 942 MHz, 1842 MHz and 2140
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MHz. These frequency ranges were selected based on a
recommendation from the EU Council [7].

a) b) Rbi: 27.05-05.06.2021
2 o8

Fig. 3 Maximum peak values (a) and maximum average values (b) from
measurements of electromagnetic fields in an object.

The maximum peak values of the measured power density of
electromagnetic radiation EMF, for two of the frequency ranges
1842 MHz and 2140 MHz, are almost an order of magnitude lower
than the maximum permissible standard of 10 pW/cm? For a
frequency of 1842 MHz, the measured values range from 0.011 to
0.47 uW/em?, and for a frequency of 2140 MHz, they range from
0.007 to 0.21 pW/em?® For the 942 MHz frequency range, the
measured values vary in a wide range from 0.03 to 1.75 pW/cm?.
For this frequency range, we should pay attention to the values
obtained on June 5. This date is a holiday (Saturday).

a) Pook: 05062021 b)

Pesk 82z

Fig. 4 Maximum peak values (a) and maximum average values (b) from
measurements of electromagnetic fields in the facility for 05.06.2021.

RS 942

Figure 4 shows the maximum peak and average values
measured on 05.06.2021. The maximum peak values range from
0.083 to 6.39 pW/cm?. It is noteworthy that the highest values were
measured in the evening hours, and after 10:30 p.m. the power of
electromagnetic radiation decreases sharply.

As we have already specified, this is a residential area and the
use of mobile sources on weekends is higher both for the date
05.06.2021 and the previous Saturday 29.05.2021. Accordingly, the
level of the measured power density of electromagnetic radiation
EMF has increased, but the obtained values are below the maximum
permissible standard value of 10 pW/cm?.

The maximum average values of the measured power density
of electromagnetic radiation EMF, for a frequency of 2140 MHz -
vary from 0.002 to 0.08 pW/cm?. For frequencies of 1842 MHz and
942 MHz they vary in a wide range. For frequency 1842 MHz they
vary from 0.004 to 0.15 pW/cm? and for frequency range 942
MHz, from 0.002 to 0.17 pW/cm? The measured values for the
three frequencies are less than the standard limit values of 10
puW/cm? Again, if we pay attention to the date 05.06.2021,
Saturday, the measured values for the 942 MHz frequency range are
higher. They are in the range of 0.07 to 1.87 pW/cm?, which is less
than the maximum permissible values according to the standard of
10 pW/cm?,

From the measured power density of electromagnetic radiation
EMF for all fourteen days of measurements, a recurring daily trend
of a decline in the levels of radiated power from mobile operators is
observed, after 10:30 p.m. to 6:00 a.m. - 6:30 a.m. This is explained
by the end of the day and the intensive use of mobile
communication devices. This trend of difference is repeated when
comparing workdays and weekends.

Conclusions

The results obtained from measuring electromagnetic radiation
in a site located in a lightly urbanized environment prove to us the
need for monitoring. To carry out regular measurements and thus to
check and control the parameters of all sources of EMF. To seek
solutions to the problem of environmental pollution with this new
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pollutant, including methods for analyzing the risk to human health
and related solutions for the development of urban infrastructure.

During the initial measurements of electromagnetic fields in the
frequency range of 943 MHz, maxima in the levels of measured
EMF were observed ~ 267 pW/cm?® These measured values are
more than twenty times the permissible level of 10 pW/cm?.
Excessive electromagnetic pollution has been detected. For the
frequency ranges 1690 MHz and 2152 MHz, the measured values
are below the permissible level of 10 pW/cm?. Cases of exceeding
the maximum permissible standards under the Bulgarian National
Standards in individual sites on the territory of Sofia Municipality
are rather an exception. The presence of isolated cases of exceeding
the permissible norms may be due to the degree of urbanization,
inconsistency between the construction control authorities and those
controlling the installation of new broadcasting antennas, their
power and location. All this has a significant impact on the intensity
of electromagnetic emissions. In this case, one of the frequencies at
the date of measurement was not set to operate within the
permissible radiated power level of 10 pW/cm? [8].

During repeated continuous, all-day and continuous monitoring
of fourteen days in the same site at the request of citizens and in the
three frequency ranges 942 MHz, 1842 MHz and 2140 MHz, the
levels of the measured radiated power of electromagnetic radiation
are below the maximum permissible norm of 10 pW/cm? This
proves that after the initial measurements with high values, SRHI
took action to eliminate the discrepancies, in accordance with the
procedure specified in the regulatory framework and they were
eliminated. Therefore, it is crucial to conduct monitoring and
control of EMF to ensure a high level of protection of the
population and the proper functioning of the Base Stations within
the permissible norms.
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Investigation of extruded polyethylene blend films tensile creep elongation with different
open holes configurations
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Abstract: In this article,tensile creep elongation of PE plastic films with two configurations of open holes stressed at the incremental
temperatures of 23,30,37,43,51,58 degrees and a constant dead weight of 50 kg will be analyzed. The aim of the article is to analyze
influence of the two configurations of open holes on the relative elongation. The test was conducted with the same blend, under the same test
conditions. The test was conducted entirely according to the conditions established in the ASTM D6992 standard.

Keywords: CREEP TESTING,TENSILE STRENGHT,ELONGATION,PLASTIC FILMS.

1. Introduction caused by mechanical stresses[8]. It is an important characteristic of
' plastics because the process can start at room temperature[9].
In engineering practice, there is often the presence of parts with
open holes[1]. The presence of such holes is most often due to the 2. Materials and methods
following technological reasons:
* Lightening structure
* Access to various fasteners
* Access to other parts of assembled units
* Access for repair work
» Access for electrical switches,etc.
* Functional dimensions for assembly
Parts with open holes have lower strength properties than those
without holes because stress concentrators are created and cross
section is reduced [2]. In solid mechanics, stress concentrators are
locations in a part where the stresses are greater than the
surrounding area (Fig. 1). Stress concentrators include holes,
grooves, notches, scratches, etc. Stress concentrators also reduce
fatigue strength.

1141114102102 1021021

The material under the study is a PE blend, with a concentration
of HDPE and LDPE 75 to 25 percent. It is characterized by low
density, good chemical resistance, flexibility, easy processing by
various methods, weldability, low hardness, high creep, impact
resistance, excellent electrical insulator. PE is used as medical
implants, packaging, pipes, bottles, ropes, etc. [10]. Products made
of polyethylene are recyclable. The samples for testing have
dimensions of thickness - 1.4 &+ 0.01 mm, width 100 + 1 mm, length
210 £ 1 mm. One sample has 26 open holes with a diameter of 10 +
1 mm, and the other with 8 holes with a diameter of 20 =+ 1
mm(Fig2,Fig.3). The samples have technological holes of 8mm for
installment(Fig. 4).

N

TH A A A AT A AT
Fig.1 Internal force lines

It is known that the size and configuration of the holes play an
important role in elastic properties of the material[3]. The
dimensionless stress concentration factor k is used, which is equal
to the maximum stress divided by the nominal stress. For round
holes, the coefficient is equal to 3, i.e. the stresses along the edge of
the hole are three times higher than the nominal stresses[4]. Despite
the availability of CAE tools such as the boundary element method
and finite element method predictive strength calculations with
them through simulations are not particularly accurate[5]. A number
of scientific articles study and optimize the influence of hole
configuration on the tensile and compressive strength of various
materials[6]. In engineering practice, the following solutions have
become necessary to reduce the effect of stress concentrators:

e  Optimizing holes

e Hole reinforcement The area of the holes of the first and second samples is:

e  Optimizing shapes of parts. ) )

In plastic materials, localized plasticity occurs, while in brittle $1=26(m.r)=2041mm 1)
parts, stress concentrators lead to failure. S,=8(m.r?)=2512mm?> 2)

Polyethylene(PE) is the most common plastic worldwide[7].
Research into its mechanical, physical and chemical properties is ~ The area of the holes of the second sample is 23% larger. The
very current.Polyethylene has wide application in industrial samples were tested on a calibrated two-slot universal machine for

practice. Creep of materials is a slow increase in plastic deformation ~ creeping materials with appropriate jaws and scope. The test
parameters are incremental temperatures 23,30,37,44,51,58

Fig. 3. Sample with 8 holes
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degrees, dwell time at each step - 240 minutes - total test duration -
24 hours{fig. 5). the requirement that the test be longer than 60,000
seconds(app. 16.66 hours) has been met. The atmospheric

conditions were observed according to the standard..The loading
was carried out by weights of 50 kg, i.e. the force is equal to 490.5
N(Fig. 6).

s ) o8

Gl

Fig, 5 Parameters of the creep testing

.
Fig.6 Dead weight system

The test was performed on a calibrated creep machine. The test
conditions specified in the standard were met. The temperature
during the test was within the standard limits of £1°C. The selected
incremental temperatures correspond to test conditions for heavily
loaded structures. For the purposes of this article, only the
elongation in mm after the test is considered, ignoring the
elongation obtained at the different temperature steps. Both sockets

of the testing machine are used to ensure that both specimens are
subjected to the same test conditions.

3. Results and discussion
The results of the accelerated creep test are presented in a table 1.

Table 1: Accelerated tensile creep results

Sample No Elongation mm Elongation %
1 14.06 6.69
2 9.06 431

The results show significant deformation of specimen 1, even
though it is the specimen with the smaller hole area. The reason is
that the linear force lines are denser in specimen 1 due to the
selected hole configuration,fig. 7.

Fig. 7 Tested samples

The software of the universal creep machine records every 5
minutes and in the logs with the results there are no visible shock
strains, which would compromise the test results(fig. 8) slippage or
displacement of the test specimens is observed.No strain is observed
in the gripping area. The strain is characterized by thinning around
the horizontal axis of symmetry, forming an arc on both sides of the
samples.

MYUBBEN B WL 508 B b4l
MUB B DM W RIS " o L8] .43
MYUBBEN D W RIWE " B b0
Ty N 1 Y L8] bf6
MYUBBEL w0 W R WE " B b8
TR T I Y L8] .48
Fig. 8 Log file

The test results are significant, as plastics are increasingly used as
a structural materials. Such tests can serve for more optimal designs
of similar types of products with open holes[11].

4.Conclusions

. After testing the accelerated creep of the PE films blend with 2
different hole configurations, the following conclusions can be
made:

» Sample 1, which has a smaller hole area, strains 55% more than
sample 2

» The test conditions fully comply with the accelerated creep
standard D6992

* No significant deviations were observed that would affect the test
results

* The test results can be used for plastic films with a similar open
hole configurations.
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Methods of Temperature Measurement in Heat Affected Zone during Welding
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Abstract: The metal materials are subject to severe temperature variation during the application of the welding process. The heat input and
thermal shock during arc welding cause change of the base material properties in the heat affected zone. Temperature measurements and
destructive tests of sample pieces, subjected to different process parameters and conditions, enable identification of minimum and maximum
cooling rates, at which the material properties remain in pre-defined limits. Temperature measurements on the surface of the material in
proximity to the weld seam enables cooling rate monitoring and material properties evaluation at manufacturing or site installation
conditions, when the products could not be subjected to destructive tests. The requirements to the surface temperature measurement during
welding and the characteristics of the different measuring devices were investigated for fitness to the purpose of cooling rate calculations,
material properties evaluation, as well as for calibration of welding process simulations in volumes in close proximity to the arc welding

seams.
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1. Introduction

The weldability of the metallic materials depends on a range of
variables that affect the applicability of the method and the
properties of the resulting joints. The properties of the joints of the
products could not be assessed in full after the completion of
manufacturing process. According to the definition in [1], welding
is a “special process” and control before, during and after the
completion of the works is necessary, if comprehensive quality
requirements are to be met [2].

In arc welding, the increase of the temperature of the material from
an initial value (Ty), to values above the liquidus is very fast, and
the decrease of the temperature is slower, depending on variable
conditions, process properties and material characteristics. Standard
recommendations regarding the process variables [3], are issued for
the most common materials, like ferritic steels [4], stainless steels
[5], aluminium and aluminium alloys [6]. Weldability information
is provided by the manufacturers of advanced materials [7].

The calculation of the cooling time in the temperature range from
800 °C to 500 °C, t g, is possible, according to standard equations,
defines by the standards [4], [8]. For example, a three-dimensional
heat dissipation the equation was formulated for ferritic steels:

—[lET 3 f 1 1 \
Fa.5—|5 Dﬁ_E*Iﬂl*Q* M - M *.F 3‘
' (1)

where:

T, — initial temperature of the material,

Q — heat input, depending on the arc voltage, current and welding
speed

F3 — seam geometrical factor.

The equations are valid under limited range of values of the
essential variables, considering the thermal properties of all ferritic
steels as same. The tgs is calculated for the cooling of the weld
metal.

While the cooling rate in the weld seem is important, the applied

ferritic welding filler materials are of chemical composition and
mechanical properties, that are superior to the properties of the base
materials, irrespective of the cooling time. The area in risk of
decreased mechanical properties is situated in the heat affected zone
(HAZ), in immediate proximity to the weld seam. For materials of
low thermal conductivity the cooling of the weld could not be
considered as simultaneous in the whole volume of the weld seam,
as the solidification of the liquid metal starts at the sides of the seam
and ends at the weld central line, increasing the risk of hot cracking.
When the essential variables are outside of the defined limits, the
cooling time evaluation is possible on the T/t (Temperature / time)
curve, built by measurements performed according to a standard
method [4], within the weld seam. The applied method includes
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insertion of a thermocouple in the liquid metal after the end of heat
application by the welding arc. The method do not provide
information for the cooling rate in the HAZ and it is not applicable
in manufacturing conditions.

The standard qualification of the welding procedures [9] is based on
heat input limitation. It is an indirect method of control of the
cooling rate. As shown in (1), the heat input is the only variable
influencing the tgs, assuming same thermo-mechanical
characteristics of the materials and actual T, value, equal to the
temperature of the sample pieces during the tests. The above
assumptions are not always correct. As reported in [10], the thermal
properties of different grade structural steels vary, depending on
their chemical composition. Depending on the ambient conditions
during the manufacturing process, the T, temperature could differ
significantly to the initial temperature of the test pieces during the
qualification process. Temperature measurement in defined spots in
HAZ allows for direct calculation of the cooling rate and more
accurate evaluation of the resulting material properties.

Surface temperature measurement in proximity to a welding arc
represents a challenge, due to:

- variable thermal conductivity of the different materials surfaces,

- influence of the welding arc emissions,

- high temperature gradient, dependent on the distance to the weld
fusion line,

- wide range of temperature values.

The choice of correct sensor properties is of essential importance to
the measurement results.

2. Evaluation of surface temperature measurement

device parameters

The temperature measurements are possible applying devices of
different physical nature. Measuring devices based on changes of
the volume/size of a sensitive material, semiconductor and resistive
sensors, thermocouples and contactless pyrometers are widely
applied in a range of technical applications.

2.1 Thermometers based on volume, length or other
geometrical parameter of the sensor

This principle is by far the most widely applied for general
temperature measurement, due to the simplicity and reliability of
the method. The volume of gas or liquid thermo-sensitive material,
or the length of a solid (or combination of solids) material is
directly transferred into temperature reading. Disadvantages of the
method are the long time necessary for equalization of the
temperature in the whole volume of the sensitive material,
especially in cases of flat surface temperature measurements. The
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method is mostly used for slow processes and when significant
surface of the sensitive material volume could be subjected to the
temperature.

2.2 Thermistors and semiconductor temperature sensors
The resistor or semiconductor temperature sensors have a limit of
temperature measurement which is lower than required for
temperature measurements of post welding cooling rates.

For the thermistors, the highest measurable temperatures, depending
on the type and model of the sensor, vary up to 300 °C. The
semiconductor sensors have even lower maximum measurable
temperature, typically up to 120 °C [11]. Semiconductor sensors are
frequently employed in combination with thermocouples, in order
to provide temperature data at the cold junction, required for
compensation during measurements.

2.3 Resistance thermal devices (RTD)

This type of devices use the changes of the electrical resistance of
the thermo-sensitive material (Pt 100) with temperature. For some
models the measuring temperature range of -40 °C to 1000 °C is
reported, as well as measurement spot area of 3.9 x 1.9 mm [13].
While fasted than the linear expansion sensors in p. 3.1, the volume
of the sensitive material should be heated in order to obtain correct
temperature measurement. Electrical current should be supplied by
the device to the sensor in order to measure the resistance. The self-
heating effect should be considered.

2.4 Thermocouples (TC)

The thermocouples use the Seebeck effect that the junction between
a set of two different metals produce emf voltage, depending on the
temperature at the place of contact. The thermocouples function on
the basis of the difference of the temperature between the cold and
the hot end of the materials. The cold junction temperature should
be known or measured, for instance by placing the cold end of the
materials in ice bath, or in the modern devices, by measuring the
cold end temperature by sensor of another type (for instance a
semiconductor sensor), and compensating for the difference.

The most-common sets of materials form thermocouple types are
standardized, designated and their properties are tabulated in [14],
together with the equations and constants, required to calculate the
generated emf. An excerpt is presented in Table 1. The properties
and rules for the compensation cables, used for connection of the
thermocouples to the measuring instruments were issued in [18].

Table 1. Properties of high temperature thermocouples, according to IEC
60584-1:2013 (excerpt)

Type | Material T range, Tolerance Cl 2, Emf, mV
(+ leg)/(- leg) | °C, min/max | °C @ T max °C @ 100 /1000
°C
J Fe/Cu Ni -180to +5@ 750 5.269/76.373
+750
K Ni Cr/Ni Al |-180to +9 @ 1200 4.096/41.276
+1350
N NiCrSi/Ni |[-270to +9 @ 1200 2.774 ] 36.256
Si Mg +1300
E Ni Cr/CuNi |-40to+900 | £6.75 @ 900 6.319/76.373
Pt 10%Rh / Pt |-50 to +4 @ 1600 0.646 / 10.506
+1750
B Pt 30%Rh / Pt | +100 to +4.25 @ 1700 0.646 / 10.506
6%Rh +1820
C W 5%Re /W |+20to +1.0% (T) 1.451/18.257
26%Re +2300

The measuring spot diameter of the exposed thermocouples is in
direct relation to the diameter of the wires. The butt welded
thermocouples have measurement spot diameter, which is equal to
the diameter of the wire. The beaded thermocouples tip diameter
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vary up to 2x the wire diameter. The most common thermocouple
diameters vary from © 0.1 mm to @ 8 mm. The measuring spot area
of bare exposed thermocouples of @ 0.1 mm could be as low as
0.00785 mm~.

According to thermocouple manufacturer's data [16], the maximum
measuring temperatures for some types of thermocouples vary,
depending on the wire diameter, as in Table 2.

Table 2. Dependence of the maximum measurement temperatures depending
on TC wire diameter

Thermocouple type Type K (NiCr/NiAl) Type B (Pt 30%Rh /
Pt 6%Rh)

Wire diameter, mm 0.5 1.0 15 0.35 05

Max T, °C 800 1000 1100 1800 1800

The thermocouples response time depend on:

- The measuring spot contact area / diameter of the probe tip,

- The type of contact of the probe tip to the surface: direct contact of
exposed thermocouple wires, grounded or ungrounded insulated
thermocouple wires,

- Contact surface medium: air, water, metal to metal etc.

According to [15], the response time in air varies from 1.8 sec for
0.8 mm exposed butt welded wire thermocouples, to above 10 sec
for 3.0 mm grounded thermocouples. The response times for beaded
and for ungrounded thermocouples are respectively 1.5 x higher.
The response time in water for exposed butt welded wire of 1.25
mm and below is 0.25 sec.

The response time for exposed thermocouples in contact to heated
surface, depend on the contact area between the two metals. Bad
contact would result in long response times and in measurement
errors, due to the thermal resistance of the surfaces.
Recommendation for use of thermocouples were issued by the
International electrotechnical commission (IEC) [17], where the
preparation procedure, placement, attachment to the measured
surface, as well as for the connection to the thermometers were
clarified.

2.5 Contactless thermometers

2.5.1 Contactless thermometers based on filament IR emitted
radiation

One of the widely used principles of contactless temperature
measurement is to pass an IR image of the heated object through an
optical system, visible to the operator. The system contains a
resistive filament that is heated, depending on the electrical current
passing through it, to different temperature. While the filament
emitted radiation wave length differs to the measured body
radiation wave length, it would be visible to the operator through
the optical system. By controlling the current, the wave lengths of
the measured object and the filament equalize. The filament shape
disappears on the same colour background of the measured object.
The measuring temperatures of above 700 °C are common.
Disadvantage of the principle is that is not usable for continuous
recording of changing temperature values, due to the time necessary
for wave length equalization.

2.5.2. Contactless thermometers,
sensing elements

The thermopiles are IR detectors, based on multiple micro
thermocouple elements, connected in series, in order to obtain
highest sensitivity. The IR radiation is focused through an optical
system to a matrix of termopiles, each of these representing one
pixel of the thermometer sensor. Commercial thermometers of this
type offer a measuring range of -40 to +2250 °C, measuring
different wave lengths, from 8-14 um for the low temperature
sensors, to 3.9 um for the high temperature sensors [19]. The
response times of the devices were between 60 and 120 ms.
Temperature resolution of 0.1 °C and accuracy + 1% of the reading
are achievable.

based on thermopile
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The measuring spot size should not be confused with the pointing
laser spot, which could be very small in wide range of distances
between the sensor and the surface. The actual measuring spot size
depends on the optical resolution of the thermo sensors. Optical
resolutions Distance: Spot between 10:1 and 120:1 are common.
The meaning of optical resolution of 120:1 is that the distance of the
sensor to the surface spot is equal to 120 x the measuring spot size.
For instance, if the measuring distance is 120 cm, the measuring
spot size would be 10 mm.

The optical resolution is generally linear within a range between
minimum and maximum distance to the surface. As reported in [20]
the minimum measuring spot size for different types of sensors of
optical resolution D:S between 9:1 and 75:1 was equal to 6.5 mm.
Challenges to the applicability of the IR contactless thermometers
represent:

- The dependence of the measuring accuracy on the measured
material surface emissivity in the measured wave length. The shiny
metal surfaces are of low emissivity and high reflectivity, which
could cause the thermo sensors to read reflected, instead of emitted
radiation. | order to decrease the influence of the emissivity double
wave length sensors are applied, that measure the difference
between the radiation in the two wave bands;

- The proximity of the welding arc during the measurement process
influence the contactless temperature measurement sensors. As
demonstrated in [21], this challenge was addressed by the
application of narrow band filters, passing through the wave lengths
that were emitted by the measurement surface, but not the reflected
waves and the arc emissions. The complex equipment allowed for
high speed measurements at frequency of readings of 60 Hz.

2.6 Fiber-optical measuring systems

The fiber-optical measuring systems have the advantage, that it is
not necessary to consider the emissivity of the measured surface,
but instead a sensor tip with known emissivity is used. The emitted
radiation, or pre-emitted radiation is conveyed via optical fiber. In
such way the ambient volume does not influence the measurement
in optical of electromagnetic way. The sensor principles include
blackbody radiation, luminescence in crystals, refractive index
phenomenon in the fiber Bragg gratings or phase shift of two
coherent beams in interferometric sensors [24].

The surface measurement spot size of the fiber-optical system in the
range from 0.4 mm, to volumetric systems utilizing fiber sensors
with lengths of hundreds of meters were reported [25].

The response times of the blackbody radiation systems in the range
between 1 ms to 100 ms, and the temperature range of 800 to
2000°C was reported [26], utilizing single crystal sapphire fiber
sensor.

A disadvantage of the fiber optical systems include great
complexity of the equipment, if wide temperature range is to be
achieved, including combinations of several types of sensors in the
different areas of the range.

3. Requirements for temperature measurement for
cooling rate monitoring and calculations in HAZ

during and immediately after welding

Depending on the requirements for the measurements, there are
several evaluation criteria for the devices and sensors, in order to be
applicable for surface temperature measurements and real time
monitoring, in close proximity of the weld seam, in manufacturing
conditions or at site installations.

3.1 Temperature range

The required temperature range varies, depending on the material,
which would be subject to temperature measurement. The lower
limit of the range could be set based on evaluation of the lowest
initial material temperature. The higher limit of the range depends
on the material liquidus, thermal conductivity and phase
transformation temperatures.

For ferritic structural steels, operational temperatures down to -60
°C are possible and site ambient temperatures could be considered
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as equal to the initial material temperature. A phase transformation
from ferrite to austenite occurs at temperature range between 700
and 900 °C. The phase transformation temperature for same type of
steel increases in cases of high speed heating, similar to the
conditions occurring during arc welding processes [21]. The sensors
range for high temperatures measurement between the liquidus and
the transformation temperature could be considered as appropriate.

3.2 Accuracy and tolerance limits of the measurements

The permissible tolerance limits of the measurements time-
temperature cycles related to heat application to welded structures is
set in table 44 of [22], as = 10 °C. In [23] the tolerances of the heat
treatment measuring equipment were set as in [14].

3.3 Latency

The latency of the measuring system should be appropriate for the
required measurement accuracy. Initial data for the cooling time for
ferritic structural steel was obtained by a measurement, performed
with K-type thermocouples, positioned at 3 mm from the weld seam
edge, and at 11 mm from the weld seam line. The maximum
temperature measured a 3 mm from the weld seam edge was 1040
°C, and at 11 mm was 480 °C, Fig. la.

[ \ Fig. 1a. Temperature cycle
measured at welding heat
affected zone at distance of 3.2
mm and at distance of 11 mm
from the weld seam edge, with
maximum temperatures of 1040
°C and 480 °C respectively.

|
|
,
|
|

Fig. 1b. Measuring of the time of
temperature decrease from 1000 °C
to 800 °C

The decrease of the temperature
of the material at 3 mm from the
. seam line, 1000 °C to 800 °C
was calculated on the graphic,
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by deducting the time when temperature decreased to 1000 °C to
the later time, when the temperature decreased to 800 °C, to be 1
second, as on Fig. 1b.

In order to achieve measurement accuracy of + 10 °C, in case that
the temperature decrease from 1000 °C to 800 °C happened in 1
sec, measurements frequency of above 20 readings per second
would be necessary. In order to fulfill the requirements of the
sampling theorem, in order to read at frequency of 20 Hz, at least
2X sampling rate of the sensors would be required. In such case
frequency of 40 readings of the sensor data per second would be
adequate.

Fig. 2 Temperature cycle measured at welding heat affected zone at distance
of 3.5 mm and at distance of 5.5 mm from the weld seam edge, with
maximum temperatures 1000 °C and 840 °C

3.4 Measurement spot area

The measurement of the temperature occurs on area of the object
surface, specific to the type of sensor that is used. The different
sensors have different area resolution, depending on the size of the
sensor, distance to the measuring spot, disturbances caused by
movements or vibrations etc. Measuring the temperature near the
seam edge require smaller measurement spot diameter, compared to
measurements at a bigger distance. According Fig. 2, obtained for
structural ferritic steel, the maximum temperature measured at 3.5
mm distance to the seam edge was 1000 °C. At 5.5 mm distance
from the seam edge, the maximum measurement temperature was
836 °C. Comparing the data obtained during the measurements
presented on Fig. 1 and Fig. 2, the temperature difference per mm
distance to the weld seam edge could be calculated, as in Table 3.
The targeted measurement accuracy of 10 °C at distance to the weld
seam with maximum temperature of 1000 °C could be achieved by
determination of the measurement position with resolution of 1 /
(133/10), mm / (°C / mm). The measurement principle and the
sensor spot size should allow determination of the measurement
position within a tolerance of the distance to the weld seam edge of
+ 0.075 mm. In cases of measuring spot diameter, bigger than the
requirement for the accuracy of the distance to the weld seam edge,
the equalisation of the temperature in the sensor could be
calculated. For the non-contact sensor types, the temperature
equalisation could be evaluated by calculation of the filters wave
length band, to pass the radiation emitted from a spot corresponding
to 3 pixels of the sensor matrix. For contact sensors, RTD, TC, the
temperature equalisation at the sensor element could be calculated,
based on the volume of the sensitive material and the difference
between the thermal conductivity of the measured material and of
the sensor material. In general, the cases when the thermal
conductivity of the sensor material is higher than the thermal
conductivity of the measured material are preferential.
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Table 3. Maximum measured temperature measured at different distances
from the seam edge

Measurement Nr. la 2a 2b 1b
Distance, mm 3.2 35 55 11
Max temperature, °C 1040 1000 840 480
Distance (n+1) — (n), mm 0.3 2.0 55

AT,°C 40 160 360

A T to distance, °C / mm 133 80 65

3.5 Other evaluation criteria

Influence of the external disturbances to the accuracy of the
measurements. The welding arc emissions in wide spectre of
radiated heat, waives and rays require comprehensive evaluation of
measures for disturbance avoidance. The presence of fumes and
smoke of varying consistency during the process represents an
obstacle to the non-contact measurements.

The applicability of the measuring devices depend on additional
factors, which influence the possibility to implement these in
manufacturing or site installation conditions, including complexity
of the equipment [12] and economic considerations.

4. Results

The properties of the temperature measuring devices were evaluated
as of high, medium, low or insufficient compliance to the above
defined requirements, as in Table 4.

Table 4. Evaluation of the correspondence of the thermometer properties to
the requirements to surface temperature measurement in the HAZ during
and after welding

Sensor type | Temp. Accuracy | Latency, Measuring | Other
/ criteria range, °C | °C readings spot criteria
Required [ -40 +10°C |<40per |@0.1, mm |reliability
range to 1000 °C sec

Volumetric | High High Insufficient | Low High
Semicondu | Inadequate | High High Low Medium
ctor

RTD High High Low Low High
(Pt100)

TCK, Medium | Medium | Medium Medium High
goo

TCK, High Medium | Medium Low High
goo

TCN, Medium | Medium | Medium Medium High
goo

TCN, High Medium | Medium Low High
goo

TC, type B | High High Medium Medium High
IR/ Medium | High Insufficient | Insufficient | Low
filament

IR/ High High High Insufficient | Low
thermopile

Fiber- High High High Medium Low
optical

5. Conclusions

The welding of materials with advanced-properties, achieved by
precise control of the chemical composition, combined heat and
mechanical treatment during manufacturing, could require
additional control of the temperature cycles during the process.
Direct measurement of the temperature in the weld seam is possible
by non-contact optical devices, in cases when the measurement spot
of considerable size is acceptable. The accuracy is subject to various



MACHINES. TECHNOLOGIES. MATERIALS. vol 1, 2025

influences. The validity and accuracy of the results is influenced by
a number of factors, including material surface emissivity,
reflections, weld arc emissions, humidity, and intermediate
air/medium quality among others. The utilization of non-contact
optical measuring devices is limited to manufacturing with high
repeatability, performed in controlled conditions, and by the
complexity of the measuring equipment if reliable results are to be
achieved.

Direct measurement of the temperature is possible in close
proximity to the weld seam, utilizing single or multiple spot
thermocouple sensors, allowing monitoring of the welding thermal
cycles, as well as additional process parameters including welding
speed (arc travel time between sensors positioned along the seam),
actual preheating temperature at process start, inter-pass
temperatures, heat treatment parameters etc.

Calibration of welding process simulation models is possible by
multi-spot temperature measurement, allowing evaluation, in a
finite number of positions in the whole volume of the heat affected
material, of different properties of the metal materials, including
convection and radiation at the surface; stress versus strain;

materials changes such as microstructure transformations;
dissolution or precipitation; mechanical behaviour such as
elasticity; instantaneous or time dependent-plasticity; strain

hardening and recovery effect; thermal expansion; transformation
induced plasticity [11].

Measuring of the temperature on the surface, at pre-defined distance
from the weld seam line, could be utilised for an evaluation of the
material properties in the welding manufacturing process.
Determining of t8/5 limits in defined spots or distances to the weld
seam edge during procedure tests and continuous monitoring of the
temperature during manufacturing allows for increased control of
the joint properties. The type and the design of the thermocouple
sensors should be carefully reviewed due to the operation close to
the properties and applicability limits of the measuring devices.
Multiple sensors of different type could be applied in order to
address the limitations.
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Mpexa 0T aBTOHOMHH 0e3NUJIOTHH JIETATEJIHUA aNlapaTH 32 KOHTPOJI Ha ypOaHU3MpaH
paiioH

HBan rapBaHOBl' 2 Marganena T"apBanoBa
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1yHI/IBepCI/ITeT 1o OubnMMoTeko3HaHue U HHPOopMaoHHH TexHonoruu, Codwus, brirapus
2I/IHCTI/ITyT II0 MaTEMaTHKa U I/IH(bOpMaTI/IKa — E’I)J'[FapCKa aKaJeMus Ha HAYKUTC
i.garvanov@unibit.bg, m.garvanova@unibit.bg

Pesztome: Ilpes nocneonomo decemunemue 6esnunomuume nemamennu anapamu (bJIA) uiu oponoseme 3aexa odewia pois u npuLoNHceHue
8 UHMeENUSEHMHOMO 3emedenue, ePeKmueHama peaxyus npu U3bHpeOHu cumyayuu u mHozo opyeu. Cw3dasanemo Ha mpesxca Om
ABMOHOMHU POsiyU Om OPOHOBe, Pabomewu Cb8MeCmMHO 3a HAOM00eHUe Ha YPOAHU3UPAH PALioH OU NOMOSHANO 34 PeulasaHemo Ha WUPOK
Kpbe om HoBu 3a0ayu. B nacmoawama cmamus ce aHAnU3UPAm 6b3MOICHOCIMUME U ce NOCOY8AMm NPeOUMCMEama Ha posyume om OpoHose
npu Habnooenue U UHCHEKYUs HA PA3IUYHU NPOYECU U CHOPLICEHUS 8 YPOAHUSUPAH PALIOH.

Kniouosu oymu: posx oponoge, npocneosasane Ha yeau, KOMYHUKAYUOHHU XAPAKMEPUCTIUKU

1. Bweeoenue

Ilpe3 mocnemnHuTe TOAWHM JPOHOBETE CE U3IION3BAT 3a
peliaBaHe Ha pas3iMYHM IOJNIE3HM 3a/layd, Karo: uWHcrmekumu [1],
HaOJII0/IcHUE U pa3y3HaBaHe [2], JOCTaBKa Ha makeTH [3], ThpceHe u
cnacsiBaHe [4], CEJICKO CTOMAHCTBO [5], IMCTAaHIIMOHHO HAOIOICHUE
[4], TpaHcmopr [6], cmemiHa MeAMIMHCKA oMol [7], BOCHHH
omepayu [8] W MHOro apyru. [IpoHOBeTe ca HW3KIIOYUTEITHO
ynoOHu 3a pabora B ypOaHM3UpaHU pailOHH W B KPUTHYHH CpPEAH,
KONTO HE ca JIeCHO JOCTBIIHM Ha Xopara. Te mpuTexaBaT
3HAQUUTENHH IPEJUMCTBA Karo BHCOKAa e(EeKTHBHOCT, HHUCKH
pa3xonau, Obp3H ¥ Ka4eCTBEHHU Pe3yNTaTH. 32 HHCIICKIUS U KOHTPOJI
Ha ypOaHHM3HpaH paifoH € MOJXOIANIO Aa Ce M3IOJI3BAT POSIH OT
IPOHOBE, KOWUTO Ja Ca CBBbP3aHM C OOJAYHU YCIYTH, Taka dYe
Ha3eMHHAT CErMEHT, MOJIbpJKalll MHCHATAa aBTOHOMHA, Jla ce
aKTyaJHM3upa C Hai-HoBaTa MH(GOPMAIKS OTHOCHO OTPAaHHYCHHATA
3a  momera. Cpm0 Taka, OOJNAYHUTE YCIYTH IIOANIOMAraT
JBIDKEHHETO Ha POsSKa APOHOBE Ype3 3aJaBaHe HA MapuIpyTa Ha
BCEKH €JIMH OT JIPOHOBETE.

TpaauIoHHOTO HAOMIOAEHWE M WHCHEKIUSATAa Ha Pa3IniHU
npouecu U UHYPaCTPYKTYPHU CHOPBKEHUSI B ypOaHH3UpaH palioH
Ce WM3BBPIIBA ITOCPEACTBOM BH3yalHH NpPOBEpKH. To3m meron e
TPYJAOeMBK, 0aBEeH M CKBII, KaTO HE TapaHTHPa JOOPH pe3ynTaTH 3a
TPYAHOIOCTHITHU 30HH. OCHOBHOTO IPEIMMCTBO HAa HM3IOI3BAHETO
Ha JPOHOBE 3a HAONIOJCHHE € CIOCOOHOCTTAa MM Ja MOKPUBAT U
TPYAHOIOCTBITHU 30HM. B nmTeparypaTa ce crioMeHaBaT pa3iudHH
Bb3MOXKHHM  OE3MMJIOTHM CpEeICTBa 32  OCBIIECTBSIBaHE Ha
HaOJIIO/ICHNS] M MHCIIEKIMH, KaTo: APOHOBE ¢ pHUKCHpaHH Kpwia [9],
potopHuu apoHoBe [1], aBToHOMHHM poGoTH3Mpanu aupuxkadau [10]
u gopu xubpuanu [11] nik koonepatuBHu peuieHns [12].

IloBumaBaneTo Ha eheKTHBHOCTTA 3a HAOIIOJCHNE W KOHTPOII B
ypOaHM3MpaH paifoH MOXKe Ja Ce MOCTUTHE C M3MOJI3BAaHETO Ha
POSIIIM OT JIPOHOBE, KOUTO HE U3HCKBAT JAONMBIHUTEIHH MOJ00PEHHS
Ha CBIIECTBYBAIINTE KOMYHUKAlMOHHM WJIM  KOMIIOTHPHH
texHomoruu [13]. TexHomoruuTe, W3MOJ3BaHU 3a POSIK JAPOHOBE
MO3BOJISIBAT Ha TPYIH JPOHOBE J1a Ce KOOPIHHHUPAT MOMEKIY CH,
KaTo He € 3aJBDKUTEIHO Ja MMa IpsKa YOBEIIKa Hameca. Tes3u
TCXHOJIOT'MUM MOrat Ja KOOpAWHHUPAT OT HAKOJIKO A0 XWIAAu
JPOHOBE C IIeJI CHBMECTHO H3ITBJIIHEHHE Ha MHCHH C OTpaHHYEHa
HyXJa OT YOBEIIIKa HaMeca | yIpaslieHne. PosmuTe npoHOBE ca 1o-
e(peKTHBHH OT eJUHUYHHUTE MAPOHOBE, TBHH KAaTO M3IBIHIBAT
Pa3IHUYHU MapaeliHy 331a4d ¥ To 6e3 YOBEIIKH Hai30p. POSIKBT OT
JPOHOBE TPOJBDKaBAa Ja H3IBJIHSABA CBOSTA MHCHS JOpU TIpH
OTHaJaHe Ha HIKOH OT JpoHOBeTe. Bcuuko TOBa mpaBW pPOSsIIUTE OT
JAPOHOBE MNPECANOYHUTAHU IIPHU HUSIBIHCHHUEC Ha CJI0XHU MHCHUU
ocobeHO B ypOaHW3MpaH palOH C HaJM4YWe Ha MHOTO CrpajiH,
JbpBETa, IPEBO3HH CPEJICTBA, XOpa U T.H.
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2. Posk oponoege

Postiite IPOHOBE MHTETPHUPAT YChBBPIIEHCTBAHN KOMITIOTHPHH
ANTOPUTMHU C JIOKATHH CEH30PHH U KOMYHHKAIIMOHHH TEXHOIIOTHH,
3a J]a CHHXPOHM3HMpPAT MHOXXECTBO JPOHOBE 3a IIOCTHTaHE Ha
onpenerena uen [14].

Te W3MON3BAT PA3NMYHA METOMHM 3a YIPABICHHE, BKIIOYHTEITHO
OPEABAPUTENHO  MPOTPAMHPAaHH  MHCHH  CBC  CICHHMHIHH
OpEABApUTENHO  AeDMHHMpAHH  TPAeKTOPUH  Ha  MOJETa,
[EHTPATN3UPAHO YIPABICHHEC OT Ha3eMHA CTAHUHWS WIH CAHHHYCH
KOHTPOJICH IPOH, WIH DasNpeleNeHO YIpaBlIeHUE, NPH KOETO
JPOHOBE KOMYHHKHpar M CH CBhTPyAHHYaT BB3 OCHOBA Ha
cofenena wuHdopmanus [15]. Tlo-HanpenHanuTe METOAM 3a
yIpaBJieHHEe BKJIIOYBAT HHTEIUTCHTHOCT HAa POSK, BIABXHOBCHA OT
KOJIEKTHBHOTO TMOBEICHHE HA sTa NTHIHM, KAKTO W TEXHUKH 3a
M3KyCTBEH MHTEJIEKT, 3a J1a HaydH POSIIUTE IPOHOBE [a pearnpar Ha
HOBH WII HEOYaKBAHH CHTYalMH. Pa3BUTHETO HA WM3KYCTBEHHS
MHTENEKT W MAIIMHHOTO OOYYEeHHe Mpe3 MOCIeIHATE TOMHHH
HoJo0pH  HM3IOJM3BAaHETO HAa MHOTOCGH30PHH TEXHOJOTUM 33
chOupaHe Ha JaHHH U B3EMaHETO Ha pelIeHHUs. Bwrpeku Gbp3ust
HanpeIbK HM3MOI3BAHETO Ha DOSK JPOHOBE OCTaBa OrPAHHYCHO
HOpafd TPYIHOCTH Karo MpOCHe[sBaHe M OTYHTaHE Ha
MPOCTPAaHCTBEHO-BpEMEBaTa JAMHAMHMKA HA BB3AYIIHA TOIOJOTHS,
KaKTO ¥ XapaKTepUCTHKHTE Ha MpekoBara CBBP3aHOCT Ha
IpoHOBeTe B posika. CBBP3aHOCTTa MOXE [a Ce pa3jield Ha IBa
kiaca [16], mokaszanu Ha ¢ur. 1.
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Due. 1. Apxumexmypu na poayu OpoHOGe ¢ KIembyHa 6Pb3KA

Lenmpanusupana apxumexmypa (dur. la): npu TO3U MOAXOA
KieTbuHaTa 6a3zoBa craHums (BS) meficTBa kaTo KOMaHIEH IEHTHP
3a HaCOYBaHE U yIpapJeHHe Ha posika 1poHoBe. Beeku apon (UAV)
nperaBa MHGOpPMANMATA 3a HAOMIOAEHWE ¥ MOHHTOPHHT KBM
6azoBara craHImsA. Ta3M KOMYHHKAIlMOHHA BPB3Ka € M3BECTHA C
HalMEHOBAaHUETO JpOH KbM HHQpactpykrypa (U2I). B rasu
apXUTEKTypa HAMa TUPEKTHH BPB3KH MKy IPOHOBETE B POsIKA.

Heyenmpanusupana apxumexmypa (dur. 16): IpH TO3U TOAXOL
He Bcuuku apoHoBe (UAVs) ca cBbp3aHu KbM 0a30BaTa CTaHIMS 3a
yIpaBlIeHHe U KOMYHHUKanus. B mombiiHeHHe KbM apXUTEKTypaTa
apoH kbM wuHOpactpykrypa (U2I), npoHoBere Moxke Ia
KOMYHHKHPAT AUPEKTHO €IHH C JPYr B PaMKHUTE Ha POsSKa C Lel
obOMeH Ha MH(MOPMAIHUSA Ype3 KOMYHUKAIMOHHU BPB3KH JPOH KbM
npon (U2U).
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3. Ilpunosycenue u npeou3sUKAmMencmeo Ha pPosaK
oponose

I'paxaHCKHUTE MPUIIOKEHHS HA POSIK IPOHOBE Ca PAa3HOPOAHH U
3aBUCAT OT CEH30PHTE M YCTPOWCTBATa, ¢ KOUTO ca 00OpyIBaHHU.
Enxn ot Haii-uecTo cpellaHHTe IPHIIOKEHHS ca HaOIIoJeHHE Ha
ypOaHHM3UpaH paioH, BKIIOYHTENHO OOEKTH, ITbTeH Tpaduk
npyra. Posik npoHOBe MoraTr nga HOKPHUST TOMSIM IEPUMETHP OT
MPOCTPAHCTBOTO, KAKTO M MHOTO Ha Opoif obekTH. MHcnekuusaTa Ha
CTpaTeTHYeCKH  OOeKTH  KaTo  JaleKONMpOBOJIM,  MOCTOBE,
JKeTIe30MIbTHA MHPPACTYKTYpa U MHOTO JAPYTH € OT ChILECTBEHO
3Ha4YeHWE 3a MPAaBWIHOTO U Oe3omacHO (YHKIHOHMpaHEe Ha
CBHIECTBYBAI[UTE CHUCTEMH. YIIpaBIEeHHE TIIpH  HU3BBHPEIHU
CHTyallUM C IIOMOIITAa Ha pPOSK APOHOBE ITOMara 3a aJeKBaTHA
peaknusi ¥ Obp3a HaMeca IpPYM HaMHpaHe Ha W3YE3HATH XOpa H
MIpeoCTaBsHe Ha CIICIIHA OMOII U JOCTaBKM Ha Pa3JIMYHA TOBapH
U amapaTypa IO BpeMe Ha MHpupogHu OexctBus. PosmuTe ot
JPOHOBE ca IMOJE3HH B CEJICKOTO CTONAHCTBO, KaTO MOraTr 1a
3acakJaT CeMeHa, J1a MACHTU(UIMpAT OTHHUILA Ha OojecTH upe3
HaOmofieHWe Ha TOJeMU IUIOIM M Ja NpHiIaraT pas3IndHH
00pabOTKM Ha KyITYpUTE KaTO NPBCKaHE C MECTUINAN, XBBPISHE
Ha TopoBe M 1p. Posmure OT ApOHOBE MOrar ga IOMOTHAT Ha
HOKapHUKapuTe na IpoCIesIBarT u KOHTPOJIMpAT
pa3NpOCTPaHCHHETO Ha MOXapu. Bb3MoXXHa e JocraBka Ha
KOMYHHKAI[HOHHH W HABUTAlMOHHU YCJIYTH, BKIIOYHTEIHO U
WHTEPHET B  KpUTW4YHH  obOmactu.  OpraHuzaropuTe  Ha
pasBIEKaTeTHH CBOMTHSA MOTraT JAa MpaBsIT pPasIUYHH IIOY
NporpamMy,  BKITIOYUTENHO  3a0aBleHMS, aNTepHATHBHH  Ha
(oitepBepkure. [IpuaokeHHETO Ha POALUTE OT APOHOBE TEIMBPBA
e ce yBenMyaBa OJarofapeHHe Ha pa3BUTUETO Ha HM3KYCTBEHUS
WHTEIIEKT.

[Ipenn3BuKaTenacTBaTa, KOUTO CTOSAT HpEJ POSIIUTE OT IPOHOBE
CBILO Ca TOJEMU M Ca CBbP3aHU C 0E30MAaCHOCTTA U CUTYPHOCTTA.
Posimure npoHoBe Morar nga paboTAT C MHUHHMMAiHA YOBEMIKA
HaMeca, HO YOBEMIKaTa Hameca ChC CHCTEMUTE 3a YIPaBJICHHE
MOXe Ja € HeoOXOAMMa 3a YyBCTBHTEIHM MHCHH, KaTO HalpUMep
Te3H, KOUTO MOTaT Jla M3JI0XkKAT Xopara Ha omacHocT. Hacrosmure
pasnopenOH He MMO3BOJIABAT HA €HO JIHMIIE Ja YIPaBIsABa MOBEYE OT
€IIMH JIPOH eJHOBPEMEHHO. 3a0paHsBa ce ChIIO TaKa U3IOJI3BAHETO
Ha JIPOHOBE B 30HM C OTPaHMYEH JOCTBI WM 33 HE3aKOHHU WU
NPECTBIIHM JISHHOCTH KaTo INNHOHUpAaHe, KuOepaTakh WIN
pasmosaraHe Ha IMIPOBH3UPAHH EKCIUIO3UBHH YCTPOMCTBA.

IoBepurenHocTTa u KHOepCUrypHOCTTa e Ipyro
MPEAN3BUKATEIICTBO  INpeA  POSIUTE  JPOHOBE,  CHOMpAIIH
uHpOpMAIHs 3a 3a00MKaAImIaTa TH cpela, Taka de TpsOBa nma ce
periaMeHTHpaT IpaBHia W NPOTOKOJNM 33 3allUTa  Cpelry
CBHOMpaHEeTO M CHhXpaHEHHETO Ha ompeneieHa WHGOpPMAIUs KaTo
CHHMKH, BHUJICOKIMIIOBE WJIM 3ByKo3amucu. Mepkure 3a
KHOEpPCUI'YPHOCT MOTaT Jja IOMOTHAT J]a Ce rapaHTHpa, Y€ JIPOHOBE
HE ca OTBJICUCHM WM XaKHaTH OT 3JIOHAMEPEHH JUIa M He ce
H3MOJI3BAT 32 3IOHAMEPCHU IEITH.

Bep3usar  TexHWdYeckH ~— HampeapK  Ie  J0BeAe IO
MHUHHUATIOpU3alUs HA Xapayepa, MoAoOpsiBaHe HA TEXHHUECKUTE
XapaKTepPUCTUKH Ha CEH30PUTe W HM3UYHCIMTENHATa MOIIHOCT Ha
M3MOJ3BAHUTE IPOLIECOPH. Pa3BUTHETO Ha pa3iaM4HH COMTyEepHH
pelleHuss W ONTHMM3alMs Ha paborara Ha ajaropuTMuUTe OH
MOJOOPUIIO YIIPABIEHUETO M IIOBEJICHHETO Ha POSK JPOHOBE.
ITonoOpsiBaHeTo Ha KOMYHHKAI[MOHHAaTa CBBP3aHOCT II€ MO3BOJIU
yBeJIMYaBaHE Ha Oposl Ha [POHOBETE B POSIKA, KAKTO M B3EMAHETO Ha
Pa3IUYHU BaKHH PEIICHUS OT POSIKa JPOHOBE.

Ilonesnocrra M HEoOXOAMMOCTTa OT CBH3JaBaHETO HA POSIK
JpOHOBE € HEOCIOpHMa, HO CBHIIECTBYBAIIUTE OTPAHHICHHS
3aTpy[HABAT MacoBOTO My H3mon3BaHe. Ilo-chlnecTBeHUTE
MPEIU3BHUKATENICTBA Ca OTPAHUYCHUATA KaTO MaJbK MOJIE3eH TOBap,
CPaBHUTEJIHO MAJIKO MOJIETHO BpeMe, HEOOX0JUMOCTTa OT OIepaTop
(mucTaHIMOHEH MUJIOT), KOWTO 1@ YIpaBisiBa POsiKa ¢ MpeaaBaTeln
WM KOMITIOTBP C TOAXOAI cOPTyep 3a yIpaBIeHHE H Jp.

OOHNKHOBEHO IOJ] POSIK ce pa3dupa rpymna oT AeicTBalIM JINIA,
KOHTO 3a€IHO Ce KOOPIMHUPAT, 3a Jia MoJydar jkellaH pe3ynrar. B
npupojara ce Cpemar MHOXECTBO IPHMEPH 3a KOOPJHHHPAHO
MOBEJICHUE MEX/y €JIUH M ChIIN BHJ] )KMBOTHH MM HACEKOMH C LIEN
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rocTurane Ha o6buia nonesHa 1en. [Tuenure ce kKOOpAUHUPAT eHA C
JIpyra 3a M3IBbIHEHHWE Ha 3a7aud, KPUTHYHH 3a OIENABAaHETO Ha
TexHuss posik. Crajga Ha MUTpUpAIl NTHOM  KOOPAWHUPAT
e(eKTHBHU MOJEIH Ha TMOJIET, 3a J]a MOCTUTHAT TAXHATa MUTPALHSL.
Tlo chmust HAYMH POSIK OT APOHOBE KOOPIAWHHPA BCEKH €IUH JPOH
3a M3IIBJIHABAHE HA JKeJlaHa 33/1a4a Wiy Habop OT 3aJadH.

4. Ananuz Ha KOMYHUKAUUOHHUNE MEXHON0ZUU 6
DOAK OpoHoge

N360pbT Ha NOAXOINIA KOMYHHKAallMOHHA TEXHOJOTHS B
naneHu O6e3mmwioTHU JietatenHu cucremu (BJIC) 3aBuch ot u3bopa
Ha KOMYHHUKAIIHOHHUTE MOJYJH, BUAA Ha aHTCHWUTE, W3I0JI3BaHATA
miathopMa U BHIA Ha MpekoBara apxutekrypa. Ilpu uzbop Ha
KOMYHHKAI[HUOHHA TEXHOJIOTHS TpsOBa 1a ce B3eMar MpPeIBHI
pa3IMYHM TEXHOJOTHMYHH IIapaMeTpH, oO0XBaT Ha JeHCTBHE,
YEeCTOTHA JICHTa, MOOHMIHOCT, YECTOTH Ha CHTHAaIa, CbBMECTHMOCT,
CKOPOCT ¥ Tojie3eH ToBap. B Tabnmma 1 ca mokasaHW pa3iMyHHTE
XapaKTepUCTUKH Ha Oe3kuuHuTe mpotokoin [17-20], kato ce
3a0eisI3Ba, 4e Hal-MOLIHUTE NPOTOKOJIHM, M3IMOJI3BAHH 32 APOHOBE
ca WIMAX u GSM/GPRS mnopagu TexHHTE KOMYHUKAIMOHHU
00XBaTH, YECTOTHA JICHTAa, MOLIHOCT Ha IpeJaBaHe M BHIA Ha
nudpoBaTa MOIyTaIus.

Taonuya 1. Xapaxmepucmuku Ha Oe3CUyHU NPOMOKOIU

Tun Bluetooth Ultra ZigBee Wi-Fi Wi-Max GSM/G
NPOTOKOJ wideband PRS
(UWB)
868- 915 ] 850- 900:
deeromia | g4emz | 308 | MHz 24 | 24:56Hz | 24519 | 1800- 1900
Jenra GHz MHz
WIS, 720Kb/s | 110Mbls | 250Kb/s | 54Mbis | 35-70 Mbls | 168 Kbis
Tet
Pascr. 3a
kowywmka- | 10m | 10102m | 10-1000m | 10100m | ™| 235km
s
Mommnoct
HA -41.3 15-20
mpexana- | 07100BM | 4o iy, | -25-0dBm P 23dBm | 0-39 dBm
TeJst
03-06
Hecrorma |y, 0575 MHz:2 | 25-20 MHz | 20:10 MHz | 200 kHz
JIeHTa GHz
MHz
Monysa- | CPFSK,8- | oot QPSK, : GMSK,
) QPSK, QPSK,
ums DPSK, n/4- OFDM, 8PSK
DOPSK 00K, 0QPSK MOAM BPSK,
PWM OFDM
e FHSS DSUWB, DsSS MgZSKSS’ OFDM, TDM A,
Hna MBOFDM OFDM OFDM A DSSS

KayecTBOTO Ha KOMYHHKAIMATA B TE3H CHCTEMH MOXE Jia ce
MOBJIHsC OT pa3nuuHu (prsndecku edektu karo: JlomaepoB edekr,
NpEeKbCBaHE Ha KOMYHHKAIMATA, 3arjyllaBaHe Ha CHTHajla U Jp.
Te3u edexkTd Morar 1a MOBIUAAT Ha KauecTBOTO HA IaKeTHATa
KOMYHHKAaIlMs, HO IelnTa € Ja ce IOCTUrHe e(eKTUBHA
KOMYHHKAIIMSl C HHUCKA JIATCHTHOCT M HAJSKAHA KOMYHHKaLUs B
cucTemara.

KomyHuKanmsaTa Ha JpOHOBETE B TPAACKH YCIOBUS Ce
3aTpyIHSABA ~ 3HAYMTENHO IOPaAd  HAIMYHETO HAa  MHOTO
PaaMOETIeKTPOHHH TIPEAaBaTeNd, T'€HEPUpAIlH ENeKTPOMArHUTHU
CMYILICHHUs, HAJIMYMETO Ha Crpaad ¥ e(eKTH OT 3aceHYBaHEe Ha
KOMYHHKAIIMOHHUTE CUTHAIH. 3a 60pOa ¢ Te3n HexeNnaHu eheKTH ce
npeuiaraT pasiMyHd TEXHOJIOTMYHU U CO(TYepHU pEUICHHs KaTo
6opba ¢ wuMmmyiacHu cmymeHus [21, 22], oruuTaHe Ha
nudpakiuonnu edektu [23, 24] 1 MHOTO IPYTH.

5. 3aknrouenue

B HacrosimaTa cratvs ca aHAIH3MPaHH BB3MOXKHOCTHTE U CE€
MOCOYBAT MPEIUMCTBATA Ha POSIIUTE OT IPOHOBE MPH HAOIIOICHUE
U HHCHEKIUs Ha ypOaHM3WpaH paioH. AHaIM3UpaHH ca
HPOTOKOJIMTE 32 KOMYHHKALMSA MEXAY POHOBETE 32 YCTAHOBSIBAHE
Ha Hal-NOAXOJLILINTE NIPU PeaIn3upaHe Ha POSK JPOHOBE.
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bnazooaprnocmu

Crarusita € pcaim3upana 1o Hamwmonanna Hay4YHa Oporpama

,»CHUI'ypHOCT U oTOpaHa“, ¢uHaHCHpaHa OT MHHHCTEpPCTBOTO Ha
o0Opa3oBaHMETO ¥ HaykaTa B U3MBJIHEHHEe Ha HarmumonamHara
cTpaTerus 3a pa3BUTHE Ha HayuHuTe m3ciensanus 2017-2030 u
npueta ¢ Pemenne Ha Munucrepcku c¢bBeT Ne 731 ot 21 okToMBpH
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Cucremu 3a OTKPUBAaHEC U HpOTHBO[leﬁCTBHe HAa 0e3MUJIOTHH JIeTaTeJTHH anapartun
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Pesrome: Hapacmeawomo usnonzeane Ha 6e3nuiomuu J1emameiiu anapamu nopaxicod OnaceHust OMHOCHO CUZYpHOCmmd, 6e30nacHocmma
U HenpuKOCHOBEHOCMMA HA XOpamd, KAmo OKA36a CUNIHO GIUSHUE 6bPXY NCUXOL02UYECKUme U COYUAIHUmMe Acnekmu Hd HAYUOHATHAMA
cueyprocm. Bcuuko mosa 600u 00 Heobxooumocmma om paspabomeare HA CUCMEMU 3 OMKPUBAHe U NPOMUBOOCUCMEUE HA HENCeNAHU
Oponose 8 uyecmeumennu 30Hu. Tesu cucmemu moeam 0a OMKPUSAm, NPOCIEOABAM U HEYMPATUUPAN HEOMOPUSUPAHU OEe3NUIOMHU
nemamennu anapamu (BJIA). B cmamusma ce anaiusupam memooume U MEXHOIO2UUMe 34 OMKPUBAHE U NPOMUBOOEUCMBUE HA
besnunomuu remamennu anapamu. Om cneyugurama na usNOA3EAHUME MEXHOIOSUU CA NOCOUEHU NPeOUMCMEAMA HA 6CeKU OMm Memooume
3a bopba ¢ OpoHo8e npu 3auuUmama Ha Xopama U KpUmusHume UH@GpPaAcmpyKmypHu 00exmu.

Knrouoeu oymu: besnunomuu remamennu anapamu, Memoou u mexHoi02uu 3a OmKpusane Ha OpoHoge, npomugooelicmaue na bJIA

1. Bveeoenue

Bbp30oT0 pasBuTHe Ha OE3MWIOTHATA JIETaTeHA WHIYCTPHS
JIOTIpUHACS 32 Pa3BUTHETO HA TPAHCMOPTA, OTOpaHaTa, ThProBUSITA
u yciyrurte. MacoBOTO H3MOJN3BaHE HA OE3MUIIOTHH JICTATEIHU
amapatu (BJIA) e HeoOxomuMoO 1a OTroBaps Ha ONpEACICHH
3aKOHOBH M3UCKBaHHMA M Ja IOKPUBA BHUCOKHM EKOJOTHYHH U
OezomacHM HOpMH. YacT OT ChIIECTBYBAI[UTE JAPOHOBE C€
W3II03BAT 32 HABJIU3aHE B JUYHOTO MPOCTPAHCTBO U ChOMpaHE Ha
CHUMKH U uH(opMarus. Te Morar Jia ce U3MOoJI3BaT 3a HaNaJCHHs 1
ateHtatu. Jlpyrm ce u3moi3BaT 3a KOHTpabaHIa M Tpapuk Ha
HAPKOTHIM W JIPYTH HE3aKOHHHM JeiicTBUs. Bceuuko ToBa Hanmara
JIpOHOBEeTe Ja OBJAT OTKPHUBAHU OT CHUCTEMH 3a HaOMIOAEHHE Ha
BB3IYIIHOTO MPOCTPAHCTBO M MpH HeoOXoauMocT na ObaaT
HEyTpaIH3UpaHH.

Cucremute 3a 3aluTa OT OE3MHIOTHH JETATENHH alapaTtd ce
CBCTOSAT OT CHCTEMH 32 OTKpHBaHe, NpOCIEAsiBaHE WU
HeyTpalu3ipaHe Ha HeXeJTaHUTe IPOHOBE.

3a OTKpHBaHE Ha JPOHOBE CE M3IOJ3BAT PA3IHYHH METOIH U
TEXHOJIOTHH, TMpPUTEKABAllM  CHCUM(PHUYHH  TPEAUMCTBA U
HemocTaThlid. OCHOBHHTE METOIM M TEXHOJIOTWH, M3IOJ3BAHH 3a
OTKpHBaHe Ha JAPOHOBe, ca: PamapHo otkpusane [1-5], n3nomnssamo
TpaJHUIMOHHA paJiapHa CHCTEMa 3a CKaHHUpPaHEe Ha IPOCTPAHCTBOTO
WIH pajap C NOpsSKO pasceiiBaHe HA CUTHama, H3IIOJI3BAI]
CBILECTBYBAIUTE PAJHOCHTHAIM OT JPYTd M3TOYHMIM Ha
CNIEKTPOMATHUTHH BBJIHH, KaKTO W MHKPOJOIUIEPOB pajap 3a
aHAM3 Ha MHKPOJOIUICPOBUSI e(EKT, NMPUYHHEH OT BHTIATa Ha
npona; Pamuouecrorno (RF) orkpusane [6-10], Gasupano Ha
aHAM3 HA KOMYHHKAIMOHHHUTE CHIHAIM MEXIY IPOHA W HErOBHs
kourponep; OnrtuuHo u wuHppadepBeHo otkpuBane [11-15],
6a3upaHo Ha 06paboTKaTa Ha BU/IEO OT KAMEPH C BHUIMMa CBETIHHA
u o00paboTka Ha HWHPpPavYepBeHH W300paKEHHS, CHIbPIKAIIN
nHpoOpMaIys 3a TEPMUYHOTO ChCTOSHHME Ha japoHa; OTKpHBaHE C
Lidar, u3non3Baml jna3epHH MMIYICH W 0OpabOTBalKH TEXHHTE
OTpakeHHs1 OT JpOHa M OKonHata cpena; JlasepHu BuUOpomeTpH,
U3MepBallld CTPYKTypHUTE BHOpalMu Ha JpoHA; AKYCTHYHO
otkpuBane [16-20], koeTo aHanM3Wpa 3BYKOBHTE CHTHAJH,
TeHEepUpaHH OT APOHA; AYANO-BU3YalHH CHCTEMH, KOMOMHHpAIIN
ayIuo- W BU3YaJHH JaHHHM 3a MOJOOpsBaHE Ha TOYHOCTTA Ha
OTKpHBaHE U JIp.

3a nomoOpsiBaHe Ha HA/IEKIHOCTTA M TOYHOCTTA Ha OTKPUBAHE
ce mpemyaraT MeTonu 3a oOeqWHSIBaHE HAa JaHHH OT pa3iM4HH
CEeH30pH. AJITOPUTMHTE 3a ABIOOKO OOyYeHHE M H3KYCTBEH
MHTEJICKT MOTaT Jla ce M3IMOM3BaT 3a M000psABaHe HAa TOYHOCTTA Ha
OTKpHBaHe Ha ApoHa. ChIIECTBYBAIIUTE AIrOPUTMH 32 ABIOOKO
o0ydeHue ce M3MOM3BAT 3a aHAIN3 HAa M300paKeHUS U ayIUOdaHHU
32 OTKpMBaHE M KiIacH(HLUHUPaHE Ha JPOHOBE. AJITOPUTMHUTE C
H3KYCTBEH HHTEJEKT ca YIOOHH 3a €JHOBPEMCHHO OTKpHBaHE,
uaeHTHGUKALNS 1 Pa3I03HABaHe Ha JIPOHA.

Meronute 3a HEyTpallMi3UpaHe Ha HEXENIaHH IPOHOBE ca
pa3IMYHM KaTo M300pBT HAa METOJA 3aBUCH OT E€CTECTBOTO Ha
3amuiaxara, MECTONOJIOXKCHUETO Ha MHILMICHTa U ThPCEHMS e(eKT.
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Haif-uecTo cpeuianute MepKu
PaZMOYECTOTHO 3ariyliaBaHe,
NpUXBallaHe Ha JIPOHOBE.

B mHacrosmiata ctatMs ce  aHaNIM3WpaT METOAUTE U
TEXHOJIOTMUTE 32 OTKPHBAaHE M HEyTpalM3UpaHe Ha OE3MMIOTHU
JeTaTenHy amapatv. HampaBeHHM ca HM3BOJAM M HPEHNOPBHKU M ca
HOCOYEHH NPEIUMCTBATa U HEAOCTATHIUTE HA PA3INYHUTE METOIH
3a OTKpUBAHE U NPOTHBOACHCTBHE.

3a HpOTHBOZ[efICTBPIe H3110JI3BaT
JIJa3€pHU NOYHNIKKM W MPEKH 3a

2. 0030p u ananuz Ha mMemooume 3a OMKpUsane
Ha 0e3nuUNOMmHU 1emamennu anapamu

2.1. Paoapno omkpusane

AKYyCTHYHWTE paJlapHU CHCTEMH MOTAT Jla OTKpHMBAT JPOHOBE,
KaTO M3JIBYBAT EJIEKTPOMArHUTHH BBJIHH B HPOCTPAHCTBOTO, KOUTO
ce OTpa3siBaT OT pa3IMYHM OOEKTH M ce INpHeMaT 00paTHO OT
panapa. Ciien mpuilarane Ha clienMajiM3upaHa CHrHaiHa 00paboTka
€ BB3MOXHO ga ce oTkpue BJIA m ma ce u3MepH CKOpocTTa U
asuMyTa Ha nenta. CBbBpeMEHHHWTE pafgapHU CHCTEMH MOraT naa
OTKpHAT W pa3lo3HasT Buaa Ha obekra. [lacHBHOTO pamapHO
OTKpPHMBAaHE pa3unTa Ha PAAUOCUTHAM, HW3TBUYEHH OT JpPYTH
panuoycTpoucTBa.

OTKpHBaHETO Ha POTOPHU JAPOHOBE Ype3 pajapu 3a IBITH
pascrosiHuss  mocpenctsom  m3BnuuaHe Ha HElicopter Rotor
Modulation (HERM) xapakTepucTuk ¥  W3MON3BaHE Ha
MHKPOJIOIUIEPOB aHaJHu3 € ochliecTBeHO B [1]. 3a ma pasrpaHudat
JPOHOBETE €JWH OT APYT, KaKTO W Ja TH pasrpaHudar OT JIPYyTH
JeTAIN 00CKTH, aBTOPUTE M3IOJ3BAT YECTOTHUTE Ha cpe3a. B [2] e
W3CIeIBaH TIPOOJIEMBT C OTpaHWYCHHS OOXBaT Ha paboTa Ha
MHKPOJOIUIEPOBHUS e(eKT, MOTydaBaH OT JIONMATKUTE Ha IPOHA, KaTo
ce Tpejuiara yBelduaBaHe Ha 00XBaTa Ha CHCTeMaTa 3a OTKPUBaHE
Ha JpoHOBe nocpencTsoM u3nonssane Ha HERM xapakrepuctuky,
OPOM3THYAIIM OT BHM3yalu3alMATa Ha MHUKpOAOIUIepa upe3
U3IO/I3BaHE HAa  OBIBI  TPO30pel] Ha  KpaTKOBpPEMEHHaTa
TpaHchopmanus Ha Dypue. ABTOpUTE NpeAyaraT Aa ce H3I0I3Ba
TEXHHMKAaTa Ha JIOTAPUTMHUYHO CyMHpaHe Ha XapMOHHUIINTE, 32 Jia Ce
W3BJIEKaT  OCHOBHUTE  4YeCTOTHH,  checTaBisiBauin ~ HERM
xapakrepuctukure. B [3] ce mpemnara oTkpuBaHe Ha APOH B
cucTeMa 3a IpoclefsiBaHe, U3MOJI3Ballla MajlbK pagap ¢
MIJIMMETPOBM BBIHM. [IpemnoxeHata cucrtema mnpeoOpasyBa
OTpa3eHNTe CUTHAIM B 00JaK OT TOYKH, KaTO Ta3u TEXHHKA MMa 3a
el Ja IpaBd pa3idKa MEXAY pa3IuyHU Oe3MWIOTHH Lely,
M3IOJI3BAKN MOJIENTM HA TAXHOTO OTpaKEHHE. 3a pa3iInvaBaHe Ha
JPOHOBE OT JPYTW IENH € H3IMOI3BAaH AITOPHTHM, KOMOWHHpAIL
MOZIeN Ha KOHBOJIOIMOHHA HEBPOHHA MpEeXa M IPOCTPAHCTBEHO-
BpeMeBH Xapaktepuctuku, HapedeH CNN-LSTM. B [4] ce
aHalu3Upa CHUCTEMa 3a OTKpHBaHE Ha JPOHOBE, M3IOJI3BaIlA
JOIIIEPOB  pajap. ABTOpPUTE Ca W3MON3BAIM AITOPUTBM  3a
OTKpMBaHE, TOIABPXKAIL IOCTOSIHHA BEPOSTHOCT HA IJIBXKIIHMBA
tpesora (CFAR) u e paspaboten nepconanusupan mozaen Ha CNN,
HapeueH DopplerNet o peza 3a pa3no3HaBaHe Ha JICTSIIH JPOHOBE
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cpexn apyru obektu. B [5] e uscnenBan pagap ¢ npsko pasceiiBane,
koiiTo m3non3Ba GPS curhan 3a oTkpuBaHe Ha APOH, IMPECHYAIL
0a3oBara JIMHUA Ha pajlapHaTa CHCTEMA.

2.2. Paououecmomno omkpueane

OTKpHBaHETO Ha JPOHOBE IIOCPEICTBOM PaJHOYECTOTHO
OTKpHBAaHE pa3uhTa Ha HAONIONEHWE HA KOMYHHKALMATA MEXIY
BJIA u nHazemHus xontposiep. To3u MeTon aHanmu3upa BCHYKU
NIpefaBaHy CUTHAIM B paMKUTE Ha ONPENENeH YEeCTOTCH JUana3oH,
KOETO TOTEHIHUATHO BOJH JO TOJSIMA BEPOSTHOCT OT (hallIuBU
anapmu, Tbd Karto npuetute RF curHanu He ca HENPEMEHHO Ha
Thpcenus apoH [6]. ima nBa ocHOBHU BHaa nacuBHH RF censopu.
IIepBUAT AekoAMpa KOMYHHMKAIIMOHHMS MPOTOKON 3a YETCHE Ha
JaHHUTE MEXIy OpOHAa M HeroBus KoHTposep. Tyk TpsiOBa ma ce
oTOeNeXH, e IeKOANPAHETO HAa KOMYHHKAaIMOHHU IIPOTOKOIN 6e3
paspelieHre MOXe Ja Hapylld NPaBHUTE HOPMH M pas3nopenou.
BropusT THn wuaeHTHOHMIMpa Mojela HAa KOMYHHKAI[HOHHHS
MPOTOKOJI M WAEGHTHWIMpa MojJelda Ha [pOHA, W3IOJI3BAHKH
neroBus RF moammc. 3a ma ce MOCTHUTHE TOBa, € HEOOXOIUMO
H3M0I3BaHETO Ha rojsaM Habop oT maHHM oT RF moxmmcm c men
cpaBHsBaHe Ha OTkputus RF moammc Ha gpoHa CbC
ChINECTBYBAIUTE B 0a3aTa qaHHHU. EHO OT OCHOBHHTE yJ00CTBa Ha
PagroYecTOTHOTO OTKPUBAHE € HeroBaTta CIIoCOOHOCT 3a OTKpHBaHE
Ha BJIA oT rojemu pa3cTOSHUS, KaKTO M HICHTHOUIMPAHETO Ha
Mojena Ha BJIA, uznomn3saiiku Herosus RF mogmuc.

B [7] e mpemnoxen amropurbM 3a Wavelet Transform 3a
n3BIMYaHe Ha nognucu ot RF curnamm, kouto ca Omii N3M0I3BaHU
KaTo BXOJ KbM IIpeABapUTENHO oOydeHa Mpexka, HapedeHa
SqueezeNet. B [8] ce mpemnarar anropurbM 3a chbBMECTHa paboTa
Ha Feature Engineering Generator (FEG) u MHOTOKaHaJIeH OAXO0.
3a OBJI00KO OOydUeHHE C Il OTKpuBaHe M kinacupukamnus Ha BJIA
uype3 RF anamu3. IIpe/ulo’keHUAT  @IrOPUTBM  H3IOJI3Ba
nepBonadanHo FEG 3a npenBapurenna o6paborka Ha RF curnamm
Yype3 HOpMaJM3UpaHe Ha YECTOTHHS KOMIIOHEHT M HaMaJsiBaHE Ha
mryMOBHSI €(DeKT Upe3 MpuiIaraHe Ha (QUITHP C MBI3AMIO CPERHO
(moving average filter). IlpemBaputenHo oOpaboTennte RF
CHTHAIM C€ TOJaBaT Ha MHOTOKAaHAJTHaTa TEXHHUKA 3a JBIOOKO
oOydJeHne, KaTo B pe3yiTaT Ha TOBa Ce€ MOJydaBa aBTOMAaTHICH
n30op u kiacudukanus Ha ¢yHkiuuure. B [9] e mpemnoxeH
QITOPUTBM 3a OTKpuBaHe Ha Jjersaiu BJIA upes RF mpwcToBn
OTHEYaTHIM C IIOMOLITAa Ha JABIOOKO OOydeHHe W arperupase.
ApXuTekTypaTa Ha HeBpOHHaTa Mpexa ce cheron oT AlexNetlD ¢
npubmusutenHo 1,1 munrona mapamerpu U ResNetlD ¢ 6mm3o 16
muimoHa mapamerpu. [Ipemnmoxenara Bepcuss Ha AlexNetlD
cpabppka S5 Omoka or 1D KOHBOMIOIMOHEH CIOW M CIOH
MaxPooling, mocnenBan oOT J[ABa HAIBIHO CBBP3aHH CIIOA.
[peanoxenust moaen chabpxa 12 6pos uneHtnunu AlexNet1D.

B [10] e mnpemioxeH anropuThbM 3a OTKpHBaHE Ha JPOH
MOCPENICTBOM ~OTKpuBaHe Ha chektbpa Ha RF  curmanm 3a
KOMyHHUKalusi ¢ jpoHa. MsmomsBan e CFAR anropursm 3a
OTKPHBAHE B YECTOTHATa 00JIACT Ha CUTHAJIA.

2.3. Omxkpusane na oponose c eudeonadniooenue

TMocnenHuTe H3CNEIBaHUS 10 BBIPOCHTE 3a OTKPHBaHE Ha
JIPOHOBE C BHJICOHAOIIOICHHE CE€ KOHLIEHTPUPAT B M3MOJI3BAHETO Ha
MammHHOTO 0OydeHne (ML) u gpiabokoto oOydenue (DL).
CohluecTByBaIMTe METOJM MOTAT JIa C€ PA3AEIIAT Ha JIBE KATErOPHU:
€AHOCTCIEHHU HW [JABYCTCINIEHHU OTKPUBATEIIN. E)IHOCTGHCHHI/ITG
OTKpHBATENIM, HW3BECTHH KaTO OTKPUBATENM C €AWH IIOTJIeN,
M3IBJIHIBAT KaKTO PETHOHAIHO OTKPHBaHE, Taka M JIUPEKTHO
kiIacuuimpane Ha OOEKTH 10 TEXHUTE XapaKTePUCTHKH,
W3MON3Baiiku MpUHIMONTE Ha o00paboTka B Mpexa. TakuBa
OTKpHMBATEeNM Ca MOAXOASAIIM 332 OTKpHBaHE Ha OOEKTH B PEaJHO
BpeMe, ThH Karo MOraT Ja IOCTUTHAT BHCOKAa CKOPOCT Ha
o0OpaboTka. 3a pazauka OT TIX, J[ABYCTENEHHHMAT OTKpHUBATEN
U3IIBJIHABA OTKPUBAHETO HA OOEKTH B IBE OTIEIHHU CTBIKH, KaTo
IbpBaTa CTHIIKA W3I0J3Ba MpPEXa 33 PErHMOHATIHM HaOIIOAEHUS,
KOATO MACHTU(UIMPA HAKOJKO PErHOHa Ha MHTEPEC C BEPOATHOCT
Ja ChIOBpXKAT ThPCEHUs OOEKT. Bropusar eram e cBBbp3aH CbC
3amadata 3a knacuukamusa. Tol Kiacupumupa NPemIoKeHUTE
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pErHoHy, 3a J1a pa3lo3Hae U JoKaau3upa nenta. To3u anropuTem 3a
OTKpHBAHE HE € ONTHMAJIEH 3a IIPUJIOKEHHS B PEATTHO BPEME.

EnHO OT OCHOBHHTE NpeAN3BHKATEICTBA NPU OTKPUBAHETO Ha
BJIA e, ye ce mosBsBAT B pazaM4YHU Pa3MEpU B H300paKCHHETO.
Jlersamy mamanexko BJIA Moke ma u3IiIekga KaTo MallbK OOEKT,
KOWTO TpPYAHO ce OTKpuBa. JIpyro mNpean3BUKATEICTBO €
oTKpuBaHeTo Ha Manku BJIA Ha QoHa Ha JOpyrm Manku JeTsmu
0o0eKTH Karo NTHIM. B TO3M acmekT B JMTeparypara ce cpemar
MHOXKECTBO AITOPUTMHU 3a OTKPHBAaHE Ha APOHOBE, H3IOI3BAIIU
BU3YaJTHO 0a3upaHy HOAXOH.

B [11] e pasrienan anropuThM 3a OTKPUBAHE HA 3JIOHAMEPEHH
BJIA, xoiito e Ga3upaH Ha Bu3yasieH TpaHchopmarop (vision
transformer — ViT) [12] u e npeaHa3HayeH 3a KOMITIOTBPHO 3pECHHE.
Pemennero namu BJIA e 3moHamepeH, nim Oe3BpelieH ce B3eMa OT
toBa ganmu BJIA HocH, wim He HOCH moje3eH ToBap. MoaensT ViT
npuiiara npeoopa3syBaHeTO AUPEKTHO B YaCTH OT N300paKEHHETO C
e OTKpHUBaHe U Kiacudukanys Ha odekrure. B [13] e npexsoxen
Mojen 3a oTkpuBaHe Ha BJIA upe3 aHamm3upane Ha HeoOMuaitHO
Buzpeonosenenue. O6paboTkara ce CbCTOU OT JIBE CTBIKH, IbpBaTa
OTKpHBa HAIMYHETO HA AHOPMAIHO TOBEACHNE B HEOETO, H3BECTHO
ome Karo OTKPHBaHE HA AaHOMAJHSA, JOKaTO BTOPaTa CTBIIKA
nrentudunypa namm orkputata aHomanmsi e BJIA. B [14] e
npemioxken komOunupan DCNN merox 3a nporHosupaHe Ha
paliona Ha TbpceHe 3a mpocinensBaHe Ha BJIA.  [IponsT
II'bPBOHAYAJIHO C€ OTKpUBa C nomoliura Ha aroputsM YOLOv4, a
MIPOrHO3KMpaHeTo Ha no3uuusTa Ha bJIA ce nomyyasa upe3 BBox. B
[15] e mpemnoskeH anropuTsM 3a OTKPUBAHE HA IPOHOBE C TOMOIITA
Ha ONTHYHA U HH(]padepBeHa KaMepa.

2.4. Akycmuuno omkpueane na bJIA

Aynno0a3upaHUTe TEXHUKH 3a OTKpHBAaHE Ca CBBP3aHH C
W3BJIMYAHE Ha ayJIMOXApPAaKTEPHUCTHKU OT OE3NMHIOTHH JIETAaTeIHU
amapaTH, HOJy4eHH OT MHKpodoHH. Cpel MeToauTe, W3IOJI3BaHU
3a W3BIMYAHE Ha ayanoxapakrepuctukd B [16] e mpemmoxena
aHTHUJIPOH CHCTeMa, 0a3WpaHa Ha aKycTWdHH curHamd. Cucremara
MMa 3a [eJl ITBPBO Ja OTKpUE JETSI] JPOH B 30HH C OTPaHHYCH
JOCTBII M Ja WASHTH(HIMpa IO-KbCHO OaNM JPOHBT € OWi
paspeiieH B 3aBHCHMOCT OT HEroBusi THI wid mopen. B [17]
aBTOpUTE  CpaBHABAaT e(QEKTHBHOCTTa HAa  KOHBOJIOLHMOHHU
HeBpoHHU Mpexxu (CNN) ¢ noBrapsimu ce HeBpoHHH Mpexu (RNN)
MW KOHBOJIFOIIMOHHHM TOBTApsmu ce HeBpoHHH Mpexu (CRNN)
OTHOCHO OTKPHBAHETO U MICHTH(UKAIMATA HA JPOHOBE C IIOMOILITA
Ha akyctuuHu curnanu. B [18] e mpennoxen ayanobazupan moaxo.n
3a OTKpUBAHE U KJIACH(UIMPaHe Ha TIOOUTEIICKU IPOHOBE B ITyMHA
cpena 4ype3 MamMHHO oOydeHHe. ABTOpHUTE ca W3MOI3BaM Men
gecToTHH KerictparHu koepumuentn (MFCC) 3a m3BnuuaHe Ha
XapaKTepPHUCTUKH, KAKTO ¥ METO]] Ha OTOPHU BEKTOPHH MAIllMHU 32
aynnokinacupukanus. MoaensT WMa 3a men Ja Kiacupunmpa
3BYLIUTE Ha JIOOMTENICKM NPOH OT JAPYrH 3BYLIH Karo ITHIH,
camMoJieTH W TPBbMOTEeBHYHH Oypu. 3a chmiata men B [19] e
peanu3upaH MOAXO0J Ha HEKOHTPOJHMPAaHO MAIIMHHO OOydYeHHe 3a
M3I0JI3BaHE HAa TIOOHWTENICKO OTKPHBAHE HAa JIPOHOBE OT aKyCTHIHU
CHTHAIM. ABTOpHTE Ca NPHIOXKWIN CHEKTpanHaTa IDTBTHOCT Ha
MomHocTTa (power spectral density — PSD), kakTo m cpemnata
kBagpaTHyHa croitHoct (RMS) Ha PSD upe3 oOpaborBame Ha
aKyCTHYHHTE CHUTHAIM C MOMOIITa Ha JeHToBH ¢uitpu. B [20] e
pasrienaHa ojekoTeHa KoHBouoloHHa Mpexka CNN (LWCNN) 3a
JMIOOMTENCKO OTKPHBaHE Ha JPOHOBE C MOMOINTA Ha aKyCTHYHH
curHand. [IpeuioKeHHAT MeTox HMa 3a Ied IIbPBOHAYAIHO
npeoOpazyBaHe Ha ay[JHOCHTHAIH B W300paKeHUsI C MOMOINTA HA
texuukata Mel Spectrum. XapakTepHCTHKUTE, TIONYy4€HH OT
Mozena LWCNN, ca n3nom3BaHM BHOCIEACTBHE OT alTOPUTHM 32
knacuduumpane. B [21] ce u3cnenBar akyCTHYHH XapaKTEPUCTHKH,
M3BJICYCHH OT BpeMeBaTa M YeCTOTHA OOJACT Ha 3BYKOB CHUTHAJ C
el OTKPMBaHE U pa3lo3HaBaHe Ha OC3MWIOTHU JIeTaTeIHU
amapartd. OT crnenudukaTa Ha 3BYKOBHS CHMTHAJ1 HPOM3THYA M
u300pbT HAa  M3CNEABAHUTE  ayAHOXapaKTEepUCTHKHU. Te3u
XapaKTePUCTHKU MOTaT J1a Ce M3II0I3BAaT OT METOJUTE 3a MAIIMHHO
n/umn aenooko oOydeHWe B M3KyCTBEHa HEBPOHHAa Mpexka 3a
OTKpHBaHE Ha OE3MIIOTHU JETATSIIHN allapaTH.
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2.5. Omkpueane upe3 obeounseane ha Oaunu om

MHO20CEH30pHU cucmemu

Asropute B [22] mpeanarar IByCTENCHEH IMOIXOM 3a CIIMBAHE
Ha JaHHM OT pajap U BU3yaJleH CEeH30p, KOHTO ce OCBIIECTBSBA B
HUBaTa Ha OTKpUBAHE W IpocienssaHe. [IppBaTa cThIIKa, HapeUeHa
,,JFuse-Before-Track”, ce cbCTOM B CBBMECTHO M3IION3BaHE Ha
pamapHa WMHGOpPMAIMsA W BU3YaJIHH OTKPHBaHHS (OCHTYPEHH OT
OTKpHBaTely, 0a3upaHn Ha KOHBOJIOIIOHHA HEBPOHHA Mperka) 3a
IpeMaxBaHe Ha HEHYXHH PajapHU €XO OTPAKEHHUs, KaTo MO TO3M
HAa4uH ce MoA00psiBa NPEMaxBaHETO HAa CMYILICHHS OT 3eMATa U ce
ycKopsBa  pajapHata  oOpaborka. BBB  BTOpPOTO  HHBO
HPOCIEAABAHETO CE  OCBLIECTBSBA  4Ype3  M3MOJI3BaHE  Ha
HpEIBAPUTEIHO U3BJICYCHU (TIOTBBPACHH) PajlapHU M3MEPBaHUS M
CIIMBAaHETO WM C BU3YaJlHM OTKPUTHS C LN IOoJ0OpsiBaHE Ha
TOYHOCTTA HA penieHneTo. [IpeutoKe T ToIX0 ] € TEeCTBAaH BbPXY
CbOpaHM OT aBTOpUTE JAHHU II0 BpPeMe HAa EKCHEePHMEHTAaIHH
MOJIETHH TecToBe. VI3moi3BaHM ca MOIIEH pajgap M Kamepa 3a
JIHEBHA CBETJIMHA 32 OTKPUBAHE M NPOCJIEAIBAHE HA MalbK JIPOH,
MUJIOTHpaH pbuHo. B [23] aBTopuTe ch3aaBar MyaTHCEH30pHA 0a3a
JIAHHY 32 OTKPHMBaHE Ha JPOHOBE, KOATO BKIIOYBA HH(PAauEPBEHU U
BUIIMMH BHJEO- U ayauodaiiioe. 3a a ce MO3BOJAT MPOYYBAHUS
KaTo ()YyHKIHS Ha Pa3CTOSIHUETO OT CEH30pa JI0 LeNTa, HabopbT OT
JaHHM € pasfeleH Ha Tpu Kareropud (ONM3KO, CpeIHO,
otnanedeno). Kato ce uma npenBuz, 4e ApoHOBeTE TPsIOBA 1a JIETAT
BBB BH3yaJeH OOXBaT MOpagd pasnopenduTe, HaH-TOIIMOTO
pa3cTosiHHEE OT CEH30p 10 Lel 3a ApoH B Habopa oT xaHHU € 200 m,
a 3amMCWTe Cca HAlpaBeHM Ha JHEBHAa cCBeTiWHa. B [24] e
TpeUIOKeHa CUCcTeMa 3a HaOJII0JeHHEe Ha JPOHOBE, KOSTO MOXE Ja
pabotu neH u Hom. CHcTeMara € MpeAHA3HAueHa 32 OTKPUBAHE U
IpocleisiBaHe Ha JPOHOBE, KaTo € OasupaHa Ha aKyCTH4YeH U
ontuyeH ceHsop. Ta3u cucrema e HapedeHa MUTES u xomGuampa
MHOJKECTBO CEH30PHH MOJYIIH, BKJIIOUUTEIHO MUKPO(OHEH MacHB,
Kamepa H Juaap. 64-kaHaleH MHUKPO(QOHEH MAachuB OCHrypsiBa
monyceprudHO HAOJIOIEHHE ¢ BUCOKO CHOTHOIICHHE CHTHAJ/IIYM
Ha 3BYKa, JIOKaro JMAAPBT ¥ BHACOKAMEpaTa MO3BOJISIBAT
MOCIIEABAIIO TPELU3HO JIOKATU3UpaHe Ha 1enTa. EdexkTnBHOCTTA
Ha MPEIJIOKEHHsS MHOTOCEH30PeH IOJXOJM € BaJWAHpaH dYpes3
TMOJIEBH KCIICPHMEHTH.

B [25] ce mpemara Metox 3a OTKpUBaHE U KiacH(pHIMpaHe Ha
OE3MMJIOTHY JISTATEJHU arapaTd, M3MOJ3Ball CXeMH 3a CHHTE3 Ha
CEH30pH. 3a HYXIHWTE Ha HM3CJIEABAaHETO ca CHOpPAHU JaHHHU 4pe3
TIOJICBH M3MEPBaHMUs Ha JPOHOBE C MOMOIITA Ha ONTHYHA Kamepa,
panap u aynuomukpodoH. M3mon3BaHu ca W JaHHH, MOJTYyYEHH OT
OTBOpPEHH OHJIAiH 0a3u maHHH. B mbpBHS eTam Ha MPEJIOKCHHS
METOJ OTKpWBaHeTO W Knacudukanuara Ha BJIA ce u3BbpmBa C
MOMOIITa HAa MOJENWTe Ha KOHBOJIOL[OHHATa HEBPOHHA Mpexa
(CNN), oOydeHHM OTHETHO 3a ONTHYHH H300paKEHWs, pajapHU
KapTu U ayauocnekTtporpamu. Pesynrature or CNN ca
KOMOWMHHMpaHH OT MYJITHHOMHAJHATa JIOTHCTHYHA perpecus 3a
nofoOpsiBaHE Ha TOYHOCTTa Ha HaOmogeHuero Ha bBJIA uype3
CIMBaHe Ha ONTHYHH, paJapHH M ayauogaHHu. B [26] e
MPOEKTHUpaHa U OL[EHEHa MHOTOCEH30pHA CHCTEMa 32 OTKPHUBAaHE Ha
npoH. Cucremara M3MOJI3Ba Kamepa ¢ pHOCIIKO OKO € Ied jJa ce
HaOJI0/1aBa MO-LIMPOKA YacT OT HeOETO M HACOYBA JPYTHTE KaMepH
KbM OOEKTH, NpeACTaBIsABaIlM MHTepec. Pesynrature oOT
oTKpuBaHeTo ca gombaBaT or ADS-B (Automatic Dependent
Surveillance—Broadcast) npuemuuk, GPS mnpueMHHK H pagapeH
Moayn. Pesynrature OT HMHTErpupaHeTo Ha JaHHUTE OT
TepMOKaMepaTa ca Jalld Pe3yNiTaTH MOJOOHH Ha BHJACOKamepara,
JIOpH KOTraTo Kamepara € H3IOJ3BaHa C MO-HHCKa pe3ononus. B
[27] e npennoxen MeTox 3a OTKpHMBAaHE Ha JPOH C IOMOINTA Ha
MHKpO)OH M BHAeOKaMepa 4Ype3 00ydeHHEe Ha MOJIENH 3a IbIO0KO
oOyuenue, OGa3upaHu Ha  HW300paXKEHHS M AKyCTUYHH
XapaKTepPUCTUKH. 3a OleHABaHE Ce M3MOJ3BaT TPH MeEToJja:
BU3yaleH, ayauoOasupaH M oOeqWHSABAaHE Ha JBaTa METOHa. 3a
HOCTHI'aHE Ha I10-BHCOKA NPOMU3BOAMTENIHOCT IIPU OTKPHBaHE Ha
OpOH OT JpPOH Ce U3IOJI3Ba METOJA 32 CIMBaHE HA ayAuo- H
BU3YaJlHW [aHHH, IIOJy4eHH OT CEH30pH, MOHTHPAaHH Ha JpOH,
KOMTO JIeTH TapalielHo ¢ THhPCEHHsS APOH Ha aucTaHmus ot 20
metpa. [IpemtoxkenusT MeTox 3a 00paboTka Ha CEH30PHUTE JaHHU
U3M0NI3BA METOAM 3a JABJIOOKO oOydyeHHe 3a H3CleBaHe Ha
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ONTHMaJHATa IPOU3BOJUTETHOCT. KOHBOMIOIMOHHA HEBPOHHA
Mpexka ce M3I0JI3Ba 3a 00paboTka Ha akyCTHUHH NaHHHU, a YOLOVS
Cce U3MON3Ba 3a KOMIIOTBpPHO HaOmomeHue. B pesyntar Ha
U3CIIEJBAHETO € YCTAaHOBEHO, Y€ Hali-BUCOKA TOYHOCT HA OTKPHBaHE
ce IoJTy4aBa OT METO/a 3a CIIMBaHe Ha CEH30PHHUTE JaHHU.

OT BCHYKO Ka3aHO JIOTYK C€ BHXKJIA, Y€ METOJUTE 3a CIMBaHE Ha
JAaHHH NOZOOpSBAT 3HAYUTENHO OTKPUBAHETO M KJIACH(HKAIHMATA
Ha BJIA.

3. Ilpomueooeiicmeue Ha bOe3nunomnuu
Jlemamennu anapamu

3.1. Paduouecmomno 3acnywiaeane

CucremMuTe C paaMOYECTOTHO 3arilylllaBaHe HapylIaBaT

KOMYHUKAI[MOHHUTE M HABUTALMOHHUTE CHCTEMH Ha apoHa [28].
Upe3 wu3IpuYBaHE HA MOILICH CHUTHAI B YECTOTHHS [HAIa30H,
W3MO03BaH OT IIOBEUETO [POHOBE, YCTPOWCTBOTO 3ariyllaBa
pamuodyecToTHaTa BpB3KA, KAaTO HE TII03BOJIIBA HA JPOHA Jia
MOJy4aBa KOMaH/IH 3a YIpaBJIeHHE OT cBOs omeparop. ChIo Taka,
cucremara Moxke a manunynupa GPS curnana, kapaiiku apoHa na
3aryou wWHpOpManuaTa 3a MO3UIHITa CH M aBTOMATHYHO JIa
3ajeiicTBa (QyHKIMS 3a BpBIIAHE KbM JOMa WM KaumaHe. Tasu
TEXHOJIOTHS € eEeKTUBHA 10 HAKOJIKO KHJIOMETpa U € MOIXOAIIa
3a M3ION3BaHE HA MYOJMYHH CHOWUTHS B TPAACKH M M3BBHIPAICKH
obmactu. He e kenarenHo na ce M3MOJI3BAa Ha JIETUINA U APYTH
00eKTH, B KOUTO HIMa MHOYKECTBO PAJHOKOMYHUKAIIMOHHU CUCTEMHU.

3.2. Bucokoenepzuiinu nazepru cucmemu

Bucokoenepruiinure Ja3epHu cHucTeMU (boxycupar
KOHI[EHTPHPAHU UM CBETJIIMHA BBHPXY KPUTHYHHTE CHCTEMU Ha
JPOHA KaTO HErOBHTE [BUIATENlM, OATEPUHM WM CEH30PH W TO
noBpexaar [28]. Jlasepure ca MHOrO MNPEUM3HA W TOYHH |
HEYTPAIU3UPaT CaMO HEXEJAHKS APOH, KATO HE BIMSAT Ha ChCEIHH
€JIEKTPOHHH CHCTEMH, KOETO I'M MPABH HJICAIHH 32 HM3ION3BaHE B
4yBCTBUTENIHH CPEIH.

3.3. H3nonzeane na mpexicu u Mpeixico6u nyuiKu

MpexoBHUTe MyIIKH ca NMpeAHA3HAYeHH Jla W3CTpeNnBaT Mpexa
HaJ{ IPOH I10 BpPEMe Ha I0JIeT, KaTo IO OILUTMTAT M IO KapaT Ja MajHe
Ha 3emsta [28)]. ToBa e cucTeMa 32 PU3MIECKO yaBsHE HA JPOHA.
Ta3u cucrema e e)eKTHBHA NMPH HEYTPATM3UPAHETO HA MAJKH U
CpeIHH IPOHOBE.

3.4. /Ilponose npexsauauu

Te3u ApOHOBE ca CIENHATM3UPaHd M MOTAT [a Ce M3I0JI3BaT 3a
Ipeciie/iBaHe W YIaBsHC Ha HEXKEJaHH JPOHOBE IIOCPEICTBOM
U3CTpeIBaHe Ha MPeXkKa WIH 4pe3 U3I0NI3BaHe Ha IPYTH CPEICTBA 3a
JieaKTHBUpaHe 1o Bpeme Ha nouet [28]. [poHoBeTe mpexBaiiayu ca
0c00eHO e)eKTHBHH B 00JIaCTH C YyBCTBUTENHA HHPPACTPYKTYpA.

3.5. Kubepnpessemane

Cucremute 3a KnOepIpeB3eMaHe H3IOJ3BAT YSI3BHMOCTH B
KOMYHHKAI[HOHHUTE MPOTOKOJH Ha JPOHA, 3a J1a MOIydaT KOHTPOI
Hag npoHa [28]. Tesu cucTeMH MO3BOJNSABAT Oa Ce€ IPEHACOYH
paguoyNpaBlIeHUETO Ha JpPOHA OT olepaTopa Ha JApPOHA KbM
nepcoHana Mo curypHoctta. Te3m cucremn ca Hal-MOJAEpHUTE U
YCBBBPIIEHCTBAHH CUCTEMHU 32 HEYyTpaJIU3UpaHe Ha IPOH.

4, 3aknrouenue

CucremMure 3a OTKpHBaHE M INPOTHBOAEHCTBHE Ha HEXEIAHH
JPOHOBE MOTaT Ja W3MOJI3BAaT pa3HOOOpa3HH TEXHOJOTHH 3a
OTKpHBaHE, KOWTO TIPHTEXABaT CIIEIUGHIHNA TIPEIUMCTBA U
HEJOCTaThIM, KakTo ® Oorar HAOOp OT TEXHOJIOTHH 3a
HEyTpalu3upaHe Ha HEOTOPU3UPAHU IPOHOBE B UyBCTBHTEIHU
30HU. M3moI3BaHeTO Ha cHUCTEMa 3a 3alllUTa CPElly JPOHOBE € OT
pelraBalio  3Ha4yeHHE 3a TrapaHTUpaHe Ha  OOIlecTBEHaTa
6€30MacHOCT, 3alllMTa Ha YyBCTBUTENHHM MECTa M MOIAbP:KaHE Ha
MOBEPHUTEITHOCTTA.
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AHaJIN3 HA MeXaHUYHHUTE BbLJIHOBH npouecu ColipoBOKIAIIH 122 mm aanﬂepnﬁCKn
H3CTPEJT HA CaMOXO0/IHA rayﬁnua

Jou. n-p boitues 4. /1., n-p Acenos Cr. H., nnx. Bacunes K. B.
UMCTLXA-BBJITAPCKA AKAJEMUS HA HAYKUTE, Codwus, beirapus

Analysis of mechanical wave processes accompanying a 122 mm artillery shot from a self-propelled howitzer
Associate professor Boychev Y. D., Asenov St. N., MS Eng. Vasilev K. V
Institute of Metal Science Equipment and Technologies with Hydroaerodynamics Centre “Acad. A Balevski” — BULGARIAN ACADEMY
OF SCIENCE, Sofia, Bulgaria
E-mail: y_boichev@abv.bg, backomail@yahoo.com

Abstract:. Some of the results of the preliminary studies of the acoustic and seismic signals generated by large-caliber artillery systems are
presented. A system of sensors, software and hardware provision developed for the purpose was used. The obtained results show that the
parallel use of acoustic and seismic sensors allows the accurate differentiation of different artillery means.

Keywords: SEISMI, SENSORS, ACOUSTIC SENSORS, ARTILLERY SYSTEMS

1. Yeoo pacturennoct. CeH3opuTe ca pasmoinoxeHn Ha 25 merpa OT

B nporeca Ha apTUIIEpHICKHS H3CTPEN MPOTHYA UMITYJICHA H3TOYHUKA HA CHTHAIL
TpaHchopMalMs Ha XMMHYHATA SHEPIHsl HA METATENHHS 3apsid B
TOIUTMHHA, B CIICACTBHE HA KOETO Pa3lIMPSBAIIHUTE Ce ra3000pasHu
MPOAYKTH YCKOPSIBAT IBIKEHHETO Ha Goempumaca B uepta. [lpu
M3IM3aHe OT AYJIOTO YacT OT eHeprusAra Ha GapyTHHTE ra3oBe ce
pasmpocTpaHsBa o ¢opmara Ha 3ByKOBH BBJIHHU B arMocdepara.
IMapanenHo ¢ TOBa MpU OTKaTa Ha IYJIOTO HACTHIBAT MEXaHHYHH
KosebaHus Ha IiIaTa apTIIepHiicka CHCTeMa, KOUTO e IPeaaBaT 1
pa3npocTpaHsaBaT B MOoYBaTa. Perncrpanusara U U3y4aBaHETO UM ca
00EKT Ha aKyCTHKaTa W CeH3MHKaTa, BBB BOeHHaTa o0JacT
aKyCTHKaTa KaTto MeTOJ 3a pa3y3HaBaHe ce mpwiara ot [IepBara
CBETOBHA BOMHA W HEMPEKbCHATO ce passuba [1]. PaspaborBanero
Ha HOBH THITOBE CEH30PH M KOMIIOTHPHH CHCTEMH 3a PETHCTPHpPAHE
u 1nudppoBa 00pabOTKa HAa CHTHAIUTE B pEaHO BpeMe IpaBH
aKyCTHYHHTEe CPEACTBA W CHCTEMH B JIOCTOBEPEH KaHal 3a
cpOHpaHe Ha pasy3HaBaTelqHa HHGpOpPMALMs 3a apTUICPHHCKHTE
cpeacrBa Ha nporuBHuKa [2]. EdextnBHa paGoTa Ha 3ByKOBOTO
pa3y3HaBaHe € CBBp3aHa C IPEABApUTENHOTO Ch3IaBaHe Ha 0aza
OaHHH  OT  aKyCTHYHH CHTHATYpH HA  MPOTHBHHUKOBHTE
apruiepuiicku cpexacrsa [3,4,5}.

B mHacrosimata paboTa ca TPEACTAaBEHH pE3yJiTaTd OT
HpEIBAPUTEIHH M3CICIBAHUS C M3MOJI3BAHETO Ha KOMOHWHAIHS OT
AKYCTHYHH M CEH3MHYHH CEH30PH

3a PErucTprupane Ha aMIUIMTYAHO-YECTOTHUTE XapaKTCPUCTUKHU
C€ U3II0JI3BA ClI€AHaTa araparypa:

- IHME30€JIEKTPHYECKH akceiepoMeTsp Ha (upma Bruel &
Kjaer momen 4370 xouctpykims Delta Shear®, wumang
Brcoka gyBctBuTenHOCT (Uni Gain®) 98,1 pC/g u mmpoxk
JMHECH YECTOTEH JAMAIa30H, TPAaHMLA Ha OTKJIOHEHHE
+10%, 4,8 kHz, na JlabopaTtopus N0 eKCIEepUMEHTaIHa
mexannka Ha UMCTLXA;

- MaJomIyMsIl yCHIBarel Ha 3apsy Ha ¢upma Bruel &
Kjaer momen 2635 ¢ uwecroren muanazon 0,1 Hz + 200
kHz, xoedurment Ha ycmiBane ot — 20 = 80 dB u
pexuMH Ha paboTa — yCKOPEHHE, CKOPOCT, IPEeMECTBaHE.
BxoasT Ha ycuiBaTens Ha 3apsJ CE€ CBhCTOM OT
OTIepaIlMOHEH yCHIIBATEll ¢ KallallUTHBHA 00paTHA BPB3Ka,
KOETO IO CBIIECTBO CE SBSBA ENEKTPOHEH HHTErparop,
MHTErPUpAIL] HOCTHIIBAIMS Ha BXO/Ia SICKTPHYECKHU TOK;

- xuapodoH Ha ¢upma Bruel & Kjaer momen 8101 ¢
yecToTeH auana3od 1 Hz <+ 120 kHz;

- Tepu-okraBeHn ¢uirbp Mozen 1614 wa ¢upma Bruel &
Kjaer;

- Vcunsaren mozen 2607 na pupma Bruel & Kjaer;

- tecroBu creHn (¢wur. 1), ocurypsBam] BB3MOXKHOCT 3a
€THOBPEMEHHO 3allMCBaHEe Ha aHAJIOroBa HH(pOpPMAIUs OT
OoceM aKyCTHYHH M CEM3MHYHH CEH30pH M HeifHata

Llenta Ha M3cnefBaHETO € Ja Ce TOJydaT ¥ aHAIM3HMpaT CIEKTpaIHa TPaHC(OPMALIHS.

YECTOTHUTE XapaKTEPUCTHKU HA aKyCTHYHH M CEM3MHUYHH CHTHAIH

reHepHupaHu OT U3cTpels Ha 122 mm camoxosiHa rayouna.

Oco0eHOCTHTE CBBbP3aHW C HACTOSIIETO H3CICIBaHE Cce
OIIPENENIAT OT CICAHUTE OCHOBHU (hakTopH:

- YeCTOTHHUTE XapakTepPUCTHKH Ha  aKyCTHYHHTE U
CeU3MUYHUTE CUTHAIM MOJYYeHH IPH apTUIIEPHICKH
M3CTpeN 3aBHCH OT MacaTa Ha CHCTeMara, 3apsja,
KaJIHOBD;

- THIIA Ha [0YBaTa, HeWHAaTa BIAXXHOCT U HEEAHOPOIAHOCT;

- METCOpPOJIOTMYHM YCIIOBHs, peied Ha MECTHOCTTA,
Pa3CTOAHUE OT U3TOYHHUKA.

JIObJIHUTENHH EKCIIePUMEHTH OuXa MOTJH Ja OLEHAT
peaHOTO BIMSHHE HA YacT OT IOCOYeHHTe (akropu U Ja
OIpeeNsAT HACOKHUTE 3a OB/ICIIH ACTAMIHN H3CIICIBAHMUSL.

B mpenctaBeHHs MaTepual ca  HM3JIOXKEHH OCHOBHH
pe3yiTaTd W aHaJW3h HAa YECTOTHHUTE XapaKTEPUCTHKH Ha
AKyCTHYHH U CEM3MUYHH CHTHAJH TI0JIy4aBaHU MpU U3cTpen Ha 122
mm camoxo/Ha rayouua.

2. Uznosxcenue

2.1. L{en na uzcneosanemo

2.2. Vcnosus 3a nposedicoane Ha u3cie08anemo

ExcniepuMeHTHTE Ca IPOBENCHU HA U3CNIE0BATEICKU IOJIUTOH, @uz.1 Tecmos cmeno npu npogedicoane Ha eKCHepUMEHmMA
KOHTO B OCHOBHATa CHU 4acT MpPEACTaBIsABA IOJSHA C HHUCKA
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2.3. Pesyimamu om excnepumenmume

Pesynratute  OT  NpOBENCHUTE  EKCIIEPUMEHTH  ca
apxXMBHpaHU U ca o0ekT Ha aHamu3 oT ekun Ha MMCTLXA B
U3IIBJIHEHHE Ha MpoekT oT Hayunus mian Ha MHCTHTYTa Ha Tema
«Mopempane W H3CIIEBaHE Ha AaKyCTHYHH W TIOBBPXHOCTHHU
CEN3MHUYHU BBIIHH Ch3aBaHU OT aHTPOIIOT€HHU N3TOUHHIII.

Haii-xapaxrepHure pe3ynTaTu oT MIPOBE/ICHUTE
H3CIIeIBaHUS ca MoKa3aHu Ha ¢wur. 2. Ha mepBu kaHan (akycTHIEH)
Ha TECTOBUSA CTeHA (TOpHAa OcCHWIOrpaMa), KbM KOWTO dpe3
ycwiBaresnss 2607 W TepU-OKTaBHUS (GHIATHP € BKIIOYEH €IUH
kanubposan xuapodon ot tun 8101. Ha Bropu kaHan (cem3MHUueH)
Ha TECTOBHUS CTEHX (JONHA OCLMJIOTpamMa) € BKIIOYCH
MHE30€IEKTPUUCCKH  akcenepomMeTsp Ha ¢(upma Bruel & Kjaer
mozei 4370 upe3 ycunpatell Ha 3aps] Mozel 2635.

S it
H
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- ‘,‘.
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L TR
e ™ '1‘: '(‘ J“,‘L"\"h\_,-” e

I
0o =]
00 ‘

I
@ue. 2. Ocyunoepamu Ha aKyCmMuuHUs (20pHA) U CeUSMUUHUS
(0onna) cuenan cmpobupanu no epeme

00 1500 o 000 300 1000

Ha ¢wur. 3 e mnokasaH Bupa Ha aKyCTHYHHS CHTHAIa
TeHepHpaH OT u3cTpen Ha 122 mm camoxoaHa rayOuia U HerOBHsI
CIICKTBP.

|

@ue.3. Bud Ha akycmuuHus CUSHANA 2EHEPUPAH OM USCMPeEN Ha
122 mm camoxooua eaybuya u He2o8us cnekmsp

Ha (1)1/11“4 € IIOKa3aH CCU3MHYHHA CHUI'HAJl W HCTOBUA
CIICKTBP.

Que. 4. Buo na ceusmuunus cueHana eeHepupan om uscmpen Ha 122
MM camoxoona eaybouya u He206usL Cnekmvp
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2.4. Ananuz na pesynmamume om excnepumenmume

Ot npexactaBeHHTe pe3ynTatd Ha ¢Gur. 2 ce BWXKAa, 4e
CEU3MHYHUS CUI'HAJl M3NPEBApBa aKyCTHYHUS, IIOPAJU I10-BUCOKATa
CKOpPOCT Ha pa3NpOCTPAaHCHHE Ha CCH3MUYHHTE BBIHH B [10YBATA.
OT 4YecTOTHHS CHEKTBpP Ha aKyCTHYHHS curHan — ¢wur.3 ce
HaOJIFO/1aBaT MET SCHO U3Pa3eHN MAKCHMYMH B CIICITHHTE YECTOTHU
obyactu: HpBHAT ¢ dectora 16 Hz m ammmryna 0.5; Bropusr c
gectota 40 Hz m ammimryma 1; Tpermsar c¢ wecrora 120 Hz u
ammuuryna 0.28; yerBbpTus ¢ yectora okoso 150 Hz u ammntyna
0.25; merus ¢ yecrora 210 Hz u ammutyza 0.16.

OT 4ecTOTHHUS CHEKThP Ha CEM3MUYHUS CUTHAI — ¢ur.4 ce
HaOJII0aBaT SICHO WM3Pa3eHM MAKCUMYMH B CIICJHUTE YECTOTHH
obnactu: mbpBUAT ¢ yectoTa 42 Hz u ammutyna 0.56; BTopusr ¢
gectota 90 Hz u ammmryna 0.47; tpermsar ¢ gectora 148 Hz u
ammmryna 0.9; werssptus ¢ wecrora 170 Hz w ammmrynma 1;
nerust ¢ gecrora 190 Hz n ammuryzna 0.8; mectusr ¢ wecrora 340
Hz u ammumryna 0.53 cenqmusar ¢ gecrora 410 Hz m amrmiutyna
0.45.

OT mpoBelneHaTa cepusl EKCIEPHMEHTH ce HabroaaBa
UJICHTUYHOCT B MOBEACHUETO HAa BPEMEBUTE U YECTOTHHTE
XapaKTepUCTUKM Ha JBara CUTHala, KOETO OW  YJIECHHIIO
uieHTHdUKanusITa Ha JaieHUs 00EKT.

3. H3600u om nposedenume excnepumenmu

M3nuTBaHWATAa IOKAa3BaT, 4Ye AKyCTUYHHTE  BBJHU
TeHepupaHu IIpH HM3CTped Ha 122 mm camoxoxHa rayOuma ca
CHJICHH, PE3KH M Pa3lpOCTPAHSIBAIIM CE HAa FOJIEMH Pa3CTOSHHU, C
XapaKTepHU HUCKOYECTOTHH U CPEIHOYECTOTHH KOMIIOHEHTH, a
CCU3MUYHUTE KOJEOAHUS ca CBCPEIOTOYCHH B YECTOTHUS
nuanaszon 40 — 410 Hz.

B  cobuectByBammre  CUCTEMHM 32 apTUJIEPHUICKO
pa3y3HaBaHE OCHOBEH MH(OPMAIIMOHEH KaHAJ € aKyCTHYHHMS, Taka
Ye MapajelHOTO M3IOJI3BaHE HA CEU3MHYHH CEH30pH OH
JONPHHECTIO 32 MO-TOYHATA JIOKAIM3aLMs M HACHTU(UKALMI Ha
obekrure.

Ha6nronaBaT ce 4eCTOTHH MakCUMyMH U B HH(Pa3ByKOBHS
JIMana3oH, XapaKTepusHupall ce ¢ HHCKAa CTeNeH Ha 3aTUXBaHe,
KOETO MPECTABIIsIBA IPAKTHYECKH HHTEPEC.

4, 3aknrouenue

B mHacrosmoTo wm3cnenBaHe ca MPEACTABEHH dYacT OT
pe3yNiTaTUTe, CBBP3aHU C M3CIEIBAaHE HA aMIUIUTYJHO-4YECTOTHUTE
XapaKTePUCTHKH Ha aKyCTHYHHUTE W CEU3MHYHHTE CHTHAIH,
reHepUpaHu OT AapTWIEPUHCKH W  CTPEJIKOBU CHUCTEMH.

JleMoHCcTpupaHa e paboTocrniocobHOCTT U
(yHKIMOHATHATA  MPUTOJAHOCT HA  ONMUTHATa  YCTAHOBKA,
BkirouBama nputexaBanute or UMCTIXA-BAH kanubpoBanu
MTUE30EIEeKTPUICCKH CEH30pH Ha Jlaboparopusita 1o
eKCTIepHMEHTaIHA MEXaHWKa W pa3padOTeHHs 3a IeTHuTe Ha
W3CIICIBAHETO TECTOB aKyCTUYHO-CEH3MUYEH CTCH]I.
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Tailoring magnetic properties and radiolabeling of magnetite-based nanoparticles for
biomedical applications
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Abstract:

This study explores the synthesis, characterization, and radiolabeling of magnesium-substituted iron oxide nanoparticles (MIONs) for
advanced biomedical applications, including magnetic hyperthermia, radionuclide therapy, and targeted drug delivery. Mg-doped magnetite
nanoparticles (MgyFesO,) were synthesized via co-precipitation and further functionalized with citric acid (CA), oleic acid (OA), and
polyethylene glycol (PEG) to enhance colloidal stability and biocompatibility. Structural analysis using X-ray diffraction (XRD) confirmed
the spinel structure, while transmission electron microscopy (TEM) revealed particle sizes ranging from 4 to 20 nm, influenced by the Mg
content. Surface modifications were optimized to improve dispersibility and minimize cytotoxicity.

Magnetic measurements indicated superparamagnetic behavior at room temperature and spin-glass-like properties at low temperatures. The
freezing temperature (Tf) and magnetic saturation (Ms) were found to depend strongly on Mg doping levels and surface coatings. Increased
Mg content led to reduced Ms due to the replacement of magnetic Fe** ions with non-magnetic Mg?* ions. Surface coatings significantly
influenced interparticle interactions and anisotropy energy, thus impacting the nanoparticles' versatility in applications.

Magnetic hyperthermia performance of Mg,Fe;.,O, was evaluated using a DM 100 nB AC hyperthermia device (nanoScale Biomagnetics,
Spain). The intrinsic loss power (ILP) values ranged from 1.39 to 2.01 nHm%kg for Mg doping levels of x = 0-0.2, demonstrating promising
heating efficiency. However, variations in chemical composition significantly affected structural, magnetic, and microstructural parameters,
which in turn influenced ILP performance.

Radiolabeling with yttrium-90 (90Y) was achieved using a direct adsorption method targeting surface functional groups. The labeling
efficiency exceeded 98% under optimized conditions (T = 25-60 °C, incubation time of 10-60 min), as verified by ITLC-SG
radiochromatography. Stability studies in physiological media and human serum showed high radiochemical purity (296%) over 72 hours,
indicating excellent stability, minimal radionuclide release, and reduced toxicity.
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Lightweight heavy geopolymer foam based on fayalite slag: influence of alkali
concentration on cellular structure

Aleksandar Nikolov', Liliya Tscetanova®, Borislav Barbov
YInstitute of Mineralogy and Crystallography, Bulgarian Academy of Sciences (IMC-BAS) Sofia, Bulgaria
E-mail: drsashko@imc.bas.bg

Abstract: The lightweight cellular building materials has driven significant interest recently due to increasing requirements of energy
efficiency of the buildings. This study investigates the potential of fayalite slag, a by-product of copper production, as a precursor for
lightweight geopolymer foams. Geopolymer foams were synthesized using a combination of fayalite slag and metakaolin, employing gas
forming agents to achieve a porous cellular macrostructure. The influence of alkali concentration was examined on the cellular structure,
physical properties and microstructure (FT-IR) of the resulting materials. The findings contribute to the development of sustainable, high-
performance geopolymer materials suitable for insulation and fire-resistant applications.

Keywords: GEOPOLYMER, FAYALITE SLAG, LIGHTWEIGHT, FOAM, CELLULAR

1. Introduction

Sustainable practices in construction industry increase
exploration of alternative materials that minimize environmental
impact. Geopolymers, synthesized through the alkali activation of
aluminosilicate sources, have emerged as a promising class of
materials due to their potential for reduced carbon emissions and
utilization of industrial by-products. Fayalite slag, also known as
iron silicate fines, is a by-product of the copper smelting process.
Fayalite slag is predominantly composed of iron silicate minerals,
fayalite (Fe, SiO, ) and magnetite. In the past considered as waste
material, now fayalite slag has been promoted as valuable by-
product finding application in construction sector. Fayalite slag
from Awurubis, (Pirdop) has been certified as fine fraction
manufactured aggregate, according EN 12620 [1]. Moreover,
cement with industrially produced filler has been assessed by EPA
recently.

Fayalite slags from copper smelting industry was successfully
used to prepare alkali activated materials and geopolymers [2-5].
Our previous studies presented the potential of fayalite slag as raw
material for geopolymer preparation [6-10]. The alkali activated
fayalite slag was characterized by compressive strength up to 27
MPa [6]. The microstructural studies revealed that fayalite and
magnetite stayed predominantly inert, but certain amount of ferric
iron (Fe*") contributes to the structure of the geopolymer gel [6].
The addition of metakaolin to the fayalite slag significantly
improved the properties and the compressive strength was measured
to 101 MPa after 90 days curing at normal temperature for
geopolymer pastes characterized by standard consistence [7].
Moreover, the geopolymer composed of fayalite slag and
metakaolin exhibited thermal resistance up to 1150 °C, along with a
further increase in compressive strength, reaching 139 MPa [8]. The
geopolymer paste based on fayalite slag and metakaolin shows
potential for the production of foamed materials.

The development of lightweight geopolymers with cellular
structures offers advantages such as reduced density, enhanced
thermal insulation, and improved acoustic properties, making them
suitable for various construction applications. The characteristics of
the cellular structure, including pore size distribution, connectivity,
and overall porosity, are critical features of the mechanical and
physical properties. The formation of a controlled porous network
within the geopolymer matrix is typically achieved through methods
such as chemical foaming, pre-made foams, sacrificial fillers,
incorporation of lightweight aggregates, additive manufacturing, or
other [11].

The most common route of preparation an inorganic
geopolymer foams is by addition of foamed agent which generates
gas bubbles within the fresh geopolymer gel [12]. The gas is formed
due to chemical reactions that produce gas phase such as oxygen,
hydrogen, carbon dioxide, ammonium or other [13, 14]. The fresh
formed geopolymer foam hardens, resulting in a solid material with
cellular structure that provides low density and a reduced thermal
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conductivity coefficient. These properties make it well-suited for
applications such as thermal and sound insulation, fireproofing, and
lightweight construction elements. [15]. Geopolymer foams were
synthesized by various precursors such as perlite [16], fly ash [17,
18], silica fume [19] etc. [11, 20]. To the best of our knowledge, no
published data is available on geopolymer foams derived from
fayalite slag produced in copper smelting plants.

This study aims to investigate the influence of varying alkali
concentrations on the cellular structure and the physical properties
of lightweight geopolymers synthesized from fayalite slag and
metakaolin.

2. Methods and materials

2.1. Method of analysis

The chemical composition was determined by X-ray
fluorescence apparatus, Rigaku Supermini 200, using 30 mm
pressed tablets.

The IR spectra were analysed using a Bruker Tensor 37 FTIR
spectrometer equipped with an ATR (attenuated total reflectance)
accessory. The spectra were recorded in the range of 4000-600
cm™ ! with 128 scans per measurement. The measurements were
performed under controlled conditions, ensuring consistent spectral
acquisition for all samples.

The density was calculated using hydrostatic weighing method.
Water absorption was determined by measuring the dry specimens
and then soak in water to constant mass. Density and water
absorption was calculated using data from 3 specimens per series.

3.1. Materials

The geopolymer precursors in the present study were fayalite
slag and metakaolin. The fayalite slag is a fine powdery material —
product of flotation process from flash furnace and converters at the
copper producing plant. The fayalite slag was oven dried at 80 °C to
constant mass to eliminate residual moisture. The average particle
size of the fayalite slag is about 20 pm [1] , the absolute density was
measured — 3.97 g/cm®. The fayalite slag consists of fayalite,
magnetite and small amount of pyroxene, determined by powder X-
ray diffraction in previous study [21]. Mossbauer spectroscopy
revealed that fayalite slag contains also small amount of amorphous
Fe?* [22].

Commercial metakaolin, provided by Kaolin EAD, Bulgaria,
was used in order to improve the properties of the geopolymer. The
wet residue of the metakaolin was 0.40 % on 45 um sieve. The
metakaolin absolute density was measured to 2.26 glcm®. The
chemical analysis of the geopolymer precursors is presented at
Table 1
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Table 1. Chemical compositions of geopolymer precursors — fayalite slag
and metakaolin

SlOZ A|203 CaO |K,0 MgO Fe,05|Na,O T|02 Other
META-
KAOLIN 53.94| 43.2 {0.15(0.62|0.09| 1.14 | 0.11 |0.74 | 0.01
FAYALITE
SLAG 27.71]4.18 {3.21|1.57|1.02 |58.07| 0.43 | 0.34 | 3.47

The activator solutions were prepared a day prior by mixing
sodium water glass (molar modulus - SiO,/Na,0=2.98), potassium
hydroxide on pellets and tap water. Five different alkali solutions
were prepared with different alkali concentration. The type of the
foaming agent was oxygen releasing, based on hydrogen peroxide.

2.3. Geopolymer foam synthesis

In practice, there are no standardized mix design methods for
achieving specific properties in foamed concrete. Instead, trial-and-
error approaches are commonly employed to develop suitable
mixtures, focusing on factors such as water content, foam agent
dosage, and binder content. These approaches are generally
regarded as adequate for estimating the desired results.

Five series of geopolymer foams were prepared at different
concentration of alkali solution and water to solid ratio. Each series
was prepared by mixing fayalite slag and metakaolin in weight ratio
5:1 to obtain homogeneous dry mixture. After that activator solution
was added and mixture were stirred for 90 second at planetary
mixer. After 5 minutes of maturation time, equal amount of foaming
agent was added to each series. The amount of oxygen gas release
was calculated to about 0,14 dm®, which corresponds to 1.5 g 30%
H,0, per 100 g precursor. The mixture was stirred for 60 seconds
more and then poured in steel moulds, covered with polyethylene
and placed for 24 hours at 80 "C. The specimens were demoulded in
1 day and cured at laboratory conditions. The composition design of
the five series is present at Table 2 in molar ratios. The water to
solid ratio of series VFM2 was 0.15, where VFM45 was 0.14.

Table 2. Composition design of the prepared geopolymer foams in molar
ratios

3. Results and Discussion
3.1. Physical characterisation

The cross-section images of each series are presented at Figure
1. All series contain pores of varying sizes, with macropores
observed as a result of pore coalescence, or bigger caverns due to
entrapped air during moulding. Clearly, series VFM2-1.4 was
characterised by highest porosity. It is visible that the porosity
formation decreased with the decreasing the Al,O3/M,0. Thus, high
alkalinity affected the foaming process and hinder the pore
formation. This correlation was observed at both solid to water ratio
tested. The reason for hindering effect of foaming agent with the
high alkalinity stays unknown.

However, the lowest density of 1.09 g/cm® was achieved at
Al,03/M,0 equal to 1.40. The increase of the alkalinity lead to
increase of the density, hence reduction of the porosity. At fixed
alkalinity (Al,0s/M,0) the decrease of the water to solid ratio led to
increase in the density.

The density of non-foamed geopolymer based on fayalite slag
and metakaolin was 2.38 g/cm®, at absolute density of 3.59 g/cm®
and calculated relative (total) porosity of 34% [8]. Compared to the
density of series VFM2-1.4, the apparent density decreased more
than twice. The calculated relative porosity of series VFM2-1.4 is
about 70%. Similar relative porosity was obtained with geopolymer
foams: based on fly ash and rice husk ash using aluminum powder
[23], or natural soil [24]. Higher relative porosity of geopolymer
foamed materials were also reported: 83% with coconut ash and
alumina slag [25], 83% - fly ash [17]. Despite the high relative
porosity of the obtained geopolymer foams based on fayalite slag
and metakaolin, the overall density remained relatively high due to
the significant absolute density of the mineral phases present in the
slag - fayalite (4.39 g/cm®) and magnetite (5.17 g/cm?).

The measured water absorption corelates with the change in
densities: water absorption increased by the decrease of the density.
Thus, highest water absorption of 26% was measured for series
VFM2-1.4. The high water absorption suggest well developed
interconnected open porosity.

Table 3. Physical properties (apparent density and water absorption) of the
prepared geopolymer foamed material based on fayalite slag and
metakaolin

Physical properties
Series Molar ratio SETES . 3 -
Density, g/cm Water absorption, %

Si0,/ALO; | AlLOs/M,0 H,0/M,0 VFM2-1.4 1.09 260=+1.1
VEM2-1.4 5.8 1.40 12.0 VFEM2-1.2 151 162 £0.5
VEM2-1.2 5.8 1.20 10.3 VFM2-1 2.07 14.7+£0.1
VEM2-1 5.8 1.00 8.7 VFEMA45-1.2 1.84 13.4+£0.2
VFEMA45-1.2 5.8 1.20 9.6 VFM45-1 211 13.1£0.1
VFM45-1 5.8 1.00 8.1

o
FM2:1¢4
4 w i A Il

3

increasing the alkalinity

Figure 1. Cross images of prepared series lightweight cellular geopolymers based on fayalite slag and
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3.4. Microstructural characterisation

The microstructure was analysed by FTIR and all spectra are
presented at Figure 2. The main band at about 1009-1015 cm™
corresponds to the Si-O-T (T = Si or Al) asymmetric stretching
vibration of the aluminosilicate geopolymer structure. The peak is
key indicator of the polymerization degree in the geopolymer and is
associated with the formation of the geopolymer gel. The position
of the peak generally shifts depending of Si/Al ratio of the
geopolymer gel. Since the ratio Si/Al is fixed at 5.8 band shift
corelates with the reactivity of the silica and alumina. The band
shift to lower wavenumbers with the decrease of the Al,05/M,0
ratio indicating more alumina rich structure. The decrease of the
water to solid ratio (series VFM45) led to band shift to higher
wavenumbers showing less incorporated alumina in the structure.
This could be due to lower dissolution of the metakaolin at lower
water to solid ratio.

VFM2-1.4
= [VFM2-1.2
= 1012
g
)
E VFM2-1
= 1011
E VFM45-1.2
% 1009
=
<
=
==
VFM45-1
1015
1014
T T T T T T T T
1500 1400 1300 1200 1100 1000 900 800 700 600

Wavenumber, em”!
Figure 2. FTIR spectra of the prepared geopolymer foams

3.5. Potential application

The lightweight cellular geopolymers synthesized from fayalite
slag and metakaolin exhibit a unique combination of low density,
high thermal stability, and well-developed porosity, making them
suitable for a variety of advanced applications in construction and
industry. One of the most promising applications is in thermal
insulation materials for buildings or industrial furnaces. The high-
temperature resistance (up to 1150 °C), combined with a controlled
porous structure, allows these geopolymers to function as effective
thermal barriers, reducing energy consumption in heating and
cooling systems. Additionally, their fire-resistant properties make
them attractive for passive fire protection in critical infrastructure,
such as tunnels, high-rise buildings, and industrial plants. Compared
to conventional insulating materials, geopolymer foams derived
from fayalite slag offer an environmentally sustainable alternative
by utilizing industrial waste while maintaining excellent mechanical
and thermal properties.

Beyond construction, the lightweight geopolymer foams have
potential applications in sound absorption and filtration
technologies. Their interconnected porosity can be optimized for
noise reduction panels, especially in urban environments,
transportation infrastructure, and industrial facilities where effective
sound insulation is required. The porous network within the
geopolymer matrix can be designed to act as an efficient medium
for adsorbing pollutants, heavy metals, or particulate matter. With
further research, these materials could also be explored for energy
storage applications, such as in thermal energy storage or as solid
electrolytes in next-generation battery technologies. The utilization
of fayalite slag in these applications not only addresses waste
management challenges in the metallurgical industry but also
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contributes to the development of innovative, sustainable materials
with multifunctional properties.

4. Conclusion

This study demonstrated the feasibility of producing lightweight
cellular geopolymers from fayalite slag and metakaolin by varying
alkali concentration and water-to-solid ratio. The results revealed
that the alkalinity of the activator solution significantly influenced
the porosity, density, and overall physical properties of the
geopolymer foams. Higher alkalinity led to increased density and
reduced porosity, while lower alkalinity favored the formation of a
more interconnected pore network. The lowest density of 1.09
g/cm® and highest relative porosity of approximately 70% were
achieved at an Al, O3 /M, O ratio of 1.40.

The concept of lightweight heavy geopolymer foam may seem
contradictory at first glance, yet it accurately reflects the unique
characteristics of the material. Traditional lightweight materials are
defined by their low density and high porosity, while heavy
materials typically possess high density and mechanical strength. In
the case of fayalite slag-based geopolymer foams, this paradox is
resolved by the interplay between the intrinsic high density of the
fayalite and magnetite phases and the engineered cellular structure
formed during the foaming process. The substantial absolute density
of fayalite (4.39 g/cm®) and magnetite (5.17 g/cm?®) ensures that
even highly porous specimens retain a relatively high overall
density compared to conventional geopolymer foams made from
materials like fly ash or perlite.

These findings highlight the potential of fayalite slag based
geopolymer foams as sustainable, high-performance materials for
insulation, fireproofing, and lightweight structural components.
Further research could optimize pore structure control, improve
mechanical performance, and expand their applicability in other
fields such as energy storage and environmental remediation.
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Surface-modified polyethersulfon nanofiltration membranes -
preparation, properties and biotechnological prospects
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Abstract: In this study, different methods for surface modification of polyethersulfone nanofiltration membranes are explored in view of
improving water-ethanol separation properties. Thin copolymer film deposition as well as surface grafting of hydrophilic monomers is
applied and modified membranes are characterized by using Fourier transform infrared spectroscopy, optical microscopy, atom force
microscopy, etc. Surface properties of the modified membranes revealed by contact angle measurements together with specific surface area
and pore distribution are evaluated and compared to those of the base membrane. The influence of structure and composition of the
modifying polymer on overall membrane properties is assessed and discussed in view of their potential biotechnological application.
Keywords: NANOFILTRATION POLYETHERSULFON MEMBRANES, SURFACE COATING, PVA COPOLYMER, UV-ASSISTED
SURFACE GRAFTING, N-ISOPROPYLACRYLAMIDE

This paper reports on the preparation and properties of surface-
modified polyethersulfone nanofiltration membranes designed for

The use of synthetic membranes in biomedical and separation of water-ethanol mixtures. Commercial flat sheet
biotechnological applications has increased dramatically during the ~ polyethersulfon nanofiltration membrane was used as a base and its
past few decades. Nowadays, membrane technology is widely used  surface hydrophilic-hydrophobic balance is changed by applying
in the field of medical diagnostic and practice, gas separation,  two different approaches: 1) surface coating with thin layer of
bioseparation, dairy, desalination of sea water, waste water  hydrophilic polymer - partially acetalized poly(vinyl alcohol); and
treatment, and other areas [1,2]. Membrane filtration is also  2) UV-assisted surface grafting of N-isopropylacrylamide.
appropriate for application in wine technology - for example,

1. Introduction

microfiltration is used for clarification of must and wine, whereas 2. Materials and Methods
nanofiltration, along with reverse osmosis, is used for wine and )
must concentration, alcohol content correction, aroma enhancement 3.1. Materials

and others [3]. Wine dealcoholisation by nanofiltration is a subject
of intensive investigations because this separation technique does
not include high-temperature application; it consumes a low amount
of energy and does not significantly affect the initial properties of
wine.

NADIR® NPO030 flat sheet membranes are provided by
MICRODYN-NADIR GmbH (Wiesbaden, Germany). Poly(vinyl
alcohol) (PVA, approx. Mw 72000 g/mol) is purchased from Fluka
Chemie GmbH. Monomer N-isopropylacrylamide, other reagents
and solvents for polymer synthesis and grafting are supplied by

Nanofiltration membranes are produced from various polymeric Sigma-Aldrich (Saint Louis, MO, USA).
materials, usually a strong polymer placed on a supporting layer.

Such membrane composition enables high selectivity and endurance 2.2. Synthesis of Modifying Polymer
during the nanofiltration process. Polyethersulfone is among the
polymers employed to prepare nanofiltration membranes because of
high mechanical and thermal stability. However, polyethersulfone is
a hydrophobic polymer that makes low permeability for the
membranes with an increasing trend of fouling. On the other hand,
it is well known that surface properties of polymer materials are of
fundamental importance in  many branches of industrial
applications. Performance of a membrane is strongly dependent on
the surfaces properties and it is very natural that much attention is
paid to the membrane surface modification. A wide variety of
physical or chemical methods for membrane surface modification
can be found in the literature, which can be summarized into three
main approaches: physical adsorption of different components to 23 M

: o . .3. Methods
the membrane surface; graft polymerization that chemically
attaches different monomers to the membrane surface; and plasma
treatment, that introduces different functional groups to the
membrane surface [4].

PVA copolymer used in this work was synthesized according to
procedures described elsewhere [7]. In brief, a chosen amount of
acetaldehyde was added drop wise to an aqueous PVA solution at
15 °C. The reaction was let to proceed under stirring at 30 °C for
four hours. The copolymer obtained was isolated by precipitation
increasing the temperate of the solution to 60 °C, purified by several
dissolution-precipitation cycles in deionized water, and finally
isolated by freeze-drying. Chemical structure of obtained copolymer
was analysed by NMR spectroscopy. Copolymer composition as
determined from the integrated *NMR spectrum showed 10 mol. %
degree of acetalization,

The Fourier transform infrared (FTIR) spectra were recorded
using an IRAffinity-1 spectrophotometer (Shimadzu Company,
Kyoto, Japan) equipped with an MIRacleTM ATR accessory

In recent studies, conventional nanofiltration membrane  (diamond crystal; PIKE Technologies, Madison, WI, USA)
NPO30P has been tested for membrane separation of model water-  Providing the depth of penetration of the IR beam into the sample of
ethanol mixtures and red wine of selected Bulgarian variety. It is ~ about 2 um. All the samples were scanned over the wave number
found that the flux of water-ethanol mixtures is lower as compared ~ range from 4000 to 600 cm " performing 50 scans at a resolution of
to water. Improved separation efficiency towards ethanol and higher 4 ¢m . The NMR analyses were performed on a Bruker Avance 11+
permeate flux is observed with increasing transmembrane pressure 600 NMR spectrometer (Billerica, MA, USA). The proton spectra
[5,6]. Based on the obtained results and considering modern trends ~ were measured in deuterated dimethyl sulfoxide (DMSO-de).
in the membrane developments, a useful method for further Clouding curve of copolymer aqueous solutions of concentration 1
improvement of the permeability and selectivity of the membrane ~ Wt. % was registered by means of UV-VIS spectroscopy measuring
would be alteration of its surface hydrophilic-lipophilic balance. ~ transmittance at wavelength 500 nm as a function of temperature.
The investigations are related to the project “Valorization of ~ Cloud point temperature (T,,) was calculated at transmittance level
valuable bioactive substances and ethanol from grape products of 50%.
through innovative nano- and ultrafiltration membrane processes”,

; h h Modified membrane surfaces were inspected using optical
supported by the Bulgarian National Science Fund. P g op

microscope Leica DMLP. Mechanical properties of the modified
membranes were evaluated by determining stress-strain behavior of
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the samples in tension on INSTRON 1185 apparatus at a speed of
100 mm.min—1 according to ISO 527-3.

Contact angle measurements were applied for evaluation of the
properties of the surface modified membrane derivatives. Easy
Drop DSA20E KRUSS GmbH apparatus (Hamburg, Germany) was
used to determine the contact angle values. A droplet (10 pL) of
water was delivered on the membrane surface and the contact angle
value was assessed as an average of at least 5 measurements for
each specimen. Specific surface area analysis was conducted on a
Quantachrome NOVA 1200e instrument (USA). Low-temperature
nitrogen adsorption was measured at -196°C and specific surface
area of membranes was calculated using the BET method. The pore
size and distribution was analysed using the BJH method.

3. Results and Discussion

3.1. Modification of Membrane Surface by Coating

The membrane surface can be modified by contacting with
solution of modifying polymer. A thin layer of modifying polymer
is left on top of the membrane after solvent evaporation. Some post-
treatment (e.g. annealing or cross-linking) can also be applied.

In general, poly(vinyl acetal)s are class of polymers obtained by
reaction of PVA with aldehydes, especially formaldehyde,
acetaldehyde, and butyraldehyde finding advanced application as
structural adhesives in the aircraft industry, as the interlayer in
automotive safety glass, etc. [8]. The contents of unreacted
hydroxyl groups along with the acetal rings and the molecular
weight determine the polymer properties. Hydrophilicity of partially
acetalized PVA is reduced while maintaining its inherent
physicomechanical and film-forming properties. Noteworthy, the
presence of unreacted hydroxyl groups enables further chemical
reactions, including chemical cross-linking.

As mentioned above, one of the approaches to membrane
surface modification explored in this work comprises coating with
film of hydrophilic polymer. For this purpose, partially acetalized
PV A copolymer of optimal macromolecular characteristics in terms
of chemical composition and hydrophilic-lipophilic balance was
synthesized based on previous experimental results [9]. Schematic
presentation of acetalization reaction and structure and chemical
composition of obtained copolymer are shown on Fig. la. The
increased hydrophilicity of the copolymer as compared to neat PVA
is demonstrated with its clouding curve in water solution (Fig. 1b).
While PVA is completely soluble in water over the entire
temperature range, the copolymer aqueous solution exhibits
thermoresponsive properties and turn opaque when heated above
the critical temperature.
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Fig. 1: a) Reaction scheme representing synthesis of modifying PVA
copolymer; b) clouding curve of modifying PVA copolymer (1% aqueous
solution) illustrating thermoresponsive behavior.

Copolymer solution of concentration 2.5 wt. % was prepared
using water-ethanol mixed solvent (8:2 volume ratio). Immediately
before modification, glutaraldehyde was added to the solution in
order to crosslink coated film thus providing stability and durability
of the modified membrane. Thin layer of polymer solution was
evenly spread on the membrane surface and modified membrane
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was dried in a desiccator at room temperature for 24 hours, washed
with water, dried again in desiccator and finally annealed at 100 °C.

ATR-FTIR analysis was applied to obtain information about
functional groups, identify compounds and bonds present in the
membrane structure. FTIR-spectrum of top surface of the modified
membrane is shown in Fig. 2 in comparison to the spectrum of
original Nadir NPO30P. Characteristic bands [10] for modifying
PVA copolymer coated on the surface are clearly seen in the
spectrum and confirm successful top surface modification.

a)

b)

>
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2000 1500

Wavenumbers (cm-1)
Fig.2: ATR-FTIR spectrum of surface of modified membrane (a), as
compared to the spectrum of original Nadir NPO30P membrane (b).
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AFM analysis of the surface of modified membrane shows
much smaller surface roughness compared to the original Nadir
NP0O30P membrane (Fig. 3). This observation can be explained with
excellent film-forming properties of modifying PVA copolymer and
its good adhesion with selective polyethersulfon layer of original
membrane. Contact angle analysis was employed to investigate the
hydrophilicity and surface wettability for modified membrane as
compared to the original membrane. (Fig. 3).

a)

20.0nm 20.0nm

-20.0 nm

Topm Height Sensor Toum
Fig.3: a) AFM analysis of surface of modified membrane; b) AFM analysis
of surface of original Nadir NPO30P membrane.

Height Sensor

Table 1: Contact angle measurments
Water contact angle [°]

Image

Modified membrane 413+25 -
Original Nadir
NPO30P membrane 66.8+3.5 _‘_

Coating of polyethersulfon nanofiltration membrane with a thin
cross-linked film of amphiphilic partially acetalized PVA
copolymer shows significant potential for altering its surface
properties to more hydrophilic. The method provides composite
membranes of good mechanical properties and increased
hydrophilicity with potential application in wine technology and/or
separation of water-ethanol mixtures.
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3.2. Modification of Membrane Surface by Grafting

UV-assisted graft polymerization is a versatile method for
membrane surface treatment due to its high efficiency, simplicity,
and random distribution of grafted chains near the surface without
damaging the bulk membrane structure.

The mechanism of UV-assisted surface grafting of a monomer
from a synthetic membrane surface is presented on Figure ?a).
When UV irradiated, benzophenone (BP) molecules are excited to a
singlet state and then jump to a triplet state by intersystem crossing.
BP in a triplet state undergo hydrogen-abstracting reactions from
substrates, providing surface radicals (Re) capable of initiating
surface graft polymerization [10, 11].
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Fig. 4: a) Reaction mechanism of UV-assisted initiation of graft
polymerization from membrane surface; b) Schematic illustration of the
process of membrane modification.

The complete process of membrane surface modification is
illustrated on the scheme. Monomer, N-isopropylacrylamide
(NIPAAmM) and initiator benzophenone were dissolved in
isopropanol as a polymerization media. The solution was applied on
the membrane surface and modification was carried out for 1 hour
under UV irradiation. modified membrane was dried in a desiccator
at room temperature for 24 hours, washed with water, dried again in
desiccator and finally annealed at 100 °C.

The extent of modification was followed by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR).
As it is observed in FTIR spectrum of surface of PNIPAAm-garfted
membrane (Fig. 5), most of the bands characteristic for selective
polyethersulfon layer are overlaid or suppressed. This is expected
considering the fact that the penetration of the IR beam into the
sample is of about 2 pm when using ATR-FTIR method.
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Fig.5: ATR-FTIR spectrum of surface of PNIPAAm-garfted membrane

The surface of the obtained top grafted membrane was
characterized by optical microscopy as well as atom force
microscopy (Fig. 6). It is clearly seen that the surface roughness of
grafted sample is similar to those of original membrane.
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Top surface Grafted top surface

a)

b)

1.0 um
Fig.6: a) Optical microscope images (X100) of top surface of original and
PNIPAAm-grafted membrane; b) AFM analysis on the surface of PNIPAAm-
grafted membrane.

The result of the contact angle estimation for PNIPAAm-grafted
surface is 72° as shown in Table 2. Here also the comparison with
water contact angle for the original membrane indicates that the
hydrophilic-hydrophobic balance is similar and even changed
slightly to hydrophobic.

Table 2: Contact angle measurments
Water contact angle [°]

Image

PNIPAAm-grafted 720415 -
membrane
Original Nadir 66.843.5

NPO030P membrane

A

However, water uptake measurements of the modified
membranes confirmed that grafted PNIPAAmM chains induce
considerable increase of the membrane hydrophilicity (Fig. 7a).
This observation can be assigned to spreading of grafted PNIPAAmM
chains not only on the surface, but also (or even predominantly)
within the selective top layer of the membrane. Such phenomenon
could also explain the results obtained from ATR-FTIR and contact
angle measurements already discussed. In addition, it should be
noted that grafted PNIPAAmM is a temperature-responsive polymer
as confirmed by clouding curve in Fig. 7b. This will open
possibility to control to some extend the membrane performance by
changing temperature regime during filtration experiments.
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Fig. 7: a) Water uptake of PNIPAAM-grafted membrane compared to the
original NPO30P membrane; b) clouding curve PNIPAAm homopolymer
(1% aqueous solution) illustrating thermoresponsive behavior.

4. Conclusions

The successful top surface modification of commercial
polyethersulfone nanofiltration membrane was demonstrated in
view of potential application in biotechnogical field for separation
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of water-ethanol mixtures. Amphiphilic PVA-copolymer obtained
by partial acetalization was used to modify the selective top surface
of the membrane by physical adsorption from aqueous solution
combined with chemical cross-linking. In alternative approach, UV-
assisted grafting was chosen as surface treatment method due to its
high efficiency, simplicity, and distribution of grafted chains near
the surface without damaging the bulk membrane structure. It was
reviled that grafting of PNIPAAm chains from the membrane top
surface results in considerable increase in the overall membrane
hydrophilicity as proved by water uptake experiments. However,
surface angle measurements do not confirmed considerable change
of the hydrophilic-hydrophobic balance on the surface. Evaluation
of permeation and ethanol rejection of modified membranes is
currently under investigation in order to elucidate the impact of
modifying polymer’s chemical composition and structure on the
membrane properties.
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On the tribological characterization of novel SiNb and SiW cast irons
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Abstract: In this study, the tribological behavior of new generation cast irons (SiNb and SiW) developed as an alternative to cast irons
containing high silicon and molybdenum (SiMo) is investigated under dry friction conditions. All cast irons are produced by sand mold
casting as Y blocks according to ASTM A536-84 standard and metallurgical characterization studies have revealed that they all have
spheroidal graphite and dispersed carbides like Mo-rich M¢C, Nb-rich MC and W-rich M¢C type depending on the alloying element, within a
ferritic matrix. Although no significant change is observed in the spherical morphology of graphite in cast iron matrices, a significant
change is observed in the amount of graphite and image analysis studies reveal that the graphite content (area-%) in SiNb and SiW cast
irons is 4,02 and 4,30, respectively, compared to SiMo cast iron (5,80). A significant change in the hardness of cast irons is also determined
depending on the microstructural features; SiNb (228 + 7 HV10) and SiW (218 + 5 HV10) cast irons have higher hardness values compared
to SiMo cast iron (192 + 5 HV10). Cast irons and alumina ball as counterpart material are subjected to a tribological interaction for 150 m
under dry friction conditions at a nominal load of 10 N and a ball sliding speed of 0.08 m/s and the findings indicate that (i) the coefficient of
friction (CoF) decreases as the graphite content increases, with SiMo having the lowest CoF (0.023), followed by SiwW (0.025), and SiNb
showing the highest CoF (0.040), (ii) the specific wear rate increases as the hardness decreases, therefore, SiMo has the highest specific
wear rate, whereas SiNb demonstrates the lowest specific wear rate and (iii) adhesive wear is the dominant wear mechanism for all ductile
cast irons due to the presence of their ferritic matrix.

Keywords: CAST IRON, MICROSTRUCTURE, TRIBOLOGY, CHARACTERIZATION

] Al and Cr, some studies focus on the development of new
1. Introduction generation cast irons using thermodynamic approaches. Among the
new generation cast irons, SiNb-xAl and SiW-xAl, having 0-4% Al
by weight, are noteworthy. Compared to SiMo cast irons, the
aforementioned cast irons have a higher A; temperature and higher
oxidation resistance. Considering the mechanical properties of these
materials, it is possible that elements such as Nb and W contribute

; R to the formation of hard carbides and that the ferrite phase is
components [2, 3]. It is a fact that the automotive industry needs to ; L .
take many precautions (i.e. reduced CO, emissions) in accordance hardened with the addition of aluminum [13, 14, 16, 17].

with the environmental regulations. However, it is inevitable that  |n this study, the tribological characterization of the new generation
the systems aim to operate at higher temperatures and thus increase  cast irons, which offer an advantage compared to SiMo cast irons in
fuel efficiency and compression ratio [4, 5]. This brings the need for  terms of high temperature use, is carried out and the effect of
materials with high metallurgical/mechanical stability that are  mjcrostructural features on wear resistance is examined. The
resistant to oxidation/corrosion, especially at higher temperatures,  findings should be considered as preliminary data for the usability

for engine components. Although these properties are largely  of new generation alloys as wear-resistant spheroidal graphite cast
achieved by stainless steels and nickel-based materials, spheroidal irons as alternatives to SiMo material in industrial platforms.

graphite cast irons come to the fore commercially as the mostly
used materials due to their low costs [3, 6, 7].

Nodular graphite cast irons are materials with high tensile
strength, high plastic deformation ability and fatigue resistance, and
with these properties they are preferably used in many industrial
applications, like the automotive industry [1], especially in engine
blocks, exhaust manifolds, gearboxes, turbocharger/pump

2. Materials and methods
Among spheroidal graphite cast irons, SiMo cast irons are the
most widely used materials for engine components. During the
production of cast iron, the effect of inoculants on graphitization
tendency and high nodularity graphite formation is undeniable [8-
10]. Graphitization of SiMo cast iron is promoted due to the
presence of silicon in the chemical composition, and at the same L
time a ferritic matrix is obtained [11]. With silicon, the austenite emission spectrometer (OES, Foundary Master) and the results are
transformation temperature can be shifted, and thus microstructural listed in Table 1.
and mechanical stabilization can be achieved at higher  Table 1: Chemical compositions (wt.%) of the studied cast irons.

All cast irons are produced by sand mold casting as Y blocks
according to ASTM A536-84 standard. A laboratory scale induction
furnace (Inductotherm, 35 kW) of 25 kg capacity is used for melting
and casting is carried out from a temperature of 1560 °C. The
chemical compositions of the cast irons are verified using an optical

temperatures. Although the yield strength increases due to the Cast .
increase in the amount of silicon, toughness and elongation (%) iron c 51 L A Nb E

decrease [12]. The matrix structure of this type of cast iron is - j j
essentially ferritic, and pearlite, graphite and Mo-rich carbides SiMo 351 415 040 086

(MgC) can also be found embedded in the matrix [13]. On the other SiNb 3.57 4.04 0.23 - 0.96 -
hand, with the contribution of molybdenum, a significant increase -
in the high-temperature properties of this cast iron can be achieved. SIW 3.45 4.12 0.21 ) ) 0.92

It is also possible to increase the oxidation resistance, creep
resistance and high temperature wear resistance of SiMo cast iron
by increasing its molybdenum content. It is inevitable that
molybdenum will be segregated to the cell boundaries in
solidification and thus boundary carbides will be formed. Although . - .
these carbides increase tensile strength, creep and corrosion out according to 1SO 945-2, by an image analyzer (Leica Las

resistance, they significantly reduce the plasticity of the material [6, va.12) .in. prder to determine the area % of graphite embedd_ed in
14, 15]. the solidified structure. Hardness is determined as the primary

mechanical property of cast irons, and tests are carried out under 10
In recent years, an intense effort has been made to further kgf load using a micro Vickers hardness tester (Emco-Test).
improve the high temperature properties of SiMo cast iron on one
hand and mechanical properties on the other. While many studies
focus on the modification of SiMo cast iron with elements such as

Samples are taken from the bulk materials, and their surfaces
are etched with 3% nital after grinding and polishing. Then the
solidification structures are characterized using a light microscope
(LM, Olympus BX41M-LED) and quantitative analysis is carried
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Cast irons and alumina ball as counterpart material are
subjected to a tribological interaction for 150 m under dry friction
conditions at a nominal load of 10 N and a ball sliding speed of 0,08
m/s. After dry friction tests, the change in the coefficient of friction
for each cast iron is monitored as a function of sliding distance.
Specific wear rates are calculated by determining the volume losses
occurring during the tribological interaction in accordance with the
ASTM G133-05 standard. The wear surfaces are characterized
microscopically, and the dominant wear type for each cast iron in
tribological interaction is examined.

3. Results and Discussion

Figure 1 shows the etched microstructures of the cast irons.
Graphite (G), Mo-rich carbide and partial pearlite (P) phase regions
are observed in the ferritic (F) matrix in the SiMo cast iron structure
(Figure 1a). In the solidification structure of SiNb cast iron (Figure
1b), it is observed that graphite and pearlite exist in the ferritic
matrix and that the matrix also contains Nb-rich carbide. Similar
phase components are found in the solidification structure of SiW
cast iron (Figure 1c), and it has been observed that W-rich carbides
are dispersed in the ferritic matrix due to the presence of another
carbide-forming element i.e. tungsten in the composition.
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Fig. 1. LM images showing the microstructural features within the cast
irons; (a) SiMo, (b) SiNb and (c) Siw.

The morphologies of the graphite found in the microstructure of
such cast irons are affected by possible chemical composition
changes and the morphological change can be monitored. Although
no significant change is observed in the spherical morphology of
graphite in cast iron matrices, a significant change is observed in the
amount of graphite and image analysis studies reveal that the
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graphite content (area-%) in SiNb and SiW cast irons is 4.02 and
4.30, respectively, compared to SiMo cast iron (5.80). It is
inevitable that the change in the type and amount of carbide, as well
as the change in the amount of graphite in the ferritic matrix, will
affect the mechanical properties. Thus, a significant change in the
hardness of cast irons is also observed depending on the
microstructural features; SiNb (228+ 7 HV10) and SiW (218 + 5
HV10) cast irons have higher hardness values compared to SiMo
cast iron (192 = 5 HV10).

CoF changes as a function of sliding distance in the tribological
interactions of cast irons with a hard ceramic material are given in
Figure 2. Among the cast irons tested, SiNb cast iron exhibits the
highest coefficient of friction (0.040) over the total sliding distance.
In tribological interaction, the amount of graphite in the matrix that
can provide a lubricating effect can be a determining factor in the
change of CoF values. In Figure 3, the effect of the amount of
graphite in the matrix on the CoF values of each cast iron in the
steady state is correlated and the findings indicate that CoF
decreases as the graphite content increases.
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Fig. 2. COF variation for cast irons as a function of sliding distance.
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Fig. 3. Relationship between CoF and graphite content values of the
studied cast irons.

In tribological interaction, hard phases like carbides that
may be present in the matrix have a direct effect on material loss

during wear. Primary Nb-rich carbides found in the solidification
structure of SiNb cast iron are faceted hard phases that can
crystallize directly from the liquid phase. These types of carbides
can be harder than Mo-rich and W-rich carbides, which solidify
from liquid by eutectic reaction. Although the pearlite phase with
lamellar morphology in the ferritic matrix also contains carbide like
cementite, primary and eutectic carbides, which have a coarse
distribution within the solidified structure, are more decisive in the
final hardness of the material. In Figure 4, the relationship between
the hardness values of cast irons and the specific wear rates
calculated after tribological tests is diagrammed. The findings
indicate that there is a decrease in specific wear rates due to the
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increase in material hardness. After tribological tests, LM
examinations are carried out on the worn surfaces and the obtained
micrographs are given in Figure 5. Worn surfaces typically indicate
the presence of two tribological patterns along the sliding direction;
(i) scratches due to abrasion and (ii) layers due to adhesion. Such
patterns are mostly observed in ferritic matrix cast irons. It should
be noted that abrasive wear occurs when the cast iron is scratched
by a hard counterpart material and particles separated from the
surface move as free bodies on the surface and may cause re-
scratching. Although the surface roughness can be reduced under
friction conditions, it is possible for cold metal to adhere to the
surface due to adhesive wear. Adhesion causes a layer to form on
the surface and it is also possible for the layers to undergo
delamination and separate from the surface.
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Fig. 4. Relationship between specific wear rate and matrix hardness
values of the studied cast irons.
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4, Conclusion

In this study, the tribological behavior of new generation cast
irons (SiNb and SiW) developed as alternatives to cast irons
containing high silicon and molybdenum (SiMo) is investigated
under dry friction conditions. The findings reveal the presence of
graphite phase with spheroidal morphology and pearlite phase in the
ferritic matrix, together with carbides, with varying hardness and
morphology, of the carbide-forming elements (i.e. Mo, Nb and W)
in the chemical composition. Compared to SiMo cast iron, lower
graphite amounts are detected in the solidification structure of new
generation cast irons. A significant increase is observed in the CoF
values of cast irons due to the decreasing amount of graphite under
dry friction test conditions. Such a finding is evaluated as an
indicator that high CoF values would be achieved if the lubricating
effect of graphite decreases. However, the effect of matrix hardness
on tribological interaction, especially on the specific wear rate, is
observed quite clearly. Novel cast irons have higher hardness values
and relatively lower specific wear rates compared to SiMo cast iron.
Characterization studies on wear tracks indicate that adhesive wear
is the dominant wear mechanism for all ductile cast irons due to the
presence of their ferritic matrix.
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Force-Stroke Analysis of Metallic Materials using the Upper Bound Method
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Abstract: All plastic deformation applied to metallic materials create a metal flow. The main factors affecting metal flow are the friction
conditions between the metallic material and the mold. In addition upset forces are closely related to the geometric shapes of the metallic
materials that changes deformation rates. It is possible to express the formation rates with mathematical approaches in shaping metallic
materials. However obtaining these mathematical approaches can be done with very complex methods. Numerical and analytical
expressions are generally used in the mathematical approaches. Some of the approaches applied to obtain more accurate results are slip
lines methods, finite elements analysis, finite difference methods and Boundary element methods. In this study the upper bound method was
applied for metallic materials. The force-stroke diagrams were obtained by the investigation of deformation energy and friction losses. The
analyzed parts were prismatic specimen with arbitrary profiles and the results obtained were supported by graphics.

Keywords: PLASTIC DEFORMATION, FORCE-STROKE ANALYSIS, UPPER BOUND METHOD

with elliptical and rectangular cross-sections were compared with
experimental data using the Al 2024 material, using the upper limit
Metal plastic shaping is a common process that has been done method. The results showed that the surface quality of the resulting
for many years. Upsetting is one of the most commonly used metal products was quite good. It was also observed in the study that the
forming methods. It is based on the principle of changing the shape results obtained with the upper bound method were slightly higher
of the metals without changing their volume with the help of force than the experimental results. This difference is partly due to the
and pressure. This application area, which is extremely importantin ~ fact that the profile with a square cross-section has a larger
industry and applications, can be done more easily with ductile  circumferential length of the surrounding circle than the elliptical
materials that can be easily shaped. It means that the length of a  profile, requiring more energy for shaping. This study improved the
stacked piece is shortened by the effect of the compressive force  definition of the transition function and verified the results obtained
applied to it in the direction of its axis and the section is widened in by the upper bound method through experiments [2].
the direction perpendicular to the direction of force. While the
volume of the material does not change after upsetting, geometrical
changes may occur in the material due to strain. The upsetting ratio
is generally measured as the percentage reduction in length for
cylindrical parts. Performing force analysis before the upsetting
process positively affects the upsetting results. This prevents
unexpected results and errors. In order to perform force analysis, the
stamp force must be calculated depending on the upsetting rate.
These calculations can be made thanks to some methods. One of
these is the upper limit method, and this method can be applied to a
part whose cylindrical coordinates are given. In the application of
this method, stacking ratio and friction coefficients are taken as
basis.

1. Introduction

In this study, Narayanasamy et al. (2006) obtained the results of
the transition from circular billet to circular cross-section exit
profile and cosine profile patterns using the upper limit method and
examined them compared to previous studies. The upper limit
analysis was made by expressing the path between the particle's
mold entry and exit profiles as a function in the Cartesian
coordinate system, and the velocity fields were calculated through
this function. This method has been used to predict plastic
deformation. When the results obtained in the study were compared
with the calculations of flat shrinking molds and convex circular
molds under frictionless conditions, it was found that the cosine
profile required lower extrusion pressure and was therefore more
advantageous than other molds. In addition, calculations made with

Gunasekera and Hoshino (1985) examined curvilinear profile similar die profiles are presented graphically according to relative
molds to examine the extrusion of polygonal profile products.  extrusion pressure and die length changes, with power amount
Curvilinear profile molds facilitate material flow and improve the comparisons made using a flat shrinking matrix. According to these
forming process. Upper limit analysis was carried out for comparisons, it has been shown that cosine transition profiles have
curvilinear profile and linear shrinking molds with 60% extrusion ~ lower amounts of power spent for plastic deformation and friction,
rate and 0.1 friction factor values and solution graphics were and this power is less for each value according to the mold length
obtained. The results show that in curvilinear profile molds, the [3].
power component from plastic forming becomes dominant when the
mold length decreases, and this force decreases suddenly when the
mold length increases. In contrast, in straight shrinking dies the
force component remains almost constant throughout forming. The
study also revealed that the optimal pattern length of curvilinear
patterns is shorter. The obtained theoretical results were confirmed
by experiments with lead samples at room temperature. The result
shows that dies with curvilinear profiles are more efficient and
effective in extrusion processes [1].

Bakhshi-Jooybari, M. et al (2007) proposed a new approach
combining cap and slice method to estimate strength in cold
extrusion of aluminum and lead samples. In the study conducted
with this method, the authors used conical molds they had
previously designed for comparison purposes. The results obtained
with the proposed new method were compared with experimental
data and solutions obtained with the commercial finite element
software. When the experimental force-stroke diagrams were
examined, it was observed that the combined method was

Yang, D.Y., et al. (1986) stated in their study that in molds with ~ compatible with simulation and experimental results. Additionally,
inlet and outlet sections of different profiles, it is difficult to make it was determined that when the optimum curvilinear die was used
the analytical expression of the mold surface connecting these for aluminum and lead samples, the required force was lower than
sections in cylindrical coordinates. The study aims to solve this ~ when the optimum conical die was used. This result indicates that
problem by proposing a transition function R(0,0) and R(6,L) that the forming process requires less energy with optimum curvilinear
defines the input and output sections as R(0,z), respectively. The ~ molds compared to conical molds and confirms the accuracy of
transition function was chosen to define the input section for z=0 finite elements and experimental results [4].
and the output section for z=L and was obtained using a certain
number of Fourier series. Thanks to this transition function, a new
velocity field was defined and the results obtained for exit profiles

Ebrahimi, R. (2008) and his team developed a new upper bound
analysis method for tube extrusion. The authors compared the
optimum die half angle obtained with numerical and analytical
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solutions. They stated that at a constant friction factor value, there is
an optimum angle that minimizes the power required for the
forming process. They used a separate equation to calculate this
optimum die angle. They found that as the friction factor increases,
the die half angle also increases, but the constant friction factor does
not have any effect on the dead metal zone angle. They also
observed that when the extrusion rate increased, the optimum die
half angle also increased. They emphasized that the effect of
extrusion rate is more evident at high friction factor values [5].

Abrinia, K. and Makaremi, M. (2009) developed a new design
and analysis method to model material flow with expanding square,
rectangular and elliptical cross-sections. The molds they choose are
designed to allow material to flow towards the lateral surfaces.
They examined molds with various extrusion rates and investigated
the effects of parameters such as friction effect and extrusion rate
on extrusion pressure. While they used the upper limit analysis
method to determine the maximum extrusion pressure, they
preferred the finite element method to facilitate mold design. In
their experiments to verify the theory, they demonstrated that the
experimental, numerical and theoretical results were compatible and
that these methods could be used for scattering patterns. Their
proposed upper bound analysis method involves a kinematically
new velocity field and has been used to estimate the maximum
energy required for forming. In the experiments, commercially pure
lead material and different mold sets were used [6].

Shu-peng C. and Zhong-jin W. (2020) represented the upset
forging process of three-dimensional elliptical disks and rings was
analyzed using the upper bound method. A general form of
kinematically valid velocity fields is proposed with three control
functions, each containing a free parameter. In this way, factors
such as sideways spreading, lateral swelling in the thickness
direction and movement of the neutral surface that occurred during
the "upset" forging process of the ellipse rings could be taken into
account. It has been shown that by choosing different control
functions in the proposed general form, kinematically valid velocity
fields suggested by other researchers in previous references can be
obtained. By optimizing the free parameters with the simplex
algorithm in the upper bound method, the forging load and the
shapes of the workpiece in the deformation stages could be
calculated. Calculations made for different workpiece shapes and
friction conditions show that the theoretical results obtained are
compatible with the experimental results in previous studies and the
finite element analysis performed in this study [7].

Hamed A. (2022) has worked on a new mathematical model is
developed to predict the gap closing behavior of metal rods during
the plane strain extrusion process. For this purpose, an improved
upper bound analysis has been carried out by applying the power
balance between the intrinsic work rate, the rate of energy release
across the gap, and the extrinsic force. Considering the limiting
condition of the resulting equations at the gap closure threshold, a
mechanical criterion was obtained to find the minimum extrusion
rate required for the closure of elliptical gaps. The formulation was
developed for frictionless and frictional conditions at the die-rod
interface. Additionally, the process was modeled with the finite
element method (FEM) and it was observed that the obtained
analytical criterion and FEM modeling provided a good match in
terms of minimum required extrusion rate. It is found that the
minimum extrusion rate required to close the voids is solely a
function of the extrusion die angle, the void aspect ratio, and the
friction condition at the die-rod interface. Additionally, it has been
determined that extruding the material under frictional conditions
and with a die with a smaller taper angle is beneficial in closing the
gaps [8].

Khanlari H. and Honarpisheh M. (2023) published a study on
the upper limit (UB) analysis of the channel angular printing
process was carried out by taking into account the die angle, the
thickness of the entry and exit channels, the outer and inner corner
radii, the die geometric properties such as the length of the exit
channel and the length of the first workpiece, friction and strain
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hardening of the material, under cold conditions and for a
rectangular cross-section workpiece. In order to verify the results of
the UB analysis, the results of the analytical equations were
compared with the numerical simulation and the real process. The
results revealed that decreasing the die angle, the thickness of the
exit channel and the outer corner radius, and increasing the
thickness of the entrance channel and the inner corner radius
increased the total plastic stress and processing force. Moreover, it
has been shown that the processing force increases with increasing
the initial workpiece length. A very good agreement was achieved
between the analytical method and the results of the numerical and
experimental methods [9].

In hot and cold upsetting processes, if lubrication is very
sufficient, the friction force will be close to zero. If the object on
which the upsetting process is applied is a cylinder, when each part
of the cylinder is divided into small elements, it is seen that the
deformation between the elements is equal. Due to volume
constancy, there is no volumetric change while the cylinder
decreases in length.

Fig. 1 Cylindrical parts before and after in the upsetting process.

2. Upper Bound Analysis Method

In order to calculate the total power consumption in the upper
bound method analysis, it is necessary to take into account the total
of all energy consumed. The total power consumption is obtained
by calculating the power consumption of each process in which
energy is consumed separately. Thus, the upper limit for total
power consumption is found [10,11].

J*: Upper bound for total power consumption
J* = S W, + W + X W M
W;: 1deal deformation power
W =53 [€dv )
€: Effective strain velocity

E= =GR +ES +E2) + ey + &}, + €212 (3)
6,(,{ ). Effective stress value

(4)

e‘;j ) Effective strain value

—(j j 7 HU)
g = ¥_, i) (5)
Wf: Friction power between the mold and the part
: _(l
Wy =56, [ 1aVIds (6)

Pyyq : Average stamp pressure

(7)
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Since the volume does not change in compressed materials, based
on the principle of volume constancy, strain rates are given by the

Z
-

R

Fig. 2 Cylindrical coordinates of upsetting part.

3.1. Distribution of Kinematic Velocity Elements

The velocity elements occurring for an object whose cylindrical
coordinates are given are U,, Uy, U, in order and their mathematical

following equations.

U, [ Ur 10U

expressions are as follows [7,8].

U,: Axial velocity equation

—UyZ

U, =— (®)

Uy: Tangential velocity equation

Up = == w1 (6) ©

b

w(0) = E“H); D, sin(26) (10)

w(0) = (23 D, sin(26) = 0 (11)

Uy = ”°R w(8) = ”“R 0=0 12)

Up =0 (13)

U,: Radial velocity equation

R ) (14)
= DR = DR

U, = 2T.(1+0)_ - (15)
— LR

U =—; (16)

3. Force Analysis for Cylindrical Prism

The expressions of the velocity components occurring on the
material are given in the equations below:

—UgZ
T

U, =

Ug=

Since b = a in cylindrical materials, equations are shown as follows:

17)

(18)

b
w(0) = E“H;; D, sin(26) (19)
w (0) = EZ;E; D, sin(26) = 0 (20)
Uy = 2 0=0 (21)
Up = ‘”“Rw1 0) = (22)
Ug=0 (23)
U, =20 (1+ 20 (24)
Uy =22 (140) = 2% (25)
UpR
U, =2 @7)

R TRt vt =0 (28)
(-2 @)
o %
. 12’_; (€29)
gg =tz (32)
&y = ;’_; (34)
g, _% (35)
& = aaiz = _% (36)
g = (37)

Since the total deformation force must be found by taking all
equations into consideration, mathematical operations are continued
as follows:

JF=ZW, +ZW, + LW (38)
W, is the ideal deformation power:
w, =5 [€dv (39
- 2 .1,. . . . . .

= 5GE+ D+l + &, + ) (40)

: —( - — 2 1,. . . . .

W= feav=a (2 [Let v e+ e e+ +
£2.)rdr df dz) (41)
W, = nR?GU, (42)

Wf indicates power consumed due to friction between die and the
stamp resulting in :

Wy = —(’)f |AV| ds (43)
Wy = %5, [s,1avIds = 6 [f /U} +UZrdrdo  (44)
W, = 2nR%G 35_ (45)

W, is the amount of power consumption due to shear:

W,=0 (46)
N . N _ — Uy
J* =W, + Wy = nR*aU, + 2R3 wg—r (47)
x _ 2 2mR
J*=mnR 0U0(1+3\/’T (48)
J* = Force * Velocity = FU, (49)
F = Area * Pressure = mR*P,,, (50)
J* = mR?Pyyy Uy (51)
* 2 R
J* = mR?Py, Uy = mR?*5U,(1 + 3;"_T (52)
Pavg _ 2mR
=1+ 3HBT (53)
Total upsetting force is,
2 2mk
F =mnR J(1+3‘/_T 54
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4, Calculations and Results

All theoretical calculations are given in the equations shown above.
In the next stage, dimensional changes will be calculated and the
results will be examined. In the figure below, the main axis and
spare axis lengths of the ellipse are indicated as a and b
respectively.

The dimensions of the cylindrical part are shown as a and b
before the process, and as a; and b after the process.

|y
|
— % g T
P -
7~ | N Q¥
/ \ o o
/ | it
NP S
\ /
\ /
\\ 25 v
\\\~_-_—’//
Before upsetting al
_____ After upsetting or

Fig. 3 Surface changes before and after upsetting on a cylindrical part.

a_,-h_%
b_l_bl_bz
V=mab.h

V=mnab.h= n.al.bl.hl = T[.az.bz.hz

al.bl.hl
W

The values resulting from calculations for different upsetting rates
are shown in the table below. ¥ and Wf values were found
separately and then the total power J* was calculated.

b,

For the friction and deformation power requirements that occur
when upsetting is applied at different rates to a cylindrical object
with a height of 20 units and a radius of 30 units, which is taken as
an example to examine the results after theoretical calculations, are
shown below in the graphics for two different upsetting ratios.

Table 1: Lengths obtained according to %10 upsetting rates.

a b, h; h, b, a

30 30 20 20 30 30

30 30 20 18 31,6227766 31,6227766
30 30 20 16 33,54101966 33,54101966
30 30 20 14 35,85685828 35,85685828
30 30 20 12 38,72983346 38,72983346
30 30 20 10 42,42640687 42,42640687
30 30 20 8 47,4341649 47,4341649

Cylinder(A=1)

10000
8000
o
w6000
% 4000 7 /i/./.
o V‘,,-:——‘;‘/-
2000 —
o o O vj
0 10 20 30 40 50 60
DEFORMATION RATE
—&— Friction == Deformation Total

Fig. 4 Graphic for the %10 upsetting rates of cylindrical prism..

Table 2: Lengths obtained according to %5 upsetting rates.

110

al bl hl h2 bz aZ
30 30 20 20 30 30
30 30 20 19 30,77935056 30,77935056
30 30 20 18 31,6227766 31,6227766
30 30 20 17 32,53956867 32,53956867
30 30 20 16 33,54101966 33,54101966
30 30 20 15 34,64101615 34,64101615
30 30 20 14 35,85685828 35,85685828
Cylinder(A=1)
5000
4000 _—i——"‘i/-/-
g 3000 e
O 2000
o
1000
0 . _ & ¢ ¢ )4 h
0 5 10 15 20 25 30
DEFORMATION RATE
—&— Friction == Deformation Total

Fig. 5 Graphic for the %5 upsetting rates of cylindrical prism.

5. Results and Discussion

When all the results are examined, when upsetting is applied to a
metallic object, the required power varies depending on the
upsetting rate applied. In compression at high rates, more power is
required for both friction and deformation. As the ratio of diameter
to height increases, both amounts of power to be applied increase
logarithmically. The aim of this study is to pre-calculate the
appropriate conditions and the required amount of power when
applying upsetting to cylindrical metals. With the results of the
study, the theoretically intended numerical values were reached.
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Influence of Al,O3; content on the mechanical properties of sintered Al-10Cu-xAl,O3
composites

Tatiana Simeonoval?", Rumen Krastev!?, Georgi Stoilov?, Vasil Kavardzhikov*

Institute of Mechanics at Bulgarian Academy of Sciences, Bulgaria®
Institute of Metal Science, Equipment and Technologies with Hydro- and Aerodynamics Centre "Acad. A. Balevski" at Bulgarian Academy
of Sciences?
tsimeonova@imbm.bas.bg

Abstract: This study investigates the influence of Al, O; content on the mechanical properties of sintered Al-10Cu-xAl, O3 (x=2.5, 5, and
7.5 wt.%) composite materials, produced via powder metallurgy and subjected to quasi-static and dynamic compressive loadings. Quasi-
static tests were performed at a constant strain rate of 0.003 s, while dynamic tests were conducted at strain rates corresponding to
impact velocities of approximately 10 m/s and 20 m/s. The results indicate that a higher Al; Oz content enhances the mechanical properties
of the composite under both quasi-static and dynamic compression. The most significant improvements were observed under high strain rate
impact loading, highlighting the potential of sintered Al-10Cu-xAl, O3 for applications in dynamic environments.

Keywords: SINTERED Al-10Cu-xAl,03 COMPOSITES, POWDER METALLURGY, Al,03 CONTENT, COMPRESSIVE STRENGTH

1. Introduction

Aluminium and its alloys are proven as prospective base
materials for manufacturing light metal matrix composites (MMC)
and powder metallurgy is a suitable technique for their production
[1-4]. To further improve its properties, primary alloying elements
are added to aluminium powder. Copper is believed to be the most
significant due to its ability to cause higher densification and age
hardening in Al-Cu alloys [2,3,5]. It is known by the literature that
Al-Cu composite materials, manufactured by powder metallurgy
method are widely used in the automotive and aerospace industries
for cost-saving lightweight functional components [3,4,6]. The
reinforcement is done mainly by ceramic particles including SiC,
B4C, TiC, WC and Al,O3 [1-4,7-13]. Among them, Al,O; is
generally used to improve the hardness, strength and wear
behaviour of aluminium alloy matrix [3,4].

Some research has already been published with 2.5, 5 and 10 wt
% Al,O3 reinforcement [10] and improvement in tensile and
compressive strength of hot extruded MMC materials reinforced by
alumina particles up to 5 wt.% is found. The influence of the
percentage of the Al,O; reinforcement, the H/D ratio of the
compacted samples and the compaction pressure on the physical
and mechanical properties of the composites were also investigated
using different methodologies [3,4]. The experimental data showed
that the best yield and compression strength are obtained at 10%
Al,O3, 700 MPa, and 1.25 H/D, while the maximum fracture strain
is achieved at 700 MPa, 1.25 H/D, and 0% Al,O; [4]. Higher Al,O;
content decreases relative density by increasing volumetric voids
and segregation between the higher amount of reinforcement and
Al-4Cu matrix, but has a positive effect on the hardness of the
composites [3]. Despite the serious research that has been
conducted on the mechanical characteristics of aluminium-based
composites, the distinct mechanical evaluation of Al-10Cu-
xAl, O; composites, produced through powder metallurgy, under
low and high-strain compressive loading continues to be
insufficiently investigated. Current research aims to fill this
knowledge gap by studying the performance of Al-10Cu-xAl, O3
composites under distinct loading regimes.

This study aims to evaluate the influence of Al, O3 content on
the mechanical properties of sintered Al-10Cu-xAl, O3 (x =2.5,5,
and 7.5 wt%) composite materials, produced via powder metallurgy
and subjected to quasi-static and dynamic compressive loadings.

2. Materials and methods

Aluminium-based alloys were produced using aluminium,
copper and Al,O; powders with a particle size of <325 mesh. All
powders were first mixed in the desired proportions and then
subjected to high-energy ball milling with a ball-to-powder ratio of
6:1. The milling process continued for 5 hours at a rotation speed of
500 rpm to achieve a uniform distribution of Cu and Al,O3 particles
within the Al matrix. After the ball milling process, the powder
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mixtures were compacted in a cylindrical steel die with a diameter
of 16 mm using a hydraulic press. The resulting green bodies were
sintered at 530°C for 3 hours. After sintering, the samples were
cooled slowly in the furnace to minimise thermal stresses and to
secure uniform microstructural development. The specimens for
determining the mechanical properties are cylindrical with a
diameter and height of 10x15 mm for quasi-static testing and 5 x 5
mm for dynamic testing. A universal servo-hydraulic testing
machine Zwick Roell HA250 was used for quasi-static compression
tests at a constant low strain rate of 0.003 s~ *. A modified Split
Hopkinson Pressure Bar (SHPB) apparatus for impact testing of
light materials [14], was used for the dynamic compression tests at
high strain rates of about ~1500 s™* and ~3200 s, corresponding to
impact speeds of about 10 m/s and 20 m/s.

3. Results and discussion

When it comes to analysis of the mechanical response of certain
material it is always helpful to be aware of its structure and possible
changes during fabrication. According to the AlI-Cu phase diagram,
Al,Cu, AICu, Al;Cu,, Al,Cus, and Al,Cug could be formed in the
Al-Cu system through solid-state phase transformation [15,16,17]
among which stable phases are AlCu, Al,Cu, and Al,Cug [18].
Al,Cu phase evolves among the first due to its lowest formation
energy [16,17] and usually the increasing of Cu content results in
the formation of only Al,Cu in the fabricated composites [15]
because the thermal processing time is long enough to convert AlCu
to Al,Cu. Thus, the structure of the matrix material is believed to be
consistent with aluminium grains with dissolved copper surrounded
by copper precipitated in the form of the Al,Cu phase at the
aluminium grain boundaries [1, 2].

In addition, alumina leads to grain refinement. If the harder
alumina particles are reasonably distributed, they could increase the
dislocation density of the matrix and the load is transferred from the
matrix to the reinforcement/second phases. The Al,O; particles
distort the crystal lattice of the Al-Cu matrix, hinder the mobility of
dislocations and thus strengthen the alloy [3]. The Al,Cu phase and
alumina particles are believed to be the main reason for the
enhanced mechanical properties of the tested AI-10Cu-xAl, O3
composites

Quasi-static compression test results are presented in Fig. 1,
showing the stress-strain curves for three types of powder-
metallurgy-derived Al-10Cu-xAl, O; materials with different
Al,O; content. The graphs show similar behaviour under quasi-
static compression, starting with the stage of elastic compression up
to the proportional limit and yielding, strain hardening with ductile
deformation and non-uniform deformation at compressive strength
with shear bands beginning to develop [19,20]. A decrease in the
load-bearing capacity of the compacted composites occurs because
of the deformation within the shear bands, followed by complete
failure due to the separation of bonded particles along the shear
bands [20].
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Fig. 1 Quasi-static tests result at a constant strain rate of 0.003 s of: a)
sintered Al-10Cu-2.5Al, O3 ; b) sintered Al-10Cu-5Al, O3 c) sintered
Al-10Cu-7.5Al, O3 ; d) average curves

The stress-strain curves are smooth up to about 30%
deformation in the tested specimens The vyield stress in all the
specimens is almost identical and the material continues to strain
harden till 30% plastic strain. The first drop of stresses is notable
right after 30% strain in alloys with 2,5 wt% Al,O; followed by the
ones with 5 wt% Al,O;. Before 40% deformation all tested
materials have reached their compressive strength with 7,5 wt%
Al,O; alloy being at the maximum. The variation graphs of elastic
modulus and yield stress (fig. 2a) and compression strength and
strain (fig. 2b) are obtained from the experimental data at a constant
strain rate of 0.003 s™. The elastic modulus and the compression
strain at the strength point of the Al-10Cu-xAl, O3 composites
showed an upward trend when a higher content of Al,O;was added.
The average yield stress stays almost unaffected by alumina
content. The compression strength remained constant up to 5 wt%
Al,O and then raised at a concentration of 7.5 wt% Al,Os. It can be
concluded that the higher amount of alumina particles demonstrates

static loadings.
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Fig. 2 Variation curves of the mechanical properties of the composites
with different Al, O; content, tested under quasi-static loading: a)
elastic modulus and yield stress; b) compression strength and strain

The mechanical properties under all strain rates of the tested Al-
10Cu-xAl, O; composites, as summarised in Table 1.

Table 1: Average values of the mechanical properties of tested materials.

Alumina concentration wt% | 2.5% ALO; | 5% AlLO; |  7.5% Al,O;
quasi-static compression at the strain rate of 0.003 s™ !
Modulus of elasticity [GPa] 4.8 5.1 5.4
YS(offset=0.2%) [MPa] 58 58 57
Compressive strength [MPa] 217 216 225
Deformation € [%] 313 321 34.3
high impact dynamic compression at the strain rate of 1500 s~ !
Modulus of elasticity [GPa] 7.9 9.7 12.9
YS(offset=0.2%) [MPa] 72 82 93
Compressive strength [MPa] 328 323 338
Deformation & [%] 44.4 45.7 45.8
high impact dynamic compression at the strain rate of 3200 s~ !
Modulus of elasticity [GPa] 7.4 5.3 5.0
YS(offset=0.2%) [MPa] 84 64 71
Compressive strength [MPa] 1399 1365 1614
Deformation & [%)] 83.7 85.1 84.8

113

The results from dynamic compression tests are shown in Fig. 3
for moderate strain rates of 1500 s and Fig. 4 for high strain rates
of 3200 s™. All specimens tested at high strain rates exhibited a
distinct elastic stage, followed by strain hardening up to the
compression strength, with plenty of fluctuations in stress during
the tests under dynamic compression at 10 m/s. The ultimate
strength and failure strain increased with the strain rate for all tested
materials. There is some difference in the failure mode — at impact
speeds of 10m/s the tested alloys generally exhibit plastic failure,
while in the ones tested at 20 m/s a mixed mode of splitting and
smash failure is observed. The stress-strain relationships revealed
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superior dynamic mechanical properties at a strain rate of 3200 s
compared to 1500 s, although the yield strength values are quite
close.
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Fig. 3 SHPB dynamic test results at 10 m/s of: a) sintered Al-10Cu-
2.5Al; O3 ; b) sintered Al-10Cu-5Al, O3 c) sintered Al-10Cu-
7.5Al, O3 ; d) average curves

The variation graphs of elastic modulus and yield stress (fig. 5
a, b) and compression strength and strain (fig. 5 ¢, d) are obtained
from the experimental data at a strain rate of 1500 s and 3200 s™.
At high strain rates no obvious trend in the properties is observed.
It is visible that the strain is not affected by the Al, O; content.
The elastic modulus and vyield stress are varied in very tight
intervals, especially for the strain rate of 3200 s™* and can hardly be
attributed to the alumina content. The major positive effect of
alumina content is demonstrated in compression strength for 7.5
wt% Al,O3 with a slight drop in the values at 5 wt% Al,O5,
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Fig. 4 SHPB dynamic test results at 20m/s of: a) sintered Al-10Cu-
2.5Al; O3 ; b) sintered Al-10Cu-5Al, O3 c) sintered Al-10Cu-
7.5Al, O3 ; d) average curves

The increase in compressive strength is attributed to the Al,O;
particles, with best results of Al-10Cu-7.5Al, Oz under all strain
rates in the investigation. Also, it is noticed that the amount of
alumina addition (up to 7,5 wt%) does not affect the plasticity of the
composite at a certain strain rate. The difference in deformation is
observed only when comparing the results from tests at different
strain rates, with the highest results for strain rates 3200 st The
compressive strength increases from 200-250 MPa at quasi-static
rates (0.003 s*) to 1400-1600 MPa at high strain rates (3200 s™)
and the strain corresponding to the maximum compressive stress is
shifted from about 30-35% to 85%. The reduction in strength,
observed in Al-10Cu-5Al, Os is attributed to the presence of a
higher amount of unbounded free particles in the Al-Cu matrix than
in other tested composites [10]. The slight differences in properties
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could also be due to the different densification of specimens [19],

although this is not obvious from compression tests.
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Fig. 5 Variation curves of the mechanical properties of the composites
with different Al O3 content: a) Elastic modulus and yield stress at 1500
S~ Iy b)Elastic modulus and yield stress at 3200 s ~ '; ¢)Strain at maximum
stress and compressive strength at 1500 s ~ /; d) Strain at maximum stress

and compressive strength at 3200 s~ ~.

115

4. Conclusions

The current investigation focuses on the influence of Al,O;
addition on the mechanical behaviour of AIl-10Cu-xAl, O5
composites (x = 2.5, 5, and 7.5 wt.%) produced through powder
metallurgy under quasi-static and dynamic compressive loading
conditions. The major conclusions that could be drawn back are:

1. AI-10Cu-xAl, O3 composites with 2.5, 5, and 7.5 wt.%
Al,O5; were successfully synthesised through the powder metallurgy
method.

2. Increased compressive strength up to 1600 MPa and
deformation up to 85% at high strain rates (3200 s) were
experimentally achieved by SHPB testing.

3. The improvement in mechanical properties is attributed to the
higher Al,O; content, which enhances strength and deformation
capacity under dynamic loading conditions of the tested alloys.
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Application of thermal-derivative analysis to study phase transformation in AlSi7Mg alloy
with different iron content
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Absract: Using an increasing share of aluminum scrap (production and post-production) requires paying special attention to its impurities.
Gaseous inclusions (e.g., hydrides) can be removed from the liquid alloy by refining, but the situation is worse with metallic impurities. In Al-
Si alloys, one of the worst is iron, which goes into solution due to its low solubility in the solid state, at a content of over 0.4wt.%, it
crystallizes in morphologically unfavorable phases, which worsen the functional properties and increase the porosity of aluminum alloys,
limiting their use. The crystallization of these phases causes thermal effects that various methods can record. The paper presents studies of
phase transformation, especially iron phases, using thermal-derivative analysis occurring in the AlSi7Mg alloy with different iron content.
The studies were performed on Crystaldigraph NT3-8K coupled with the MLab program. It was found that the most unfavorable phase is j-
AlsFeSi, which crystallizes preeutectic (and mainly primary crystallize) dimensions of up to 1000 xzm, causing the formation of shrinkage

porosities.

KEYWORDS:AL-SI CAST ALLOYS; THERMAL ANALYSIS; PHASE TRANSFORMATION; CRYSTALLIZATION; POROSITY

1. Introduction

Analysis of thermodynamic processes is proper when it is possible
to record their kinetics. In industrial settings, temperature is the
parameter that can be most easily controlled and determines the
form of the microstructure and the physicochemical properties
occurring in the material. One of the methods of the time course of
change of these properties as a function of temperature is thermal
analysis (TA) [1-3]. Among its many variations, e.g.,
thermogravimetric analysis (TGA) [4, 5], thermodilatometric
analysis (TDA) [6], thermomechanical analysis (TMA) [7] or
differential scanning calorimetry (DSC) [8, 9], thermal-derivative
analysis (TDA) has found wide application in both laboratory and
industrial research [10-12]. ATD analysis is a method that uses the
visual effects of phase transformations occurring in metal alloys
(usually during the transition from the liquid to the solid state),
accompanied by a change in energy. As the sample cools, its
temperature is lowered by the release of heat, a characteristic
feature of the alloy under study and the transformations taking place
in it. Due to the ease of measuring temperature, the ATD method is
widely used, for example, in metallurgy, making it possible to
quickly obtain much information about the alloy under study [13-
16].

Such great interest in the ATD method is due to its versatile
application for, among other things:

nucleation analysis and determination of the degree of
overcooling of the alloy AT. It can be used, for example, to
assess the correctness of the modification process incident -
the beginning of the cooling curve,

indicative prediction of the chemical and structural
composition of the alloy - the middle range of the
crystallization curve (from T, to Tgy),

indicative assessment of the alloy's purity and the presence of
impurities, inclusions, and gases in it - the final section of the
crystallization curve. Impurities cause the formation of low-
melting eutectics, which affect a significant increase in
crystallization time,

determination of the amount of heat of crystallization of
alloying elements and eutectics - the entire crystallization
curve,

evaluation of phase transformations due to the separation of
intermetallic phases (separate or as a component of eutectics).
In particular, the last capability of the ATD method helps determine
the range of crystallization temperatures of alloying constituents,
for example, in alloys where crystallization of phases that
negatively affect functional properties is possible. This mainly
concerns iron phases of unfavorable morphology in aluminum
alloys due to the increased proportion of circulating scrap as a
feedstock component.

Studies [20-22] indicate that the iron contained in Al-Si alloys, as a
result of different heat removal conditions and chemical
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composition, can crystallize in the form of four phases with
different morphologies:

1. B-AlsFeSi, also referred to as AlgFe,Si in Group 6XX.X (Al-
Mg-Si) alloys,

2. o-AlgFe,Si (or a-AljFesSi;), which under thermodynamic
equilibrium conditions has a hexagonal structure and is stable
only in Al-Si-Fe alloys with high charge purity,

3. 8-Al,FeSi, present in Al-Si alloys with more than 18 wt. % Si,
and

4.  y-AlgFeSi present at contents of more than 4 wt. % Fe and

more than 16 wt. % Si.
However, the problem arises when the iron content in Al-Si alloys
exceeds 0.4wt.% (for gravity castings), resulting in the
crystallization of the p-AlsFeSi phase (which has a lamellar and
needle-like structure). As reported in the literature [17, 18], such a
structure causes the propagation of microcracks and stress
concentration, which increases the brittleness of castings, makes
them more difficult to machine, reduces mechanical properties, and
increases porosity. Therefore, it seems reasonable to research
evaluating the crystallization of AI-Si alloys with higher iron
content and analyzing the associated phase transformations. This
problem is particularly relevant as the share of circulating scrap in
producing Al-Si(Fe) alloy castings needs to be increased for
economic and environmental reasons.
2. Purpose and scope of the research
The study aimed to analyze the crystallization process of an
AISi7Mg alloy with increasing iron content (from 0.4 to 2.0wt.%, in
0.2% increments) and its effect on microstructure and porosity.
To realize the stated purpose of the work, the scope of the research
included:
execution of melts according to the established experimental
plan (Fig.1),
chemical composition studies,
analysis of crystallization by ATD method: recording the
cooling curve and its first derivative,
evaluation of microstructure change and porosity of AlSi7Mg
alloy with different iron content.

Sample Estimated
No. iron content,
wt. %

1 0.4

2. 0.6 | chemical composition studies ‘
3. 0.8 f

4 1.0 ‘ recording of the crystallization curve ‘
5. 12 =\ o] 9 Y

6. 1 '1’ | microstructure studies ‘
7. 16 ATD

8. 1.8 sampler

9. 2.0

Fig. 1. Research plan for the AlSi7Mg alloy with increasing iron
content.
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3. Research material and methodology
The material for the study was AlSi7Mg alloy. The choice of the
alloy was dictated by its wide application, both for gravity castings
and pressure castings, such as rims. AlFe20 master alloy (as a
substitute for scrap iron) was added to the alloy in such quantities as
to achieve the assumed content of 0.4 to 2.0wt.% Fe (Fig.1). Any
magnesium deficiencies were supplemented with AIMg10 master
alloy (10wt.% Mg). The alloys were smelted in a Balzers
VSG02/631 electric vacuum furnace (Balzers & Co GmbH,
Germany). The alloys were modified with AISr10 master alloy and
refined with Rafglin-3. After reaching a temperature of about
760°C, it was cast into a standard QC-4080 Heraeus Electro-Nite
sampler (Seekirchen, Austria) with a capacity of 130 cm®. The
solidification temperature (T) was recorded using a NiCr-NiAl
thermocouple (type K) placed on the axis of the sampler. Thermal
analysis was carried out with a Crystaldigraph NT3-8K temperature
recorder using MLab software (Gliwice, Poland). This set meets the
requirements of both EN61010 and EN60584 for temperature
measurement. The cooling curve T=f(t) and its first derivative in
time dT/dt=f'(t) were recorded. For each measurement of the
cooling curve, the same volume of alloy, the same coefficients for
“smoothing” the first derivative, and similar melting, casting, and
ambient conditions were used. From the middle part of the cross-
section of the QC-4080 sampler ingot (at the temperature
measurement point), samples were taken for metallographic studies
performed on a MeF-2 Reichert light microscope (Wien, Austria).
X-ray microanalysis was conducted on a Hitachi S-4200 scanning
microscope (Tokyo, Japan) with an EDS energy dispersive X-ray
spectrometer using a Thermo Noran system (System Six) equipped
with a SE and BSE electron detector. X-ray studies were performed
with a Philips X Pert diffractometer, using a ACuy, - 1.54178 A
lamp supplied with 30 mA at 40 kV. The registration was made
using the “step-scan” method with a step of 0.04° and a counting
time of 10 seconds, in the 26 angle range from 20° to 140°. The gap
on the incident beam was 1°, and on the deflected beam was 2°.
4. Research results and their analysis
4.1. Chemical composition test results

The results of the chemical composition of AlSi7Mg alloy with
increasing iron content are shown in Table 1.

Table 1. Results of the chemical composition of AISi7Mg (Al -
balance) alloy.® 2.

Sample Element content, wt. %

No. Si Fe | Mg | Cu | Mn | Ni Sn Zn Pb Ti
1. 6.94 1 0.39 | 0.55]0.18 | 0.28 | 0.09 | <0.01 | <0.08 | <0.11 | 0.12
2. 6.93 | 0.61 | 0.54 | 0.17 | 0.32 | 0.13 | <0.01 | <0.09 | <0.10 | 0.13
3. 7.11 | 0.80 | 0.60 | 0.16 | 0.29 | 0.06 | <0.02 | <0.11 | <0.09 | 0.13
4. 7.02 1097 052 0.11 ] 0.31]0.09 | <0.03 | <0.06 | <0.10 | 0.12
5. 7.41 | 1.16 | 0.58 | 0.16 | 0.27 | 0.11 | <0.02 | <0.11 | <0.11 | 0.18
6. 6.95|1.390.61 |0.170.24 | 0.11 | <0.02 | <0.09 | <0.10 | 0.17
7. 7.17 | 1.59 | 0.58 | 0.15 | 0.30 | 0.08 | <0.03 | <0.11 | <0.09 | 0.20
8. 7.26 | 1.78 | 0.52 | 0.16 | 0.30 | 0.08 | <0.02 | <0.07 | <0.10 | 0.15
9 72211941 05510.1910.27 | 1.12 | 0.02 | <0.11 | <0.08 | 0.18

! _ averaged results from 6 measurements, after excluding the two
extreme ones,

2 _ the sum of other elements (Na) and impurities (Ca; K) in the
AISi7Mg alloy is below 0.05.

Analyzing the results of the chemical composition of the AISi7Mg
alloy (Table 1), it can be concluded that despite the increasing iron
content, the proportion of other elements has not changed and is
within the limits of a typical AlSi7Mg alloy.

4.2. Results of thermal analysis using the ATD method
Representative ATD plots of AISi7Mg alloy with different iron
contents are shown in Figure 2.
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Fig. 2. Crystallization curves of AISi7Mg alloy withdifferent iron
content: a) up to 0.49wt.%; b) from about 0.5 to 0.9wt.%; c¢) from
about 0.91 to 1.5wt.%.

The symbols in Figure 2 stand for:

T=f(t) - the curve of temperature change T at time t, - the so-
called TA (Temperature Analysis) curve,

dT/dt =f(7) - the first derivative of the temperature change over
time - the so-called ATD (Analysis Temperature Derivative)
curve,

point A - temperature of onset of crystallization of dendrites of
solid solution a(Al) — Ty (Tiig), °C,

A-B - range of crystallization of dendrites of solid solution
a(Al), °C,

point B - minimum temperature (onset) of crystallization of
eutectic a(AD+B(Si), — Temina+p C:

point C - average crystallization temperature of the a(Al)+p(Si),
- TE(u+[§)oCy

point X - crystallization temperature of iron-rich intermetallic
phases - Tg(re), °C,

point D - crystallization temperature of magnesium-rich
intermetallic phases - Tggg), °C,

point E - temperature of the end of crystallization of EN AC-
AISi7Mg alloy (T), °C.

Table 2 summarizes the average characteristic crystallization
temperatures of AISi7Mg alloy obtained from the ATD method
(rounded to integer) for different iron contents. Based on ATD
studies, the cooling curve of AlSi7Mg alloy is up to about 0.49wt.%
Fe content was found to be typical of Al-Si-Mg alloys with sub-
eutectic composition, i.e., dendrites of the solid solution a(Al)-at
Tiq. are formed first, followed by crystallization of the eutectics
a(AD+p(Si) and a(Al)+(Mg,Si)+p(Si), at about 0.5 to about
0.9wt.% Fe, an exothermic effect from crystallization of iron-rich
phases was found. It occurs in the temperature range from about
574°C to about 590°C, which is before the crystallization of the
a(Al)+B(Si) eutectic (about 558°C) and the triple eutectic containing
the Mg,Si phase (about 550°C). Crystallization of these eutectics
continues to the temperature of T, (from about 530 to 520°C). Iron
content in the AISi7Mg alloy up to more than 0.9wt.% causes
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primary crystallization of the iron phases (before crystallization of
the dendrites of the solid solution «), accompanied by an
exothermic effect at temperatures above 590°C. Further increasing
the proportion of iron results in an even more significant increase in
Te(rey temperatures to as high as 640°C for 2.0wt.% Fe content.
Increasing the proportion of iron and the resulting increase in the
Te(re) temperature value changes the microstructure of the AISi7Mg
alloy.
Table 2. Characteristic crystallization temperatures of AlSi7Mg
alloy from ATD analysis®.

Sample | Name of alloy and Characteristic crystallization temperatures, °C
No. share of iron, wt.% A B c X D E

’ Tiig. | Teminep) | Te@rp) | Trrer | Trowg | Tsol

1. AlISiTMg+0.4 590 555 558 - 551 | 532
2. AlSiTMg+0.6 590 556 558 - 550 | 530
3. AlSi7TMg+0.8 592 555 557 | 574 | 551 | 530
4. AlSi7Mg+1.0 595 556 559 | 579 | 551 | 525
S AlSiTMg+1.2 596 554 557 | 591 | 551 | 522
6. AlSiTMg+1.4 600 556 557 | 619 | 550 | 522
7. AlSiTMg+1.6 603 556 558 | 624 | 550 | 520
8. AlSi7TMg+1.8 604 555 558 | 633 | 550 | 520
9. AlSi7TMg+2.0 606 556 558 | 640 | 551 | 520

! _ the symbols in the table are the same as in Figure 2.

4.3. Microstructure test results

Figure 3 shows representative microstructures of AISi7Mg alloys
with different iron contents. Figure 4 shows X-ray scattered energy
spectra and micro-area chemical composition, and Figure 5 shows
the X-ray diffractogram.

a)

Fig. 3. Representative microstructures of AISi7Mg alloy with
differentiron content: a) up to 0.49wt.%; b) from about 0.5 to
0.9wt.%.

The study of the microstructure of the AISi7Mg alloy shows that, in
addition to the traditional components, i.e., the dendrites of the
a(Al) solid solution, the silicon crystals included in the a(Al)+p(Si)
eutectic and the Mg,Si phase included in the a(Al)+Mg,Si+p(Si)
eutectic, the B-AlsFeSi phase was identified. Its structure resembles
a “slab” with sharp edges, which on the surface of the
metallographic specimen is visible as a “needle-like” separation
with pointed corners. The privileged direction of propagation to one
side causes the B-AlsFeSi phase, especially at maximum iron

content, to be often cracked [19].

It can be seen from Figure 6 that long precipitations of B-AlsFeSi
phases (from 600 pm to even 1000 um - at contents of more than
0.9wt.% Fe) are privileged sites for the formation of porosity,
affecting the reduction of interdendritic permeability, thus blocking
(inhibiting) the free flow of liquid melt during cooling. The moving
crystallization front “does not keep up” with the filling with the
liquid metal of the sites “closed” by PB-Fe phases, causing the
formation of shrinkage pores in the vicinity of B-AlsFeSi phases.
The presence of voids causes local stresses, which transform into
micro- and macro-cracks during the casting operation. This is
because igneous separations of B-Fe phases oriented with the longer
side perpendicular to the given load undergo decohesion, while
those arranged in parallel - crack along their arms and undergo
fragmentation. Thus, it is reasonable to believe that the B-AlsFeSi
phases appear in the microstructure of the AISi7Mg alloy after
exceeding about 0.5wt.% Fe represents the nuclei of pores and/or
shrinkage microcracks, increasing the porosity of the castings and
reducing the feed capacity by reducing the flow of liquid melt
between the branched dendrites of the a(Al) solid solution. This is
in line with the view presented in studies [20, 21], which show that
these voids are sites of microcrack initiation.

Observations of the microstructure of the AISi7Mg alloy also
revealed numerous clusters of shrinkage-type porosity, examples of
which are shown in Figure 6.
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5. Summary and conclusions

Based on ATD studies, it can be concluded that the crystallization of
AISi7TMg alloy with increasing iron content proceeds in the
following stages:

for contents up to about 0.45wt.% Fe:

Stage 1: start of the crystallization process of dendrites of the
solid solution a(Al) - temperature Ty,

Stage 2: nucleation and crystallization of the double eutectic
a(Al)+p(Si) - temperature Te(g.p),

Stage 3: nucleation and crystallization of multicomponent
eutectics a(Al)+AlyFeySiz+p(Si) and triple a(Al)+Mg,Si+p(Si)
- Te(re) and Tggug) temperatures,

Stage 4: end of alloy crystallization process — Ty, temperature.
for contents from about 0.46 to 0.9wt.% Fe:

Stage 1: start of solid solution dendrite crystallization o(Al) -
Tiig.

Stage 2: nucleation and pre-neutectic crystallization of -
AlsFeSi - Tgg phase,

Stage 3: dual eutectic crystallization of a(Al)+p(Si),

Further crystallization stagesunchanged.

for contents of more than 0.9wt.% Fe:

Stage 1: nucleation and primary crystallization of the phase B-
A|5FeS| - TE(Fe)r

Stage 2: crystallization of solid solution dendrites a(Al) - Tai,
Stage 3: crystallization of the double eutectic a(Al)+p(Si) and
further stages without change.
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Based on microscopic studies, it can be concluded that in the
AISi7Mg alloy, there are dendrites of solid solution a(Al), which
constitute the matrix of the alloy, silicon crystals B(Si), which are
part of the double eutectic a(Al)+B(Si), Mg,Si phase - as a
component of the eutectic a(Al)+Mg,Si+p(Si), and separations of
the B-AlsFeSi phase with lamellar morphology (on the surface of
the needle-shaped deposit). Based on ATD, microstructure studies,
and literature review [17, 20, 21], it was concluded that the essential
criteria determining the formation of a particular type of iron phase
include the alloy's iron content and its cooling rate. Phases that
crystallize before the formation of the a(Al) solid solution dendrites
growing freely in the metallic liquid, or those that form at the same
time as the dendritic network (but in the remaining liquid), tend to
grow much more significantly (B-Fe phase) than those that form
later - during or after the formation of the a(Al)+p(Si) eutectic and
the a(Al)+Mg,Si+p(Si) triple eutectic. The increase in the size of
the B-AlsFeSi phase, due to the rise in the iron content of the
AISi7Mg alloy, also directly correlates with its silicon
concentration. According to research results [20, 21], there is a
close correlation between the silicon content and the resulting iron
content, which may beacceptable before crystallization (mainly
primary crystallization) of the B-AlsFeSi phases begins. The iron
level is referred to as the so-called “critical” level and follows the
relationship [21]:

Fejpy;, = 0.075 - (wt.% Fe) — 0.05 @)

According to this relationship, the Fey for Al-Si alloys with about
7 wt. % Si is about 0.47 wt. % Fe, which is consistent with the
results of ATD and microstructure studies of AISi7Mg alloy
presented here. The consequence of neutralizing the
morphologically and dimensionally unfavorable B-AlsFeSi phases
in Al-Si alloys is the introduction of elements that, due to their
physicochemical properties, tend to change the unfavorable form of
iron phases. Studies [18, 19, 22-27] show that manganese,
chromium, and cobalt are additives. Research into the effects of
these elements on the crystallization of iron phases, microstructure,
and properties of Al-Si alloys is ongoing.
Based on the study, the following conclusions were made:

1. In AISi7Mg alloy with content up to about 0.45wt.% Fe,
crystallizing iron phases are included in multicomponent
eutectics with little effect on the microstructure.

2. The content of about 0.5 to about 0.9wt.%Fe causes a change in
the crystallization order of the AISi7Mg alloy. The B-AlsFeSi
phase separations crystallize before the eutectic a(Al)+p(Si), in
the temperature range from about 574 to about 590°C. Their
average length ranges from about 500 pm to 600 um.

3. At a content of more than 0.9wt.% Fe, the B-AlsFeSi phases
crystallize initially in the temperature range from about 590 to
as much as 640°C. Their average length ranges from 600 pum to
1000 pum. The free-growing lamellar-ligneous B-Fe phases block
interdendritic channels and impede liquid melt flow, causing
increased casting porosity.
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Abstract: Researches in this paper included characterization of bismuth telluride single crystal doped with selenium. In order to study the
effect of Se doping on the thermoelectric properties of Bi,Te,;Seys single crystal, an ingot was prepared by Bridgman method. The

Bi,Te, ;Sep3single crystal in 11 mm x 80 mm size was grown.

The obtained empirical formula does not deviate from the given compound formula. Bulk sample was characterized by Seebeck coefficient
(S) as a function of temperature in the range of 40 - 320°C by a homemade impedance meter.
KEYWORDS: SINGLE CRYSTAL, SEMICONDUCTOR, BRIDGEMANN METHOD, DOPING, THERMOELECTRIC

1. Introduction

Due to good ability to directly convert heat into electricity and
vice versa, thermoelectric (TE) materials have garnered
significant attention.

A parameter that evaluates the quality of thermoelectric
materials, thermoelectric figure of merit, Z, is determined by the
dimensionless value, ZT, [1 - 4] which is defined as:

§*-g-T S§*-T  S§*-T
ko kep (kotk) e

ZT =

where: S - Seebeck coefficient, & - electrical conductivity, k -

thermal conductivity, T' - absolute temperature, o - electrical
resistance.

Bi, Tes-based alloys have excellent thermoelectric performance at
room temperature. Thermoelectric transport properties of doped
Bi,Tes have been examined for a long time [5-11].

The most effective composition of n-type low-temperature
thermoelectric materials used in thermoelectric coolers and
generators in the Bi,Tez-Bi,Se; system was found in the interval
up to 33.3% mol Bi,Se; [12-14]. Compounds of bismuth and
tellurium have a narrow energy gap, which at room temperature
is Eg=0.15eV.

Doping is an effective strategy for enhancing thermoelectric
properties.

The aim of the present study was to obtained bulk single crystal
growth by spontaneous nucleation and characterized it by
Seebeck coefficient (S).

2. Experimental

Single crystal ingot of Bi,Te; doped with selenium was
synthesized using the Bridgman method at the maximum
temperature of about 700°C. High purity elements (5 N) were
used as the source material. Tellurium (Sigma — Aldrich,
99.999%), bismuth (Sigma — Aldrich, 99.999%) and selenium
(Alfa Aesar, 99.999%) were taken in a certain proportion.

The temperature gradient was 2°C/mm in the zone of heating and
5°C/mm in the zone of cooling. The ingot was grown at the speed
of 2.2 mm/h.

Measurements of thermoelectric properties of single crystal was
carried out by home-made impedance meter based on the "Lagre
AT method” [15] with temperature range from 40 to 320°C.
Home-made impedance meter simultaneously measured all three
thermoelectric parameters, Seebeck coefficient, conductivity and
resistivity. The measurement process was performed in vacuum
of 102 to 10 Pa on sample with a height of about 11 mm and a
diameter of 80 mm and took at least 15 hours.

The measurement principle is such that the sample in a vacuum is
heated on the hot side to a temperature determined by the
measurement program. Once this temperature is reached, the
heater is turned off, and the measurements begin. These
measurements are taken during the cooling process of the sample
at one-minute intervals until the sample cools down below 40°C.
The entire process is automated, and the measurement results are
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recorded on a computer. It is essential that the upper and lower
surfaces of the sample are plane-parallel to ensure optimal
contact between the sample and the hot and cold sides of the
system.

3. Results and Discussion

Bismuth, tellurium and selenium are merged in a stoichiometric
ratio of 2:3, namely with given compound formula of Bi,Te, ;Ses.
The results of thermoelectric property measurements in the
temperature range from 40 to 320°C for a bulk n-type single
crystal are given in Figure 1.
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Fig. 1. Temperature dependence of Seebeck coefficient for
sample Bi,Te,;Se;

Fig. 1. shows the temperature dependence of Seebeck coefficient
(S) of sample. A TE characteristic was measured to define
quality. These properties strongly depend on carrier
concentration, mobility, crystal structure and defects in the
crystal structure.

The sample showed value of Seebeck coefficient of -187 pveC™
at 40°C to -163 pV°C™ at 292°C. Seebeck coefficient had a
negative sign over the whole investigated temperature range
which indicates n type of conduction (major conductivity carriers
are electrons).

4. Conclusion

Possibility of producing high quality Bi,Te,,;Se; single crystal
using the Bridgman method was examined. Single crystal was
successfully prepared. The obtained empirical formula does not
deviate from the given compound formula.
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Abstract: In recent decades, increasing research in materials science and biomedical engineering has contributed to significant progress in
biomedical metallic materials, some of which are titanium materials. The titanium used in the production of biomedical materials is usually
alloyed with other elements such as niobium, molybdenum, copper and zirconium. Titanium alloys have become one of the most successful
materials for biomedical applications, especially in orthopaedics and dentistry, due to their excellent biological, physical and mechanical
properties. This article gives an overview of advanced characterization methods for titanium alloys such as light and electron microscopy, X-
ray diffraction, energy dispersive spectrometry, differential scanning calorimetry, differential thermal analysis, thermogravimetry and
dynamic mechanical analysis. The article provides of the current status of the development of biomedical titanium alloys and use of
advanced characterization methods, in the development of Ti-Cu alloys.
Keywords: ADVANCED CHARACTERIZATION, BIOMEDICAL MATERIALS, TITANIUM ALLOYS

1. Introduction

Materials that are used and adapted for medical purposes are
biomaterials. Biomaterials can be bioactive, i.e. they are used for an
interactive purpose, such as hip or knee implants. However,
biomaterials also have a useful function, such as in heart valves.
They are also used daily in surgery, dentistry and drug delivery. If
we have to define the term biomaterial, we say: "A biomaterial is a
natural or artificial material that is consists in whole or in part of a
living structure or biomedical device that performs, replaces or
enhances a natural function" [1]. When it comes to metals that can
be used as biomedical, it is also titanium. Titanium is a hard, shiny
and light metal. As a metal, titanium has a high strength-to-density
ratio and a high yield strength [2]. The mechanical properties
combined with its low density, biocompatibility and non-toxicity
make titanium alloys good biomaterials compared to some
competing alloys such as SS 316 L and CoCr alloys. Despite the
high cost of titanium and titanium alloys, they continue to be used
in a number of industries [3]. In general, titanium and its alloys are
excellent biomedical materials [4].

2. Application of Ti alloys

The use of titanium and its alloys has increased worldwide in
recent years in high-value markets such as aerospace, marine,
automotive and biomedical, power generation, heat exchangers, etc.
Titanium alloys owe their popularity to their superior characteristics
and properties. These include a high strength-to-density ratio, also
known as high strength-to-weight ratio or specific strength, and
high corrosion resistance. Titanium alloys are used in the marine
industry to prevent corrosion from seawater or the environment.
They are also used in the aerospace industry to protect the hull from
corrosion and thermal damage caused by air friction at hyper- and
supersonic speeds [4]. Ti and its alloys are widely used for medical
devices and implants in dentistry and orthopedics due to their
excellent bone regeneration capacity, mechanical properties and
corrosion resistance. Although Ti and its alloys are widely used for
biomedical applications, there are still issues that need to be
resolved to meet clinical applications. For example,
osseointegration with the surrounding bone tissue has been
highlighted as a major problem in the initial phase of implant
placement. In recent years, much attention has been paid to the
development of new Ti alloys and composites with modified
processes such as advanced casting methods, powder metallurgy
and artificial intelligence to produce dental and orthopedic implants
with lower elastic moduli while maintaining higher strength to
improve osseointegration. On the other hand, some researchers have
focused on modifying the surface of titanium-based medical devices
and implants to promote faster bone growth [5]. Titanium is the
most common choice in orthopedics for components that are subject
to high mechanical demands, such as hip, shoulder, ankle and knee
joints, where polymeric materials would not achieve the required
strength. As they are osseointegrated over time, titanium implants
provide good secondary fixation [6]. Despite much scientific
interest and numerous attempts to solve some of the problems
encountered with titanium implants, titanium has proven unsuitable
for components that are subject to wear, such as the femoral
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component in knee arthroplasty or the femoral head in hip
arthroplasty, etc. In dentistry, titanium is used for dental screws,
prostheses and instruments [7]. Titanium alloys can withstand the
mechanical forces that occur during chewing and other oral
functions because they have a good balance between strength and
durability. This ensures that dental implants can successfully
replace natural teeth and function for a long time [8,9]. Constant pH
changes that occur with the release of aggressive chemical
substances from food and drink, as well as tartar or plaque, can
greatly reduce the chances of clinical success and the lifespan of
such a biomaterial. Spinal implants where titanium or titanium
alloys can be used include rods, artificial discs and wires used to
correct spinal deformities in scoliosis. In cardiovascular devices,
titanium and its alloys are used as the main components of stents
and heart valves [7].

The titanium-based dental alloys that are used alongside the
familiar Ti-6Al-4V include Ti-Ag, Ti-Mo, Ti-Nb and Ti-Cu alloys.
Implants made from these alloys can have excellent antibacterial
properties thanks to the slow release of silver or copper ions in the
body [10]. As titanium implants are prone to bacterial infections,
which in extreme cases require painful and expensive revision
surgery, one of the newer solutions to this problem is the use of
copper as an antibacterial agent in the titanium alloy system. The
addition of copper provides an excellent antibacterial effect, but the
mechanisms are not yet sufficiently understood as these are newer
alloys that have been increasingly studied in recent years [11].
Copper is essential in the human body for the maintenance of
metabolic processes and daily organ stability [12]. It is also an
important component of connective tissue and nerve sheaths. It is a
synthetic element of a variety of proteins and enzymes, such as
superoxide dismutase, cytochrome ¢ oxidase, dopamine, intrinsic
copper blue plasma protein and B-hydroxylase. Copper is also a
component of red blood cells and is involved in glucose metabolism
and synthesis. It is also involved in the release of proteins and
enzymes. Copper is also used as an alloying element to regulate the
rate of decomposition. It can therefore be concluded that the role of
copper will be very important in the development of these new Ti-
Cu alloys [13]. Recent research has shown Ti-Cu alloys with
favorable antibacterial properties to be promising materials for the
manufacture of medical implants [14]. It has been proven that Ti-Cu
alloys used for dental implants can inhibit bone resorption caused
by bacterial infections and the formation of biofilms in implants
well without compromising corrosion resistance [11]. Alloys with a
high copper content of up to 25 % by weight have good
biocompatibility and excellent antibacterial properties, while
increasing the copper content in Ti-Cu alloys leads to a
deterioration in ductility. Ti-2Cu alloys have the best ductility (25-
28 %), while Ti-Cu alloys with a copper content of 5-25 % by
weight are characterized by significantly poorer ductility. Poor
ductility is a serious problem in many clinical applications. Previous
studies have shown that excessive intake of copper can cause
various stomach problems as well as nausea and even tissue
damage. For these reasons, the use of Ti-Cu alloys with a copper
content of more than 6 % by weight in various biomedical
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applications may be associated with certain risks. As this is still
relatively new research, the literature is very limited [15].

3. Description of advanced

methods

This article gives an overview of some advanced methods for
the investigation of titanium alloys, such as light and electron
microscopy (SEM, TEM), X-ray diffraction (XRD), energy
dispersive spectrometry (EDS), differential scanning calorimetry
(DSC), differential thermal analysis (DTA), thermogravimetry (TG)
and dynamic mechanical analysis (DMA), with an emphasis on the
characterization of Ti-Cu alloys.

The principle of light microscopy is very simple. It includes any
type of microscopic work that provides information about a sample
illuminated by visible light [16]. A light microscope consists of a
system of two lenses for magnifying small objects, one of which is
called the objective, which produces an image of the object in the
central image plane. This image can be viewed with a second lens,
the eyepiece, to provide additional magnification [17]. The most
common and general form of light microscopy is brightfield
microscopy, in which the light passes directly through or is
reflected by the specimen [18]. The use of light microscopy has
some limitations. One disadvantage is the particle size, the lower
limit of which is 1 pm. However, there are also devices that can
determine up to 0.3 um. Another disadvantage of this microscope is
the low image contrast when using a video camera [19].

Scanning electron microscopy is one of the most common
methods of visualizing the microstructure and morphology of
materials that can operate from low to high magnification using
secondary electrons (SE) and backscattered electrons (BE). SEM
analysis can provide information about the surface topography,
crystal structure, and chemical composition [20]. In this
microscope, a beam of low-energy electrons is focused he material
and scans the surface of the sample. When the beam reaches and
penetrates the material, various interactions occur, resulting in the
emission of photons and electrons from or near the sample surface.
The received signals generated by the interaction between electrons
and sample are captured by different types of detectors to produce
an image, depending on the SEM mode used [21].

The methods of energy dispersive spectrometry (EDS) is often
used in conjunction with scanning electron microscopy (SEM) to
analyse the elemental composition of materials [22]. This technique
enables the elemental analysis of the sample and thus the
identification of the elements present and their distribution. When
the sample is bombarded with an electron beam, characteristic X-
rays are detected. The energy and intensity of these X-rays are
determined to identify the elements present in the sample and their
relative concentration. When an electron beam interacts with the
atoms of a sample, the atoms can be excited and eject electrons
from their inner shells, creating a gap in the electron shell which is
then filled by an electron from a higher energy level, releasing
energy in the form of an X-ray photon. The energy of the emitted
X-ray is characteristic of the element that emitted it, so that the
element can be identified. The X-rays emitted by the sample are
detected by an energy-dispersive X-ray detector. The detector
produces a spectrum of X-ray emissions that can be used to identify
the elements present in the sample and their relative concentrations.
EDS provides valuable information about the distribution of
elements and the chemical composition of a material at is therefore
an important tool for the analysis and characterization of materials
and is therefore widely used in engineering and materials science to
determine the composition of materials, including ceramics,
polymers and metals [2].

Transmission electron microscopy (TEM) is a method in which
an electron beam is passed through a thin sample to obtain an image
[23]. This technique enables high-resolution visualization of the
atomic arrangement of a material and its microstructure. Imaging
with this type of microscope offers a much higher resolution than
light-based imaging techniques, as the sample is illuminated with
electrons rather than light. The thickness of the sample, i.e. the
amount of material through which the electron beam must pass, and

characterization
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the material of the sample affect the amplitude and phase changes
of the transmitted beam, which ultimately results in the image
contrast. Using TEM it is possible to analyses high-resolution
images with diameters of just 0.2 nm [24]. It operates at 200 kV and
is equipped with a high-resolution camera to capture the atomic
structure of the samples. The lens used is an objective lens, which is
located above the sample and whose task is to focus the electron
beam onto the sample and capture the scattered electrons that pass
through the sample itself. The objective lens is usually a magnetic
lens. A magnetic lens usually consists of one or more magnetic
coils. Depending on the atomic structure and composition of the
material, the electrons interact with the atoms of the sample and are
either scattered or absorbed. The scattered electrons are then
collected by a detector and used to create an image of the sample.
The images obtained by TEM analysis can provide information
about the atomic structure, crystallographic orientation and defects
of the sample with a resolution down to the sub-Angstrom range
[25].

X-ray diffraction analysis (XRD) is a powerful method for
characterizing crystalline materials. It provides information on the
phases, structures, crystal texture and other structural parameters
such as average grain size, crystal deformation and defects, and
crystallinity [26,27]. X-ray diffraction peaks are generated by the
constructive interference of a monochromatic X-ray beam scattered
at specific angles from each set of lattice planes in the sample. The
intensity of the peaks is determined by the distribution of atoms
within the lattice. An X-ray diffraction pattern is a fingerprint of the
periodic arrangement of atoms in a given material [27]. The
diffraction pattern is a simple sum of the diffraction patterns of the
individual phases [5].

Differential scanning calorimetry (DSC) is a method used to
determine changes in the structural properties of a sample as a
function of time and temperature, that is, it is used to study the
thermal transitions that occur in materials during heating/cooling
[3,28]. It provides essential information about the structure, from
stability to structural changes. It consists of calculating the energy
required to increase the temperature of the sample in relation to the
reference material [4] DSC can also be used to analyze liquids and
solids. Two types of DSC are used, heat flow DSC and power
compensated DSC, depending on the mechanism of operation. In
heat flow DSC, the sample vessel and the empty (reference) vessel
are placed on a thermoelectric disk enclosed in a furnace that is
heated by transferring heat to the vessels through the disk. The
temperature difference between the two vessels is measured by
thermocouples, which is then converted into a heat flow signal
through a further calibration procedure. In power compensated
DSC, separate furnaces hold the sample and reference vessel at the
same temperature. The difference in heat power between the sample
and the reference vessel is determined and plotted as a function of
temperature or time. Endothermic events are conventionally
displayed as rising signals in power compensated DSC and as
falling signals in heat flow DSC. In order to avoid reactions with
the atmosphere, nitrogen or helium gases are used to purge the
instrument [3].

Differential thermal analysis (DTA) is used to determine
thermodynamic properties that are important for understanding the
behavior of materials at different heating and cooling rates, in an
inert, reducing or oxidizing atmosphere or in different gaseous
atmospheres. This analysis encompasses a group of techniques in
which the physical properties of a substance are measured under a
controlled temperature program. It is basically based on the
principle that a substance, after heating, undergoes reaction and
phase changes that involve the emission or absorption of heat. The
sample to be analyzed is placed with a control (of known
properties) and an inert material, and the changes in phase and
temperature are recorded. By comparing the DTA curves obtained
from the unknown with the curves of the known elements, the
substance is identified [29].

Thermogravimetric analysis (TGA) is a method in which the
mass of a substance or sample is measured as a function of
temperature at a constant heating rate or time while the sample is
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subjected to a controlled temperature program in a controlled
atmosphere. Here, the sample is usually heated at a constant heating
rate. The sample is placed on a high-precision thermobalance inside
a furnace. The mass of the sample is then continuously and
precisely monitored during the heating or cooling process. The
TGA consists of a sample pan supported by a precision balance.
The results of the TGA measurement are displayed as a TGA curve
in which mass or mass percentage is plotted against temperature or
time. The choice of temperature program will depend on the type of
sample being analyzed. It is also very important to provide a
controlled environment to minimize oxidation or other unwanted
reactions [30].

Dynamic mechanical analysis (DMA) is a method that
complements the information obtained from differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) and
measures the properties of materials when they are deformed under
periodic stress. DMA is the preferred method for measuring the
glass transition temperature and other minor changes in the phase or
structure of a material. This method determines the elastic modulus,
viscous modulus, and damping coefficient as a function of
temperature, frequency, or time. The results are usually presented in
the form of a graph [31].

4. Ti-Cu alloys

As Ti-Cu alloys are still poorly investigated, they have become
increasingly interesting to scientists as new biomedical alloys in
recent years. All Ti-Cu alloys must be subjected to various analyses
and characterization methods before they can be used, some of
which are mentioned in this article.

Hayama at al [32] investigated cast Ti-Cu alloys with a copper
content of 5, 7.1 and 15.0 wt. %. Using advanced characterization
methods, they obtained the following results. SEM images of Ti—
5Cu and Ti—7.1Cu alloys after rapid cooling showed a martensite
microstructure, and after heat treatment and slow cooling a
eutectoid microstructure, while in the Ti-15Cu alloy the Ti,Cu
phase was formed. TEM micrographs of the Ti—7.1Cu alloy showed
a low volume fraction of martensite microstructure and a eutectoid
microstructure after heating, and the Ti2Cu phase was visible after
slow cooling. The DSC analysis revealed an exothermic
transformation at 575 °C during the first heating cycle, which can
be attributed to phase decomposition. The second heating cycle to
which the same alloy was subjected did not result in an exothermic
reaction near 575 °C, suggesting that this type of transformation
could be caused by an irreversible metastable phase transformation
involving the complete decomposition of the martensitic phase and
indicating its low stability at high temperatures. Hayama et al.
found that the microstructure of the as-cast alloy samples exhibited
a martensitic structure, while the heat-treated samples consisted of
o/a' and Ti,Cu intermetallic phases formed during eutectoid
transformation. The results obtained suggest that the 3-phase cannot
be stabilized at low temperatures after rapid cooling and that higher
cooling rates are required to stabilize this phase. It was also found
that a higher Cu content increases the volume fraction of the
eutectoid structure and thus the amount of intermetallic Ti,Cu phase
[32].

Kikuchi et al [33] investigated a Ti-Cu alloy with five different
concentrations of copper (0.5, 1, 2, 5 and 10 wt. %). Each of these
alloys was produced by melting in a furnace. The alloys were then
analysed. The microstructural analysis using SEM of the tested
showed Ti-0.5Cu alloy shows a needle-like a-Ti structure, Ti-1Cu
and Ti-2Cu were identical, a-Ti formed on the surfaces of the
previously formed B-grains, while Ti-5Cu showed a hypoeutectoid
structure. This structure includes primary precipitates of a-Ti and
lamellae of a-Ti and Ti2Cu phases that essentially transformed from
B-Ti at the eutectoid temperature. The alloy with 10 wt. % Cu
showed a eutectoid microstructure comprising primary precipitates
of 0-Ti and eutectoids, i.e. lamellae of o-Ti and Ti2Cu transformed
from B-Ti at the eutectoid temperature. XRD analysis of the
investigated Ti-5Cu and Ti-10Cu alloys revealed two peaks
corresponding to reflections from Ti,Cu, while all other peaks were
from a-Ti, while only peaks corresponding to o-Ti were detected in
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the Ti-2Cu alloys. SEM analysis showed cracks in the alloys with 1,
5 and 10 wt. % Cu, while the cracks in the Ti-10Cu alloy were
smaller. From this, Kikuchi et al. concluded that these alloys have
satisfactory properties for use in prostheses and bridge frames in
dentistry [33].

Pina at al [34] investigated titanium alloys with a copper
content of 3, 7.1 and 12 wt. %. The alloys were produced by
conventional powder metallurgy using the technique of mixing
elemental powders and then characterize. Firstly, the
microstructural analysis using SEM revealed that the Ti-3Cu and
Ti-7.1Cu alloys have a hypoeutectoid structure with an increase in
the amount of eutectoid at the grain boundary due to the increase in
the copper content in the alloy, while in the Ti-12Cu alloy the
structure is close to eutectoid with o-Ti phases. In all cases, pores
were visible in the samples regardless of the copper content. The
porosity decreased with increasing copper content in the alloys.
XRD analysis of the Ti-xCu alloys showed that the volume fraction
of the Ti,Cu phase increased with increasing copper content in the
alloys, which was consistent with the data obtained by SEM
analysis of the samples. Using characterization methods, Pina et al.
found that the alloys analysed have potential for use in dental
medicine from the results obtained [34].

Akbarpour et al [35] investigated a new Ti-50Cu alloy that was
mechanically alloyed and sintered in a planetary mill. The alloy was
analysed by XRD after different grinding times, and after a grinding
time of 5 hours, the samples showed very sharp diffraction peaks of
crystalline Cu and Ti with a small shift in peak positions due to the
formation of a solid solution during grinding. Due to the higher
solubility of the Ti atoms in the Cu lattice, the shifts of the Cu peaks
were larger than the shifts of the Ti peaks. After 15 hours of
grinding, only a broadening of the Cu and Ti peaks and a significant
decrease in their intensity was observed, while in samples milled for
30 hours, the disappearance of most of the individual Cu and Ti
peaks was observed, but TiCu peaks with lower intensity were
visible. XRD analysis showed that the intermetallic phase had a
nanocrystalline structure. Using TEM analysis, the average size of
the synthesized TiCu phase was determined to be 8.0 £ 1.1 nm by
the intercept method. For all samples, XRD analysis after sintering
showed the formation of primary Ti,Cusz and TiCu phases as well as
secondary CuTi, and Cu,Ti phases. It was also found that with
increasing grinding time, the proportion of Ti,Cuz phase in the
samples increased, while the proportion of TiCu phase decreased. It
was concluded that as the grinding time increased, the proportion of
TiCu phase in the sintered samples decreased while the proportion
of Ti,Cu; phase increased. Akbarpour et al. concluded that
intermetallic Ti-Cu alloys can be a very good substitute for
expensive biomedical implants [35].

Ukabhai et al [36] investigated cast Ti-Cu alloys. The alloys
tested had different chemical compositions: Ti-20Cu, Ti-33Cu, Ti-
40Cu and Ti-50Cu. The XRD analysis of the Ti-33Cu alloy
confirmed the presence of the TiCu phase, which was also visible in
the SEM analysis. In the Ti-20Cu sample, the o-Ti and Ti,Cu
phases were detectable. The results of the DSC analysis for the Ti-
40Cu alloy clearly revealed a main peak, which showed that the
formation of Ti,Cu was congruent, meaning that the reaction
involving (BTi) and Ti,Cu was eutectic and not peritectic, which
was the reason why no clear eutectic structure was observed in Ti-
20Cu. The temperature curves determined by DSC analysis showed
that only one peak persists in the Ti-33Cu alloy, indicating that the
formation of Ti,Cu is congruent and that an L(Ti)+Ti,Cu reaction
occurs. It was also confirmed that the eutectic points are much
closer to Ti,Cu than to Ti. No TisCu phase was found [36].

Urban at al [37] where investigate the Ti;sCuys obtained by
mechanical alloying, after which certain analyses were performed.
Various analyses were then carried out. The results of the SEM
analysis of the tested alloy during the different stages of the
grinding process showed particles with irregular and dendritic
shapes belonging to titanium and copper, respectively. After 1 hour
of grinding, the titanium and copper particles were crushed and
plastically deformed by the impact of the balls. After 20 hours of
grinding, the particles were hardened and fragmented due to their
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brittleness. With increasing grinding time, the particle sizes
continued to decrease up to a grinding time of 60 hours. The results
of the DTA analysis of the alloys during different grinding phases
showed narrow peaks with high intensity. As the grinding time
increased, the crystal peaks began to broaden as a result of the
reduction in particle size and the intensities of the elemental crystal
diffraction peaks decreased. The diffraction pattern after 20 hours of
grinding showed only a broad diffuse peak with a maximum at 20 =
40°, indicating that the elemental powder mixture had transformed
into a nanocrystalline and/or amorphous phase, while the diffraction
patterns of powders ground for a longer time did not show any
significant change. The results of the TEM analysis of the alloy
milled for 15 hours showed the presence of a nanocrystalline phase,
while in the alloy milled for 60 hours, the crystalline and
nanocrystalline phases completely disappeared and transformed into
an amorphous phase. Urbani et al. concluded that the Ti;sCuys alloy
can be used in dentistry and medicine [37].

Wang et al [38] investigated Ti-xCu alloys with different copper
contents of 3, 5 and 7 wt. %. The alloys were produced by arc
melting and then analysed. DSC analysis of the samples of Ti-3Cu
and Ti-5Cu alloys revealed two endothermic peaks associated with
the eutectoid transformation o+ Ti,Cu — oTi +f -Ti and the B
transus, o-Ti +f -Ti —p-Ti. The copper content of the Ti-7Cu
sample was close to the eutectoid copper content. The XRD
diagrams of the Ti-xCu alloys (x = 3, 5 and 7) showed diffraction
peaks of the a-Ti phase and slight peaks of the Ti,Cu intermetallic
phase, and no peaks of B-Ti were found. In addition, an increase in
the intensity of the diffraction peaks of the Ti,Cu phases was
observed in all the alloys analysed. Microstructural analysis of the
alloys showed that each Ti-Cu alloy showed fine precipitates
identified as Ti,Cu phase dispersed in the o-Ti matrix. SEM
analysis of the Ti-5Cu alloy revealed the presence of precipitates
with a size of 200-800 nm that were uniformly distributed in the
matrix, while EDS analysis revealed the presence of the Ti2Cu
phase, which had a similar morphology as observed with an optical
microscope. TEM analysis of the same alloy together with EDS and
SEM analysis revealed that the microstructure was mainly
composed of a lamellar, secondarily precipitated a-Ti phase
separated by Ti,Cu phase particles, indicating that the primary B-Ti
phase was completely transformed during the eutectoid
transformation B-Ti — o-Ti + Ti,Cu in the cooling process.
Through this research, Wang et al. concluded that the Ti-5Cu alloy
with the microstructure of a-Ti + Ti,Cu has great potential for
clinical application as dental implants [38].

4. Conclusion

Based on research to date, titanium alloys are emerging as one
of the most successful alloys for biomedical applications. This
review describes the advanced characterization methods used in the
development of titanium alloys. It can be concluded that further
efforts should be made to obtain new Ti-Cu alloys with improved
properties and characteristics for biomedical applications in order to
reduce the number of implant failures and the number of repeat
surgeries.
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Abstract: New types of materials have been developed for years, including titanium-based alloys, which have the potential for various
applications. Due to the combination of their very good mechanical properties with outstanding corrosion resistance and excellent
biocompatibility, titanium alloys are developing into materials that can be used in aerospace, automotive, energy systems and especially in
medicine. A fundamental understanding of the phase transformations that occur at high temperatures in all these cases, especially during
cooling from elevated temperatures, is necessary to achieve optimal mechanical properties of titanium alloys. It is known that the
mechanical properties of titanium alloys depend on a significant extent upon the microstructure. Therefore, it is very important to
understand the nature of the phase transformations that occur under different heat treatment conditions the leads to microstructure
development of titanium alloys microstructure. The aim of this article is to review the current state of knowledge and previous research and
to point out some of the most interesting phase transformations of titanium alloys.

Keywords: TITANIUM ALLOY, BIOMEDICAL MATERIALS, PHASE TRANSFORMATIONS, MICROSTRUCTURE

1. Introduction

About 70-80% of the different types of implants are made of
metallic biomaterials. Metallic biomaterials are extremely important
for the reconstruction of damaged tissue, especially hard tissue,
which is associated with an improvement in the patient's quality of
life. Considering the fact that the world population is ageing and the
elderly population is at greater risk of hard tissue failure, the
demand for metallic biomaterials has been increasing rapidly for
years. Research has shown that the mechanical and biological
biocompatibility of metallic biomaterials needs to be greatly
improved in order to reduce the number of failed operations. The
biofunctionality of metallic biomaterials also needs to be improved,
which is the goal of future research [1]. Depending on the specific
application, biomedical materials can be used in different parts of
the human body, e.g. as intravascular stents, heart valves, heart
simulators and replacement implants in knees, hips, elbows,
shoulders and also in dentistry. In the elderly population, implants
are most commonly used for hip replacement. These diseases
worsen over time and lead to a gradual deterioration of the
mechanical properties of the bone due to the loss of its self-healing
function and excessive loading [2].

Metals have been considered promising materials in various
industries for years [3]. Today, many metals are known that are
characterized by good properties and possibilities for various
applications. Some of the metal studied are iron, aluminium, nickel
and titanium.1 In addition to their good properties, iron alloys also
have some disadvantages, such as their large mass. Steel
decomposes slowly and has a higher stiffness than bone, but is
highly biocompatible. The decomposition of steel occurs through
the mechanism of corrosion, which occurs when a metal sample
comes into contact with human body fluids through electrochemical
dissolution [4,5]. The porous structure of steel is one way to
improve corrosion in these alloys [6]. Another known metal is
aluminium. The potential toxicity of aluminium alloys has been the
subject of debate throughout history. When aluminium ions are
released in significant quantities, they can have neurotoxic effects
and contribute to diseases such as Alzheimer's, multiple sclerosis
and dementia in Parkinson's patients [7]. Second popular metal is
nickel, which is often used as alloying element for stainless steel.
Today, however, nickel is considered a high-risk element due to
incompatibilities. For this reason, nickel is avoided as far as
possible as an additive for metallic biomaterials [1]. For these
reasons, researchers are looking for other, more favorable materials
to solve these problems [8]. One metal that has recently attracted
the interest of more and more scientists and researchers is titanium
[9].

Titanium is the fourth most abundant structural metal in the
earth's crust, behind only iron, aluminium and magnesium [10].
Pure or elemental titanium has a relatively low density and a low
modulus of elasticity as well as low thermal conductivity. Its
properties also include high reactivity with various elements as well

as good strength and good corrosion resistance. Tab. 1 shows
selected properties of titanium compared to some competing metals
such as iron, aluminium and nickel [9]. In order to obtain alloys that
are suitable for biomedical purposes, copper is increasingly being
added to titanium as an alloying element [11].

Copper is an essential trace element in the human body. It not
only has strong antibacterial properties, but also offers good
ductility and hardness. The addition of copper gives the alloys
improved corrosion resistance, which is a significant advantage for
these alloys. The antibacterial effect of Ti-Cu alloys depends largely
on the copper content. Too high a copper content can cause various
problems, including cytotoxicity. It can therefore be said that the
copper content plays an important role in the development of new
biomedical alloys [11].

Table 1: Physical properties of titanium compared to certain metals

[9].

Metals Ti Fe Al Ni
Density (g/cm®) 45 79 27 8.9
Elastic modulus 115

(GPa) 215 72 200

Melting point
©C) 1670 1538 660 1455
Thermal
conductivity 15-22 68-80 221-247 7292
(W/mK)
Corosion .
resisatnce high+ low high medium
Reactivity with .
oxygen high+ low high low
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2. Crystal structures of titanium

Pure titanium can crystallize in different crystal structures in a
wide temperature range. A complete transformation from one
crystal structure to another, where the "transition temperature" is the
corresponding transformation temperature, is called an allotropic
transformation [12]. Titanium can occur in the form of two
crystallographic structures (Fig. 1), namely: a-phase, which has a
hexagonal close-packed (hcp) crystal structure, and B-phase, which
has a cubic volume-centered (bcc) crystal structure.

At 883 °C, titanium undergoes a temperature transformation
from a hexagonal close-packed to a cubic volume-centered
structure, which remains stable up to the melting point, i.e. a
temperature transformation from the o to the B phase takes place
[13,14].
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a) b)

Fig. 1 Crystal structures of a) a (hcp) and b) B (bee)
titanium[15].

Fig. 1 a shows the hexagonal close-packed crystal structure at
low temperatures together with the three most densely packed
lattice planes and the lattice parameters shown at room temperature.
The resulting ratio c/a = 1.587 for pure a-Ti is less than the ideal
ratio for the hcp structure with c¢/a = 1.633. Fig. 1 b shows the unit
cell of the bee B phase. The figure shows one variant of the most
densely packed {110} lattice planes as well as the lattice parameter
of pure B-Ti at a temperature of 900 °C [16]. When alloying
elements are added to titanium that increase the stability of the a
phase at higher temperatures, they are called a stabilizers, while on
the other hand, P stabilizers can be added that increase the stability
of the 3 phase at lower temperatures. Neutral elements, on the other
hand, have no influence on the transformation temperature [17].
Fig. 2 shows different categories of titanium phase diagrams formed
with different elements. Ultimately, each element added to pure
titanium will determine the mechanical properties by affecting the
stability of the o and f phases [18].

B B
bee 7 B B
B+ABy
Chex a atP
- a+A,B
i T Ti Ti

Ti

neutral a-stabilizing B-stabilizing
p-isomorphous B -eutectoid
(Sn,Zr) (AILON,C) (Mo,V,Ta,Nb) (Fe,Mn,Cr,Co,Ni,Cu,Si,H)

Fig. 2 Different phase diagrams formed with different elements
[18].

o, —stabilizers

a-stabilizers are both substitutional and interstitial alloying
elements. Substitutional o stabilizers are elements such as
germanium, aluminum and gallium while interstitial o stabilizers
are nitrogen, oxygen and carbon. Of the above substitutional
alloying elements, aluminum is the most widely used, since it has a
high solubility in the o and p phases. Aluminum also reduces the
density of the alloy. The addition of aluminum in titanium alloys is
limited to 5-6 wt. % since with increasing aluminum content, the
Ti-3Al (02) phase will form, while at about 5 wt. % aluminum, a
two-phase region o + Ti-3Al is formed. The formation of the Ti-3Al
(02) phase makes titanium alloys brittle. Although their solubility is
much lower than aluminum and oxygen, other substitutional
alloying elements are rare earth elements such as scandium, yttrium
and lanthanum. On the other hand, oxygen, carbon and nitrogen are
considered extremely strong a-stabilizers. Carbon has a much lower
solubility in the o phase than oxygen or nitrogen. These alloying
elements tend to harden the alloy, but also reduce the ductility of
titanium alloys. Commercially pure titanium at room temperature
consists primarily of the a-phase. As alloying elements are added to
titanium, they change the amount of each phase present and the
temperature of the f transition [19].

B-stabilizers

Since during heating at a temperature of about 883 °C a
transforms into a B structure, this transformation temperature can be
raised or lowered depending on the type and amount of impurities
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or additions of different alloys. B-stabilizers are transition (Fig. 2)
metals and are divided into two categories: B-isomorphous and B-
eutectoid. B-isomorphic stabilizers have complete solid solubility
with B Ti and some of them are vanadium, niobium and
molybdenum. Elements such as tantalum and tungsten are rarely
used due to their density. Among the B-eutectoid stabilizers
commonly used for alloying with titanium are silicon, iron,
chromium, while nickel and manganese have very limited use.
Hydrogen is an element that has a low eutectoid temperature of
300°C and forms a B eutectoid, i.e. it stabilizes the B phase.
Chromium is limited to 5 wt. % because otherwise an undesirable
TiCr, intermetallic compound will form. Similar to chromium, the
amount of iron is also limited to 5.5 % by weight. On the other
hand, silicon is a common alloying element for titanium alloys at
high temperatures [12]. Elements such as silicon and iron increase
the strength and reduce the ductility of titanium products. A well-
known and useful parameter for a given titanium alloy composition,
which characterizes the stability of the B phase, is the molybdenum
equivalent ([Mo]eq). It is a quantitative measure of the combined
effects of f phase stabilizing elements, a phase stabilizing elements,
and neutral elements contained in titanium alloys on B phase
stability [18]. In addition to the mentioned o and B stabilizers, there
are also some neutral elements such as, for example, tin, zirconium,
silicon used for some purpose other than the enhancement of a and
B phases such as strengthening or processing [20,21]. The
mentioned elements are added to metastable alloys of the § Ti phase
because they are considered to change the kinetics of the hexagonal
isothermal formation of the w-phase during aging, which in turn
stabilizes the bcc B-phase. Some studies have shown that the
addition of zirconium or tin to binary Ti-V alloys reduces the
volume fraction of the isothermal w-phase and suppresses its
nucleation in sufficiently high concentrations. Similar results were
observed in the same study only for the addition of zirconium in
binary Ti-Mo alloys [22].

3. Classification of titanium alloys

Ti alloys are categorised into three basic types depending on
their phase composition, namely:
a-Ti alloys,
a+p Ti alloys,
B-Ti alloys.

There are two main groups of a-Ti alloys, namely super-a and
near-o-Ti alloys. Super-o alloys contain a large amount of a-
stabilising alloying elements, more than 5 wt. %. These alloys
consist entirely of a-Ti grains. Another type of these alloys, the
near-o, alloys, contain a large amount of a-stabilisers with a lower
amount of pB-stabilising elements of less than 2 wt. %. The
microstructure of these alloys consists of a small volume fraction of
B-Ti grains distributed between a much larger volume fraction of a-
Ti grains. They are characterized by better hardness properties
compared to super a-Ti alloys [23]. Nearly o-Ti titanium alloys are
highly valued for their low density, exceptional strength and
corrosion resistance. They are suitable for applications in the
aerospace, automotive and medical technology industries. They also
have good resistance to high temperatures and are therefore suitable
for use in extreme temperature conditions. Alloys close to a-Ti offer
an excellent weight-to-strength ratio, enabling the production of
lightweight components while maintaining structural integrity. This
is one of the key benefits in aerospace applications for improved
fuel efficiency and performance even at temperatures up to 540 °C
[24]. When using these alloys at elevated temperatures from 300 °C
to 650 °C, interactions between a-Ti alloys and salts present in the
atmosphere above the ocean can lead to limitations in application
and a reduction in service life. An adjustment of the types and
contents of certain alloying elements is necessary to improve the
corrosion and mechanical properties of ao-Ti alloys. Alloying
elements such as molybdenum and copper have been added to
develop high-temperature titanium with high heat resistance and
good oxidation behavior up to 600 °C [25]. hey are generally used
in non-structural applications where good corrosion resistance and
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low strength are required [22] The main hardening mechanism of a-
Ti alloys is the formation of solid solutions, texture hardening and
precipitation hardening through the formation of the 02 phase [20].
he modulus of elasticity and yield strength of o-Ti alloys are
between 102 and 104 GPa and 170 and 485 MPa respectively. The
maximum tensile strength is in the range of 240 to 550 MPa. a-type
Ti alloys are not used as implants due to their low mechanical
strength at room temperature. Nevertheless, commercially pure
titanium belongs to the first generation of biomedical materials that
were used as biomaterials for dental and other medical applications
[26].

Ti otp alloys contain between 4 and 16 % P stabilisers [27].
These are two-phase alloys that contain a mixture of both phases.
They are most commonly used for applications that require good
toughness, higher strength and excellent corrosion resistance [22].
At room temperature, o+f3 alloys usually contain 10-20 % B phase
[28]. Nearly B-alloys, also known as metastable -alloys, contain a
small amount of a-stabilisers and 10 to 15 % of B-stabilisers. B -
stabilisers promote the retention of the B-phase in a metastable state
at room temperature. The alloys can be heat treated by ageing,
resulting in the deposition of a very fine a-phase dispersed in the f3-
matrix [27]. In addition to all the properties mentioned above, these
alloys with a+f also exhibit the ability for rapid osseointegration in
the body [29]. The combination of higher strength and density of
4.5 g/cm® and phase stability results in excellent specific properties
that extend up to high temperatures of around 600 °C [30] The best-
known alloy is the biomedical Ti-6Al-4V, which accounts for 50 %
of titanium production. In the Ti-6Al-4V alloy, vanadium is a
stabiliser of the B-phase. The alloy had good mechanical properties,
but it was later discovered that aluminium and vanadium are not
biocompatible and cause irritation and various diseases [14]. The
first generations of alloys without harmful effects on the human
body were alloys containing non-toxic components such as
molybdenum, niobium and iron [20,26].

B-Ti alloys are one of the most versatile groups of materials in
terms of their microstructure, mechanical properties and processing.
These alloys include stable -, metastable - and B-rich a/p-alloys.
They offer an alternative to o/f alloys due to the better heat
treatment options. They have a wide range of strength-to-weight
ratios as well as some other good properties such as a low modulus
of elasticity, reasonable biocompatibility and high corrosion and
wear resistance. Compared to o/f alloys, B-Ti alloys have better
fatigue resistance [31,32].

Compared to a+f alloys, these alloys contain larger amounts of
B stabilisers such as zirconium and tantalum, molybdenum and
smaller amounts of o stabilisers without the formation of
intermetallic phases [20]. To improve their strength, they can be
heat-treated at temperatures between 450 and 650 °C due to the
partial transformation of the B-phase into the a-phase. Increasing
the B-phase content in B-type Ti alloys can improve some properties
such as plasticity, toughness and heat treatability and, on the other
hand, reduce the modulus of elasticity. Compared to o+B-type Ti
alloys, these alloys have better biocompatibility and are considered
to be more corrosion resistant in the human body [26]. Most B-type
Ti alloys have a higher density than other types of Ti alloys due to
the higher content of alloying elements such as niobium,
molybdenum, tantalum and zirconium [33] These elements are quite
rare, which leads to higher raw material costs for alloy production.
Some of the B-Ti alloys used are Ti-15V-3Cr-3Al-3Sn, Ti-15Mo-
2.7Nb-3Al-0.2Si, Ti-3Al-8V-6Cr-4Mo-4Zr and Ti-10V-2Fe-3Al
alloys [34]. Due to certain difficulties in the production of B-Ti
alloys, researchers have focused on the development of new,
cheaper alloys consisting of alloying elements such as manganese,
chromium, iron and tin, which are cheaper but also have good
mechanical properties for biomedical applications [35]An important
prerequisite for the use of these alloys in biomedicine is their non-
toxicity. B-Ti alloys can be used as viable alternatives in the
manufacture of dental implants. Due to their high strength and low
density, these alloys are excellent structural materials for use in
airplanes. The choice of alloy constituents and the desired
properties of titanium alloys are controlled by application-specific

design criteria [32]. These alloys can be used in the construction of
power plants, but also in the automotive industry and in the
manufacture of sports equipment [36].

4. Phase transformations of Ti-Cu alloys

Cast Ti-Cu alloys have been studied for many years [37]. To
date, many studies have been carried out on the binary Ti-Cu phase
diagram and on the possibilities of different titanium and copper
contents in the alloys. The Ti-Cu binary phase diagram shown in
Fig. 3 shows the possibility of obtaining multiple intermetallic
phases, while Tab. 2 contains the crystal structure data of the Ti-Cu
alloy, which is discussed below [37,38,39].

Weight Percent copper

uuuuu

80
1084.87°C

Temperatare®C

885 °C

Fice,

TiyCu,

Atomic percent copper

Fig 3: Ti-Cu binary phase diagram [37,38].

Table 2: Data on the crystal structure of Cu-Ti alloy[39].

Phase Composition, Pearson Space group
wt% Cu symbol

(a Ti) 0to2.1 hp2 P63/mmc
(B Ti) 0to17.2 cl2 Im3m
Ti2Cu 39.9 tl6 14/mmm

TiCu 55 to 59 tP4 P4/nmm
Ti3Cu4 63.9 tl14 14/mmm
Ti2Cu3 67 tp10 P4/nmm
TiCu2 72.7 oC12 Amm?2
TiCu4 8310 84.9 oP20 Pnma
aTiCu4 -83 t0 84.9 t110 14/m

(Cu) 94 to 100 cF4 Fm3m

Metastable phases
TiCu3 0P8 Pmnm
B tP2 P4/mmm
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The most interesting point of the Ti-Cu diagram is that in
previous studies, two different versions were published about the
stability of different intermetallic compounds on both the Cu-rich
side and the Ti-rich side. Some researchers spoke of the existence of
TisCu and others of the existence of Ti,Cu as a stable equilibrium
phase.

In 1912, the first study on the Ti-Cu binary alloy system was
conducted, and the results showed large impurities in the alloy, so
the results were inconclusive. In addition, in 1939, Laves and
Wallbaum first identified the intermetallic compounds Ti,Cu and
TiCus in the binary phase diagram of Ti-Cu, and over the years of
research, four new intermetallic compounds Ti,Cu, TiCu, Ti,Cus
and TiCu were identified through various heat treatments [40].

Canale et al [40] proved the existence of the TizCu phase as a
stable phase together with six previously identified stable
intermetallic compounds when investigating Ti-Cu alloys with a Ti
content of more than 75 at [40].

Qin et al [41] demonstrated in their studies that the Ti,Cu phase
forms in Ti-5Cu, which contains a small amount of the o’ phase at
the melting boundaries, resulting in lower corrosion resistance. The
heat treatment process used in this study eliminates the detrimental
effect of the o' phase, and the Ti,Cu phase is refined at different
cooling rates, which improves the corrosion resistance. Heat-treated
Ti-5Cu samples were found to have similar corrosion properties to
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pure CP-Ti. The slow cooling rate resulted in a larger gap between
the Ti,Cu phases in the microstructure. This ultimately leads to a
higher corrosion resistance [41].

Zhu et al [42] proved that (l'CU4Ti, CUgTi, CU3Ti2 and CU4Ti3
are metastable phases, while B-Cu,Ti, CuTi and CuTi, are stable
phases at 0 K by calculating the enthalpy of formation of Ti-Cu
alloys. They also found that the CuTi phase has the highest
hardness, stability and brittleness among all Cu-Ti intermetallics
[42].

In their investigations, Zhang et al [43] demonstrated that the
Ti,Cu phase forms in the Ti-Cu alloys investigated, which plays a
key role in the antibacterial mechanism. The antibacterial effect of
the Ti-Cu alloy was strongly proportional to the Cu content and
Ti,Cu phase on the surface, and high Cu and Ti,Cu content
contributed to higher strength and strong antibacterial effect [43].

Kikuchi at al [44] demonstrated that three structures are present
in Ti-Cu alloys with up to 10 % Cu: a-Ti+Ti,Cu, hypoeutectoid and
hypereutectoid structure. An Ti,Cu interface was found to form a
eutectoid structure with a-Ti. No B-Ti primary phase was found.
The eutectoid reaction of this alloy is relatively fast. The
microstructures of Ti-Cu alloys with 1, 2 and 5 % Cu were similar
to those of a-Ti. The solubility of Cu in the a-Ti phase decreases
with decreasing eutectoid temperature, while the tensile strength
increases with increasing copper concentration in the alloy [44].

Liu at al [45] proved in their investigations that the binary Ti-
Cu alloy has a eutectoid structure at 7.0 %. A Ti,Cu interface was
found in the titanium-rich region. Alloys with a near-eutectoid
structure should have lower ductility and higher strength than cp-Ti.
The same study also found that Ti—Cu alloys with up to 10.0 % Cu
have better tensile strength but lower ductility, while Ti—5Cu alloys
have up to 2 times higher strength than cp-Ti. Studies have shown
that Ti alloys with 5 and 10 % Cu have significantly higher
corrosion resistance than cp-Ti [45,46].

Hayama et al [47] in their study of the Ti-Cu alloy, concluded
that the B-phase cannot be stabilised after rapid cooling at low
temperatures and that higher cooling rates are required for its
stabilisation. The investigated Ti-5Cu alloy exhibited a martensitic
microstructure. They also found that a higher copper content in the
alloy increased the proportion of the intermetallic Ti,Cu phase [47].

The results of previous studies suggest that the Ti;Cu phase
does not form during the equilibrium process and therefore does not
exist as an equilibrium compound in the equilibrium phase diagram
of Ti-Cu alloys.

5. Conclusion

Driven by developments and major discoveries in biomedicine
in recent years, the demand for titanium and its alloys is increasing
rapidly. Thanks to favourable properties such as biocompatibility,
Ti-Cu alloys have become increasingly popular as biomedical
materials. This article provides an overview of phase
transformations in biomedical titanium materials, with a focus on
Ti-Cu alloys.
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Abstract: In the chemical industry, heat exchangers play a critical role in maintaining process efficiency. However, these systems are
prone to frequent failures, often necessitating extensive maintenance or repairs, which in turn adversely affect the overall economic
performance of industrial operations. The chemical industry commonly operates in highly corrosive environments, making corrosion the
predominant failure mechanism for heat exchangers. Key factors contributing to corrosion-related failures include defects in fabrication and
welding, suboptimal material selection, improper water flow or chemistry management, and the presence of corrosive species in water. This
study investigates the corrosion behaviour of heat exchangers under various corrosive conditions, utilizing COMSOL Multiphysics for
simulation and analysis.

Keywords: HEAT EXCHANGER, STEEL CORROSION, STRESS CRACKING CORROSION, COMSOL MULTIPHYSICS, FAILURE
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2c (COMSOL Multiphysics simulation), it can be observed that
areas of baffles are mechanically stressed during operation [4]

Heat transfer devices or heat exchangers, which provide heat - Fouling and Clogging: The deposition of salts and other materials
transfer between 2 or more fluids, are standard equipment in the  on tube surfaces can lead to blockages and reduced heat transfer
chemical industry. Thus, there is no technological installation of at ~ efficiency, causing tube failure [2,5].

1. Introduction

least medium complexity in which this type of device does not exist - Design and manufacturing defects: Poor design and manufacturing
[2]. The most common type of heat exchanger in chemical industry ~ can lead to premature failure. Weld defects or cracks in tube-to-tube
applications is the shell-and-tube heat exchanger (Fig.1). sheet metal weld joints can lead to failures [10].

Heat exchanger tubes in the chemical industry are prone to
failure due to operating conditions. The primary causes of failures Sireamene: Temperature olong streamines
in heat exchangers include: a) -

- Corrosion is a major problem, accelerated by the presence of
corrosive substances (H,O, CO,, chloride-rich environments).
Hydrogen sulfide (H,S) and low-velocity water can lead to
electrochemical corrosion and perforation of the tubes [1].
Localized corrosion is caused by the synergistic effect of H,S and
CO,, forming corrosion cells [5]. The most common are pitting
corrosion [6,8], crevice corrosion, and stress corrosion cracking B
(SCC). SCC in heat exchangers is a complex phenomenon 0
influenced by material properties, environmental conditions, and :
stress factors [7]. el

- Erosion-corrosion is induced by disturbed flow and chemical B

composition of water, particularly in environments rich in chlorides o B

[9] b) s
- Thermal stress: Temperature gradients between the shell and tube wo il ™
fluids can cause thermal stress, especially at the tube-to-tube :
junction or near baffles [9], leading to failure. For example, copper
and steel behave differently under stress, exhibiting the lowest
strain rates but offering better safety factors [6]. Figure 2a,b shows
the variation of temperature along the length of the exchanger
(COMSOL Multiphysics simulation) [4].

Surface: Wall lift-off (mm)

c) "

Fig. 2 Variation of temperature: (a) in the intertubular space; (b) along
Fig. 1 Basic structure of a heat exchanger: 1-shell, 2-tubes, 3-baffles, 4- the shell; (c) lift-off wall [4]
late [3
place 31 The choice of materials for heat exchanger tubes is crucial. For
- Mechanical failure: Fatigue, creep, and vibration are mechanical instance, brass heat transfer equipment can be applied to specific
problems that can lead to the failure of heat exchanger tubes. High-  occasions requiring high heat transfer capacity, corrosion resistance,
cycle fatigue and vibration (induced by fluid flow) can cause and efficiency [2]. The materials commonly used for heat exchanger
cracking and eventual failure if not properly managed [5]. In Figure  tubes in the chemical industry include carbon steel, copper, brass,
stainless steel, and copper-nickel alloys [2,9].
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In this context, this paper aims to investigate the corrosion
behaviour of heat exchangers under various corrosive conditions,
utilizing COMSOL Multiphysics for simulation and analysis.

2. COMSOL Multiphysics corrosion simulation

For the simulations, stainless steel (SS) was chosen, and as an
electrolyte, a solution containing 0.5M HCI. The corrosion behavior
of the SS was analyzed at 30°C and 90°C. Using COMSOL
Multiphysics, SS crevice corrosion and pitting corrosion were
studied (the geometries are presented in Fig. 3) [11,12]. The results
are presented in Fig. 4 and Fig. 5.

crack

electrolyte

| . T
a) ] T- initial pit shape

Fig. 3 Geometry for corrosion simulation: (a) crevice corrosion; (b)
pitting corrosion
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In Fig. 4 it can be seen that after 50 days, in both cases, the part
of the surface outside the crack is severely deformed, although SS is
resistant to corrosion. Also, as expected, the increase in temperature
accelerated corrosion.

In Fig. 5a it is observed that after 10 days, a growth of the pit
and Fig. 5 shows that in time (30 days), a pronounced convex pit
formed. This is probably because the pH gradually decreases as the
pit grows, accelerating its growth.
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Time=10d Surface: pH (from protan concentration) (1) o

10

s

Time-30d Surface: pH (from proton concentration) (1)

5

Fig. 5 Pitting corrosion for stainless steel, 0.5M HCI at 90°C: pH
and pit after (a) 10 days (b)30 days

3. Conclusions

Failure of heat exchanger tubes within the chemical industry is
attributable to several mechanisms, including material fatigue,
corrosive interactions, and incompatibility between materials and
operating environments. Such failures can critically undermine the
operational efficiency of chemical processes, posing risks of
significant economic repercussions. Mitigation strategies, such as
comprehensive failure analysis methodologies and meticulous
material selection practices, are essential to minimize these risks
and enhance the reliability and longevity of heat exchanger systems.
A thorough understanding of failure mechanisms, coupled with the
implementation of effective preventive measures, can increase both
the reliability and the operational lifespan of heat exchanger tubes
within the chemical industry.
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Abstract: In this paper, the results of Shore D hardness and tensile strength according to ISO 10319 were investigated. The results were
processed statistically by creating a trend line and regression analysis in order to study in details the existing relationship

Keywords: HARDNESS, TENSILE STRENGHT,TRENDLINE,MECHANICAL PROPERTIES

1. Introduction

Mechanical properties are characteristics that determine how the
material reacts to external forces. The main mechanical properties
are: hardness, strength, stiffness, creep resistance, fatigue resistance,
etc. The possibility of determining mechanical properties such as
tensile strength, yield strength and fatigue by hardness is well
known and often used in engineering practice. Hardness is the
property of a material to resist plastic deformation, a property that
only applies to the surface layer[1].Tensile strength is the maximum
stress that a specimen can withstand. The hardness-tensile strength
relationship is used because hardness testing is non-destructive,
experimental data are obtained quickly,there is no need to
manufacture standardized specimens, and the test is simple[2]. The
equation for the relationship between hardness and tensile strength

is:
UTS=H .k 1)
The range of the coefficient k are well known for a number of
materials such as brass, steel, aluminum alloys, etc.Polymer blends
are like alloys mixing of two polymers aims to obtain a new
material with different properties. Thermoplastic blends such as PE
are of wide interest due to the large variety of PE-HDPE, LDPE,
etc. PE blending is a common industrial practice[3].

2. Materials and methods

The material under study is a PE blend, with a concentration of

HDPE and LDPE 75 to 25 percent. Polyethylene is a thermoplastic
plastic with an amorphous-crystalline structure. It is obtained by
polymerization with high (50 MPA), medium (3-7 MPa) and low
pressure[4]. At room temperature, PE is a hard and elastic polymer
with high chemical resistance.
The Shore durometer is used to measure the hardness of polymers
(fig.1)[5]. Higher values indicate higher resistance to penetration,
and lower values indicate softer material. There are different Shore
measurement  scales[6].Shore measurement is performed in
dimensionless unit [7].For the purpose of the article, the D scale
was used, which is intended for hard plastics. The durometer was
calibrated, reference blocks were used before the tests.

Fig. 1 Shore D(durometer) tester

The maximum tensile strength measurements were performed on a
calibrated universal mechanical testing machine (fig.2). The scope
and jaws correspond to the test conditions of the test. The strain
gauge is capable of applying a maximum force of 10 kN.
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Fig. 2 Universal tensile machine

16 samples were made with dimensions of thickness 1.4 +
Imm, width 200 £ 1mm. 4 hardness tests were made from each
sample, after which the values were averaged.
Based on the experimental results, a trendline and a linear
regression equation were created. The trendline shows the direction
of the relationship, and the regression equation shows the stochastic
values of the process. The regression equation includes points
interpolated by the graph of the linear equation

3. Results and discussion

The results of the hardness measurement are shown in a table (tab.
1), (fig 3).The values are averaged to 3 decimal places. The
requirements of the Shore hardness testing standard 1SO 7619 are
met.

Table 1: Hardness Shore D results

Sample Hardness Shore D Average
1 494 52.5 49.6 499 50.35
2 52.2 49.7 55.1 53.7 52.675
3 50.9 50.4 48.9 51.2 50.35
4 54.8 52 53.5 49.5 52.45
5 49.8 48.6 48.2 49.3 48.975
6 55.2 55.4 51 52.6 53.55
7 49.7 50.9 51.7 51.9 51.05
8 50.2 49.3 47.3 49.1 48.975
9 48.8 46.8 50.8 48.7 48.775
10 58.1 52.8 55.3 52.7 54,725
11 47.8 49.3 47.8 48.7 48.4
12 58.1 46.8 50.8 48.7 51.1
13 47 48.2 50.2 53.6 49.75
14 51 52.9 50.4 50.2 51.125
15 47.8 48.9 51.3 499 49.475
16 49.8 51.6 51.9 52.2 51.375
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Fig.3 Test result sample 10,testing No 3.

The results of the average values of the measured hardness and
maximum tensile strength are presented in a table, tab. 2.

1. Based on the experimental results, a linear regression model was
created, shown in tab. 3 and tab. 4

Table 3 :Characteristics of the regression model

Df SS MS F Significance
F
Regression | 1 | 21.60182 | 21.60182 | 10.81151 0.005389
Residual 14 | 27.97255 | 1.998039
Total 15 | 49.57438

Significance F is less than 0.05, which means that the null
hypothesis is rejected and that the equation is statistically
significant.

Table. 2: Hardness and ultimate tensile force results Table 4 Characteristics of the regression model
Sample No Hardness Ultimate tensile force (kN) Coefficients | Standard Error t Stat P-value
1 50.35 491 Intercept -26.0263 23.37341 -1.1135 | 0.284247
2 52.675 5.05 Tensile 15.67266 4.766499 3.288086 | 0.005389
max. F
3 50.35 4.82
4 52.45 4.9 The regression equation has the form:
5 48.975 481 y=15.67x-26.03 )
The analysis of the coefficients, P-value shows that the coefficient a
6 53.55 5.01 is significant, and the coefficient b is insignificant. The residuals
and standardized residuals are shown in table 5
7 51.05 4.85 Table 5: Residuals and standard residuals
3 48.975 4.93 Observation Predicted Residuals | Standard
Hardness Residuals
9 48.775 4.87
1 50.9265 -0.5765 -0.42216
10 54.725 4.99
2 53.12067 -0.44567 -0.32636
11 48.4 4.79
3 49.51596 0.83404 0.610754
12 51.1 4.81
4 50.76977 1.680227 1.230404
13 49.75 4.93
5 49.35923 -0.38423 -0.28137
14 51.125 4.97
6 52.49377 1.056234 0.773464
15 49.475 4.89
7 49.98614 1.06386 0.779048
16 51.375 4.92
8 51.23995 -2.26495 -1.65859
) o 9 50.29959 -1.52459 -1.11644
Based on the results, a scatter plot is presented and a trendline is
constructed (fig.4)[8]. The hardness is chosen as the independent 10 52.18031 2.544688 1.863434
xz::zg:i, and the maximum tensile force as the dependent 11 2904578 0.64578 2047289
12 49.35923 1.740766 1.274736
5.1 y=0.0278x + 3.4902
505 ° 13 51.23995 -1.48995 -1.09107
@ 5 R2 = 0,4‘?,5 ' ...... ® 14 51.86686 -0.74186 -0.54325
940 4 @ e
5 45: LI S ° 15 50.61305 -1.13805 -0.83337
5+ o ...
T 4.85 ,..'- ---- ° 16 51.08323 0.291774 0.213661
48 o ® ® o
475 ) ) o o )
47 49 51 53 55 Residuals are a term in statistics that indicates the difference

Tensile max. force (kN)

.Fig.4 Scatter plot and trendline

The coefficient of determination (R shows how well an
independent variable in a statistical model predicts the dependent
variable[9]. R2 results between 0.25 and 0.5 indicate a moderate
relationship between the variables. R? is in the range between 0 and
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between an observed value and a predicted value[10]. They are also
known as model error. It is noted that 14 out of 16 residual values

are within £2 and only 2 are out of the range +2 but in the range of
+3. The results are within the accuracy of the Shore D hardness
measurement. Standard residuals deviation is the standard deviation
of residual values, or the difference between a set of observed and
predicted values. The standard residuals indicate how useful the
model is. All standard residuals are within £2[11]. These values

indicate the adequacy of the model.
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4. Conclusions New Statistical Residuals for Regression Models in the
Exponential Family:  Characterization,  Simulation,
Computation, and Applications. Mathematics. 12. 3196.
10.3390/math12203196.

Based on the experimental results and the created mathematical
models, the following conclusions can be drawn:

* The range and distribution of the results for hardness and tensile
strength do not show significant deviations.

* No discrepancies were observed during the tests
* The created trendline shows the trend of the results

* The Significance F value rejects the null hypothesis and proves
that the model is statistically significant.

* The R2 value showed a moderate strong relationship between the
results

» The analysis of the residuals and standardized residuals proves
that there are no critical deviations from the created model.
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Structure and properties of magnetostrict materials of the Fe-Ga AND Fe-Ga-Al systems

Dmytro A. Honcharuk, Gennadii A. Bagliuk, Oleksiy I. Khomenko
Institute for Problems of Materials Science named after 1.M. Frantsevich, NAS of Ukraine, 03142, Kyiv, Omelyan Pritsaka St., 3 *e-
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Abstract. The structure and some properties of magnetostrictive powder materials of the Fe .Ga and .Fe-(Ga+Al) systems, obtained by
sintering at a temperature of 1150 oC in a neutral Ar environment for 1 h, were studied. The structure and phase composition of the obtained
materials were studied. Mechanical tests of the samples were carried out, corrosion resistance was determined and magnetostrictive
properties of samples of the composition Fe-Ga and Fe-1.7AI-19.3Ga were evaluated as the most promising for use as magnetostrictive
materials. An increase in hardness and level of compressive strength of the material of the composition Fe-1.7Al-19.3Ga compared to
materials of the composition Fe-21.4Ga was revealed. In terms of corrosion resistance, these materials are corrosion-resistant materials (3-
4 points on a 10-point scale of corrosion resistance). The highest level of magnetostriction is possessed by materials of the dual composition
Fe 21.5 wt.%Ga (>210 ppm). The material with the composition Fe 19.3 wt. % Ga-1.75 wt. % Al, which had a lower level of compressive
elasticity, also differed in a lower value of magnetostriction (1130 ppm). The level of magnetostriction of the studied materials is within the
requirements for commercial deformed Fe-Ga alloys (galfenols).

KEYWORDS: FE, AL, GA, MICROSTRUCTURE, PHASE FORMATION, MICROHARDNESS, MECHANICAL CHARACTERISTICS IN
COMPRESSION

1. Introduction - )
The ternary system Al-Fe-Ga is currently little studied, ~ Table 1. Composition of mixtures for sample
although alloys of binary composition based on components of this preparation

system are widely used in technology and still have significant Concentration of elements in the mixture

potential for creating new functional materials. Active development .

of developments in this direction began due to the high values of Mﬁgure Fe Al Ga

magnetic characteristics of these materials in the area of existence :

of sgolid solutions based on iron (20...30 wt. % Ga) [1]. At the same % wt. Yoat. | %wt. | % at. | %wt. Y%at.

time, binary alloys of the Fe-Al system also turned out to be 1 82,5 70 17,5 30 0 0

possible candidates for devices that use magnetomechanical

properties of materials [2] and this has formed a wide demand for 2 821 705 15,8 28 2.1 15

such alloys in various industries [3,4]. Since each of these metals 3 81,3 72,7 12,3 22,7 6,4 4,6

has the ability to increase the functional properties of Fe, further

study of the te}lrnary system Fe-Ga-Al has bgcofne relevant. 4 80,5 1 8,75 16,9 10,7 8.0
In [5,6], the absence of an additive effect is indicated when 5 79,7 77,7 5,25 10,6 15 11,7

iron is doped simultaneously with aluminum and gallium and the

significant influence of the phase composition and features of 6 79,0 80,5 1,75 3.7 19.3 158

structure formation on the properties of ternary alloys is noted. 7 78,5 82,1 0 0 21,5 17,9
In this regard, the aim of the work is to study the features of

structure formation and phase formation in the Fe-Al-Ga system in

the temperature range above 650-800 °C, provided that Fe and Al 3. Research results

powder components and a Fe-Ga alloy are used. Sintered samples had visual signs of volume increase to

varying degrees with a tendency to decrease the effect of “swelling”
of ternary composition samples with increasing Ga content in the
material. This is possibly due to the high diffusion mobility of Ga
and a change in the speed and direction of diffusion flows in the
system. Fig. 2 presents the most typical sections of the
microstructure of some samples with the designation of individual
places of PCMA, and Table 2 shows the results of quantitative
analysis on these sections.

In the structure of the Fe-17.5Al binary composition
sample, the main component, which occupies up to 90% vol. of the
surface of the section, is a Fe-based phase. This sample is
characterized by significant porosity, therefore it includes C and O
in significant quantities (Table 2). According to X-ray diffraction,
the main phase in the structure of these materials is a solid solution
based on Fe, in which Al and Ga are dissolved in appropriate
proportions, in addition, locally separate phase separations are
recorded, containing, in addition to the main metals, carbon and
oxygen in significant quantities (up to 40...50% at.). However, it
should be noted that in materials of ternary composition with the
maximum amount of Ga (Fe-1.7Al-19.3Ga) and double
composition Fe-21.5Ga, carbon is not detected. The material of
double composition Fe-21.5Ga (No. 7) contains the main phase
based on Fe of a fairly homogeneous composition, the remaining
area of the section is occupied by pores (4-6% vol.), oxygen is
present in a small amount.

The microhardness of the a-Fe-based solid solution
decreases with the gradual substitution of Al atoms by Ga atoms in
its composition (Fig. 3). The microhardness of the pure Fe sample is
significantly lower than the range of changes of this parameter in
the samples of dual and ternary composition of comparable porosity

2. Materials and research methods

Iron and aluminum powders) and gallium in ingots were
used as starting components. Gallium was introduced into a mixture
of iron and aluminum powders as part of a ligature with an
equiatomic composition of Fe — 44.9 wt.% Ga (50 at.% Ga), which
was previously obtained according to the technological scheme
presented in [7]. The composition of the mixtures was selected in
order to investigate the competing influence of Al and Ga on the
structure and phase composition of ternary alloys of the Fe Al Ga
system in the temperature range of the existence of solid solutions
based on a-Fe. 7 batches of mixtures of different compositions were
produced, which had either only two components, namely Fe-17.5
wt.% Al (composition No. 1) and Fe-21.4 wt.% Ga, (composition
No. 7), or all three components with a gradual replacement of Al by
Ga with a “step” of 1.75 wt.% (compositions No. 2 to 6) (Table 1).

The main sintering temperature was 1150+5 °C, at which
the samples were kept for 1 h. Samples of powdered Fe, without
alloying impurities, were subjected to heat treatment together with
the test samples in the same chamber.

The phase composition of the obtained alloys was
determined by X-ray phase (XRF) and local X-ray microspectral
(XMS) analyses. Diffractograms were taken on a DRON-3M
spectrometer in the spot mode in FeKa-1 radiation. XMS was
performed using a JEOL microscope from CAMECA (France).

For studies of magnetic properties, the method of indirect
magnetostriction estimation was used using specially designed
equipment for monitoring the dynamics of material remagnetization
processes in an alternating magnetic field.
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This effect is expected, since the dissolution of many metals
in a-Fe is accompanied by its strengthening [8].
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Fig. 1. Relative density of sintered samples depending on their compo
17.5Al; 2-Fe-15.7A1-2.1Ga; 3-Fe-12.2A1-6.4Ga; 4-Fe-8.7Al-10.7Ga;

1.7A1-19.3Ga; 7-Fe-21.5G.
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Fig. 2 Electron microscopic image of the microstructure of sintered
samples of composition Fe-17.5 Al (a), Fe-1.7Al-19.3Ga (b) and
Fe-21.5Ga (c) (photo in secondary electron mode).

Determination of the hardness of the samples by Brinell due
to the high sensitivity of this characteristic to the porosity of the
samples turned out to be somewhat lower than the results obtained
when measuring the microhardness by Vickers. Thus, the Brinell

hardness of samples of double and triple compositions No. 1 to 5,
which had a porosity of 16-19%, could not be determined correctly
due to significant deformation of the indenter imprint. For samples
from the material Fe-1.7AI-19.3Ga (No. 6) and for samples from
pure Fe, which have comparable porosity values (10-13%), this
indicator varies within 83...93NV, which is somewhat lower than
the values obtained when measuring the microhardness (see Fig. 4).
At the same time, the material of the Fe-21.5Ga composition, which
has minimal porosity after sintering (4-6%), is characterized by a
hardness of 119...123 HB, and these values are in good agreement
with the data obtained as a result of measuring the microhardness
according to Vickers.

Table 2. Elemental composition of phases in the structure of
samples determined by the RSMA method

Com- C (0] Fe Al Ga
position
% wt.),
((;oint) %, at. %, at. %, at. %, at. %, at.
No)*
Fe-17,5Al
(1) - 4,40 69,79 25,81 -
(2) 57,29 21,95 16,92 3,84 -
e-1.7Al-
SitIF ]( .):|1- Fe-
p-Fe-gpl-15Ga; 6:-Fe- | 335 | 7648 | 323 | 16,9
4) - 3,20 76,02 3,52 17,26
Fe-21,5Ga
(5) - 2,90 78,36 - 18,74
(6) - 3,00 78,03 - 18,97
See Fig. 2 for the location of the "points”
WHV 0,05
350
300
250
200
150
100
50
0
1 2 3 4 5 6 & 8

Samples

Fig. 3 - Microhardness of solid solution based on o-Fe in
the structure of samples depending on their composition (% wt.): 1-
Fe-17.5Al; 2 - Fe-15.7Al1-2.1Ga; 3 - Fe-12.2A1-6.4Ga; 4 - Fe-8.7Al-
10.7Ga; 5 - Fe-5.3Al-15Ga; 6 - Fe-1.7Al-19.3Ga; 7 - Fe-21.5Ga; 8
- Fe.

Samples of compositions No. 6 and 7, ha the greatest
densification after sintering, were subjected to mechanical and
magnetostrictive tests together with samples of pure Fe for
comparison.

Mechanical compression tests of the samples showed that
for materials of the ternary composition Fe-1.7Al-19.3Ga the
ultimate strength reaches values of 680 MPa, while for the binary
alloy Fe-21.4Ga and pure iron, fracture does not occur under test
conditions, since both materials are characterized by high plasticity
and do not fracture, reaching significant deformation under load.
(Table 3). The increase in the strength of the material of the ternary
composition Fe-1.7Al-19.3Ga, as well as the increase in its hardness
compared to pure iron and a binary alloy with aluminum, indicates
the additive effect of strengthening the solid solution based on Fe
when simultaneously dissolving the elements Al and Ga in it.
Sufficiently high mechanical characteristics obtained during testing
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indicate the potential for further significant strengthening of these
materials in the event of their additional densification. The obtained
strength level of the ternary alloy Fe-1.7Al-19.3Ga is comparable to
the strength of single crystals of Fe (20 25 % )Ga, which are
positioned in the class of magnetostrictive materials as materials of
increased strength [1].

Table 3. Porosity and mechanical characteristics of
sintered samples depending on their composition

. Den- Mechanical characteristics in
Samples material - .
.. sity, compression tests

compo-sition (% % of

wt.) theor. Go2 » MPa og, MPa | ¢, %
Fe-19,3Ga-1,7Al

(Neb) 0,87 294+10 68050 27

Fe-21,4Ga
(Ne7) 0,95 379420 >2083 82
Fe 0,90 336+10 >2760 75

The corrosion resistance of these samples was tested in a
neutral aqueous solution of 3% NaCl (PH~7) for 141 hours. The
samples were periodically immersed in the solutions for 30 minutes,
followed by removal and exposure to air for 15 minutes. It is
believed that this mode prevents the development of stagnant
phenomena at the interface of the sample surface with the solution,
which inhibit oxidation processes. The temperature of the solution
was 4045 °C, air - 38+5 °C. After testing, the samples underwent
visual inspection to determine the nature of corrosion, and then they
were dried and weighed. After weighing, the samples were
subjected to mechanical cleaning to remove the remains of
corrosion products on their surface, followed by ultrasonic
treatment in an ethyl alcohol solution for 3-5 minutes, and drying in
a vacuum drying oven for 30 minutes.

The quantitative assessment of the mass loss of the material
during corrosion was calculated using the negative corrosion index
K and the parameter K- is a basic value that is directly used in the
calculations of the depth P, which characterizes the reduction in the
thickness of the material due to corrosion and is expressed in linear
units per unit of time.

The test results showed that the samples of both
compositions in terms of corrosion resistance belong to corrosion-
resistant materials (3-4 points on a 10-point scale of corrosion
resistance according to DSTU) 13819-68). It was established that
the corrosion products mainly contain Fe(OH)3.

To study the magnetostrictive properties, the increase in the
relative elongation of the samples from the intensity of the
alternating magnetic field was evaluated (Fig. 4). These quantitative
estimates agree quite well with the results of magnetostriction
studies using standard methods, and the graphs of the dependence
of magnetostriction on the magnetic field strength are similar to
such dependences obtained as a result of measurements using the
strain gauge method in a constant magnetic field.

Al _ppm

200
150
100

50

N

0,0 10,0
Fe-Ga

200 300 400 500 600

Fe-Ga-Al

Fig. 4 Dependences of the increase in the relative
elongation of samples on the intensity of the alternating magnetic
field
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It was established that the highest level of magnetostriction
is possessed by materials of the dual composition(wt.%): Fe-21,5Ga
(>210 ppm). The material of the composition Fe-19,3Ga-1,75Al,
which had a lower level of compressive elasticity, was also
distinguished by a lower value of magnetostriction (>130 ppm). The
level of magnetostriction of the studied materials is within the
requirements for commercial deformed Fe-Ga alloys (galenols).

Conclusions

The structure and some properties of magnetostrictive
materials of the systems Fe-21,4Ga and (78...82)Fe-(Ga+Al),
obtained by sintering at a temperature of 1150 oC in a neutral Ar
environment for 1 h, were studied. Mechanical tests of the samples
showed an increase in hardness and level of compressive strength of
the material of the ternary composition Fe-1,7Al-19,3Ga compared
to the materials of the binary composition Fe-21,4Ga and pure Fe.
In terms of corrosion resistance, these materials belong to
corrosion-resistant materials (3-4 points on a 10-point scale of
corrosion resistance).

It was established that the highest level of magnetostriction
is possessed by materials of the binary composition Fe-21,5Ga
(>210 ppm). The material of the composition Fe-19,3Ga-1,75Al,
which had a lower level of compressive elasticity, also had a lower
magnetostriction value (>130 ppm). The magnetostriction level of
the studied materials is within the requirements for commercial
deformed Fe-Ga alloys (galfenols).
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Effect of technological parameters on the structure and physico-mechanical properties of
Fe-FeCr800 system composite
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Abstract: The article investigates the influence of technology and technological parameters of manufacturing on the structure, phase
composition and physical and mechanical properties of the Fe-FeCr800 composite system. It was established that the determining factor in
phase and structure formation is the manufacturing technology, while vacuum sintering and hot forging have their own optimal
technological parameters. At the same time, hot forging makes it possible to obtain a composite with a higher microhardness of structural
components due to a change in the content of component components. The results of the research also showed that the preheating time (for
20 min.), as well as thermomechanical treatment, is sufficient for the phase formation process, in particular, with the release of carboboride
phases of the type Me;CB and Me;(CB),, while the densification processes are intensified, which makes it possible to obtain a material with
lower residual porosity. Analysis of mechanical tests showed that vacuum sintering makes it possible to obtain composites with higher
mechanical properties due to the active interaction between the components of the composite. However, high-temperature annealing after
hot deformation will allow for a composite with high mechanical properties.

KEYWORDS: COMPOSITE MATERIALS, CARBIDE STEEL, HOT FORGING, MECHANICAL PROPERTIES, HARDNESS.

Introduction ball mill. Powder mixtures were prepared by wet grinding-mixing in
. . . o a ball mill in an alcohol environment, the composition of the
Ensuring an increase in the service life of components and  mixtures is given in Table 1.

mechanisms requires the development of materials with the highest Table 1 - Content of components of the initial mixtures of Fe-
possible physical, mechanical and functional properties. At the FeCr800-TiB, composites

moment, carbide steels have shown their effectiveness and are used Element content, (%, wt.)

in components and mechanisms to increase the service life of the Ne ——

unit as a whole. Every year, the search for new component Fe FeCr800 | TiB,
compositions of the material becomes more and more difficult, 1 65 35 -

since a lot of research has already been conducted on the 2 64,25 35 0,74
development of carbide steels with different component 3 635 35 15
compositions. However, all attention was paid to classical methods . :

of powder metallurgy. Therefore, changing the technology for The samples were formed in a closed mold at a pressure of

obtaining a composite will make it possible to obtain a material 800 MPa. Then the samples were prepared at home by different
with other functional properties. Over the years of research, powder methods: 1 - sintering in a vacuum electric furnace at 1100-1250 °C
metallurgy methods have already proven their superiority over with an isothermal holding time of 30 min.; 2 - hot forging in an
foundry production, since sintered materials are distinguished by a open die, the scheme of which is presented in Figure 1, for hot
homogeneous structure and low anisotropy of properties. However, deformation the workpieces were preheated in a furnace in an argon
classical technological schemes of powder metallurgy, which  environment to a temperature of 1100°C and 1200°C for 20 min..
include the preparation of the charge, pressing and sintering of the

material, do not always ensure the production of an absolutely 7 -3
compact material (especially with a high content of carbide B F
components). As a result, there is a need to apply technological Low

schemes based on the use of high-temperature sintering in the f
presence of a liquid phase, static hot pressing or electric discharge \Q - L
sintering, etc. [1-4].
To obtain and compact the material, hot forging of porous 2 / 3 / 4

blanks has proven to be one of the most effective processes of 1- striker; 2 - matrix; 3 - blank; 4 - forging;
powder metallurgy [5-9]. Hot plastic deformation allows obtaining Figure 1 - Hot forming deformation
semi-finished products of both simple and complex shapes with low
residual porosity, low defectivity and high material uniformity. In
addition to high density, hot plastic deformation allows obtaining a
fine-grained structure without additional heat treatment [10].

A significant number of publications are devoted to the
production of chromium carbide steels by powder metallurgy
methods [11-14], but there are almost no publications on their
production by methods of metal processing by pressure (including
hot forging). Therefore, the purpose of this work is to establish the
influence of the production technology and technological
parameters of production on the structure, phase composition and
physical and mechanical properties of the composite of the Fe-
FeCr800 system.

The hardness of AMKM was determined using the Novotest
TC-BRYV device using the Rockwell method (HRA scale). Bending
tests of samples were performed using a three-point scheme on the
RM 102M machine using a special device, on the plate of which
two prisms were installed, on which a sample measuring 6x6x42
mm was placed. The load on the sample was applied in the middle
of its length. The distance between the prisms was 35 mm. The
microhardness of the structural components was determined using
the PMT-3 device at room temperature and a load of 10 - 25 g, the
holding time was 30 s. The measurement area should be twice the
diagonal of the impressions. The measurements were repeated 10 -
30 times. The microstructure and phase composition of the sintered
. samples were studied using optical (“Olympuis LX-70”) and
Experimental Procedures electron (TESCAN VEGA) microscopes. Local micro-X-ray

spectral analysis was performed on an MS-46 microprobe.
The starting materials were iron powder, high-carbon

ferrochrome FCr800 and titanium boride powder. Titanium boride Results and discussion

was introduced with the aim of forming, during subsequent thermal

synthesis, the corresponding boride phases, which increase the To establish the optimal conditions for obtaining chromium
hardness and wear resistance of the resulting materials [15]. High- carbide steels, studies were conducted on the influence of sintering

carbon ferrochrome powder was obtained from lump FKh800 by temperature and technological parameters of hot forging on the
mechanical grinding in a jaw crusher and subsequent grinding in a structure and properties of composites. From the given Fig. 2 it is

138


http://www.materials.kiev.ua/science/ipms.jsp

MACHINES. TECHNOLOGIES. MATERIALS. vol 1, 2025

seen that samples of different compositions obtained by hot forging
have significantly higher density values than composites obtained
by sintering in vacuum. This dependence can be explained by the
fact that in the process of hot forging, densification processes are
intensified due to the application of additional mechanical energy.

During sintering in vacuum at temperatures of 1100-1150 °C,
shrinkage occurs mainly as a result of solid-phase sintering, but the
alloys do not reach high shrinkage and density, which is explained
by the low intensity of diffusion processes, as well as the inhibition
of the compaction of the samples by the carbide framework.
Therefore, to intensify the compaction process of the samples, it is
necessary to increase the sintering temperature to 1200-1250 °C,
since as a result of reaching the eutectic temperature, a liquid phase
appears and the mechanism of liquid-phase sintering is
implemented.

Thus, the hot forging method without the use of a vacuum
environment allows you to obtain high-density composites
compared to sintered samples. Accordingly, the density of the
forged materials is slightly higher 6.92+7.32 g/cm® compared to the
sintered 6.44=7.1 g/cm®.

7.7
7.4
7.1
6.8
o 6,5
Eb
25,0
5.6
5.3
5

0 0,75 15

TiBz, (%.wt.)

msintering ™ forging

Fig. 2 — Effect of titanium boride content on the density of sintered
and hot forged composites at optimal temperatures

The microstructure was investigated and the distribution of
elements in the metal and carbide phases of composites obtained by
different methods was determined. Fig. 3 shows the microstructures
of the sintered (Fig. 3, a) in a vacuum environment at 1250 °C and
forged at a preheating temperature of 1200 °C with a holding time
of 20 min. (Fig. 3, b) composite of the composition Fe-35FeCr800.
Regardless of the method of obtaining the composite, their structure
remains heterogeneous, consisting of an elastic-plastic matrix and
carbide phases located in it. Namely, the light gray phase is an iron-
chromium matrix of the composite, the gray phase is a complex
iron-chromium carbide of the M;C type.

Carbide Microhardnes
phase type s, GPa
1 82,75 17,07 0,17 2,8
2 19,78 73,13 7,08 M,C 10,5
3 88,84 10,93 0,22 3,69
4 22,26 68,79 8,94 Me,C, 115

Fig. 3— SEM and EDS analysis of the Fe-35FeCr800 composite
(%, wt.) obtained by vacuum sintering (a) and hot forging (b)

According to the analysis conducted using an energy
dispersive microanalyzer, the elemental composition of the matrix
and carbide phases of the forged composite differs from the sample

obtained by vacuum sintering (Fig. 3). From the table in Fig. 3, after
hot forging, the microhardness of the phases in the Fe-35(%, wt.)
FeCr800 composite slightly increased, the matrix phase - 2.8+3.69
GPa and the carbide phase - 10.5+11.5 GPa, which is associated
with the redistribution of chemical elements in the structural
components of the studied material.

Fig. 4 shows the microstructure of hot forging composites of
different compositions obtained at different preheating
temperatures. The structure, chemical composition and size of the
phases are affected by the content of titanium boride in the charge
and the temperature of hot deformation. As can be seen from Fig. 4,
at a titanium boride content of 0.75 (%, wt.) the composite structure
consists of a matrix, iron-chromium carbide (light gray phase) and
carboboride (dark gray phase). At the specified titanium boride
content, the formation of the 3rd phase (dark gray) of the Me;CB
carboboride is clearly recorded already at a heating temperature of
1100°C. Increasing the preheating temperature to 1200°C for this
composition leads to grain growth. The composite doped with 0.75
(%, wt.) of titanium boride obtained at a preheating temperature of
1100°C differs from other hot-forged composites in its fine-grained
structure (Fig. 4, d). The composite with a composition of 1.5 (%,
wt.) of titanium boride after thermomechanical treatment has a
coarser-grained structure, especially at a temperature of 1200°C
(Fig. 4, c). The structure of this sample consists of a matrix, iron-
chromium carbide and carboboride. However, the amount of
carboboride in the structure of this composite varies significantly
depending on the heating temperature. At 1100°C, carboboride of
the type Me3(CB); is fixed on the structure in a small amount (Fig.
4, b), but with an increase in the heating temperature to 1200°C, its
amount increases and is clearly displayed in the form of dark gray
phases (Fig. 4, c).

5%TiB,

Fig. 4 Microstructure of hot-
forged composites of different
compositions at 1100°C (b, d) and
1200°C (a, c, €)

One of the advantages of hot forging samples, in contrast to
those obtained in the process of vacuum sintering, is that after
deformation of samples doped with titanium boride, the grains of
the matrix and carbide components of the composites were crushed.
Also, hot forging allows you to obtain a composite of higher density
even without prior sintering in a vacuum. Also, the preheating time
(for 20 min.) before deformation and the applied energy during
impact loading are sufficient to undergo the phase formation
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process, in particular, with the separation of carboboride phases
such as Me;CB and Me;(CB),.

Metallographic studies and local micro-X-ray spectral
analyses of materials based on the Fe-35% (wt.) FeCr800 — TiB,
system obtained by hot forging showed (Fig. 5) that a
microheterogeneous, multiphase microstructure of the composite is
formed, containing complex iron-chromium carbides Me;C, and
complex carboborides of the Me3(CB), type.

&' e
(d) Fe-35% FeCr 800-
0.75%TiB,

0.75%TiB,
Fig. 5 Micro-X-ray spectral analysis of titanium boride-doped
composites at different preheating temperatures of 1100°C (a, b)
and 1200°C (c, d)

The microhardness of the structural components of the
composites doped with titanium boride was also investigated (Fig.
6). As can be seen from the graph, the microhardness values of the
carboboride phases of hot-forged and vacuum-sintered composites
are significantly different. For example, in the composite of the
composition Fe-35%FeCr800-0.75%TiB, obtained at a sintering
temperature of 1250 °C, the microhardness value of the carboboride
phase is 12.5 GPa, and in the composite Fe-35%FeCr800-1.5
%TiB, - 13.7 GPa, which is significantly less than in the hot-
forging samples. This is explained by the difference in the
elemental composition of the corresponding phase of the hot-
forging and sintered composites.

30
B 1 sintering
25 -
a‘: w2 forging
< 9 3 sintering
o
@ i 4 forging
215
=
=
o
g 10 A
=
5 L
0+ T

Matrix MexCy Mex(CB)y
1,2 - Fe-35%FeCr800-0.75%TiB,; 3,4 - Fe-35FeCr%800-1,5%TiB,

Fig. 6. Microhardness of structural components of the composites

The hardness of sintered and hot forging samples is shown in
Fig. 7. A comparison of the obtained values showed that hot forging
allows obtaining composites with almost the same hardness as
sintered ones. However, the hot-forged composite of the
composition Fe-35%FeCr800-0.75%TiB, stands out, the hardness
of which increased from 75 to 79 HRA compared to the sintered
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one, which is associated with the crushing of the structure after hot
deformation.

80
78
76
74
g 7
70
68
66
64
0 0,75 1.5
TiBz, (%0,wt.)
msintering = forging
Fig. 7. Hardness of composites obtained with optimal technological
parameters
Conclusions

1 The influence of the technology for obtaining carbidosteel
of the Fe-FeCr800 system on its structure and properties was
studied. It was shown that sintering in vacuum and hot forging
allows to obtain composites with a homogeneous structure. At the
same time, hot forging provides a finer microstructure compared to
sintered composites, as well as a different ratio of components in
the structural components, which leads to an increase in their
microhardness.

2. The results of microstructural analysis showed that the
preheating time (for 20 min.) before deformation and the applied
energy during impact loading are sufficient to undergo the phase
formation process, in particular, with the separation of carboboride
phases of the type Me;CB and Me;(CB),.

3. The results of the studies showed that the hardness of hot
forging composites was relatively unchanged compared to sintered
ones.
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Investigation on maximum tensile force and Shore D hardness of 3D printed samples of
Polyamide PA6-CF
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Abstract: In this article, the maximum tensile strength and hardness of 3D printed samples of Nylon CF15 Carbon were investigated. 20 test
specimens were produced with dimensions according to the ASTM D 638 standard for tensile strength and 3 specimens for Shore D hardness

testing. The experimental results were processed statistically.
Keywords: TENSILE STRENGHT,3D PRINTING,HARDNESS

1. Introduction

3D printing technology is the creation of a three-dimensional
object from a 3D model by adding material[1].The technology has
evolved from a limited technology for rapid prototyping to being
increasingly used in modern industry[2]. 3D printing finds
applications in a number of sectors - space industries, dental and
medical industries, mechanical engineering, automotive industry,
etc.[3] A number of materials can be used in 3D printing such as
ceramics, metals and composites, but the technology is mostly used
for thermoplastic plastics. There are different technologies for 3D
printing - Stereolithography (SLA), Fused Deposition Modeling
(FDM), PolyJet, etc. The use of 3D printing for responsible
applications increases the requirements for parts. The object of
study of plastics are the mechanical, physical and chemical
properties, with particular interest in mechanical properties, because
to a large extent industrial application of 3D printed parts depends
on their behavior under force loads..

Mechanical properties characterize the behavior of materials under
external load, as well as determine the scope of application and
serve to assess the expected service life. Mechanical properties
serve to classify all types of materials and the production
technology[4]. They are not constant and depend on different
conditions such as temperature, type of load, etc. Very often there is
a large variation in results tested under the same conditions. This
makes the study of mechanical properties very relevant. The main
mechanical properties are hardness, plasticity, strength, stiffness,
elasticity, fatigue strength, etc..

Ultimate tensile strength(UTS) is the maximum stress that the
specimen can withstand before breaking[5]. For brittle materials,
the value is close to the yield strength. The test is applicable to
alloys, ceramics, plastics, rubbers and other materials. The
determination of the UTS is key for materials used for
constructions. The essence of the test is to measure the maximum
tensile strength and relative elongation. The equipment for testing
the maximum tensile strength is universal tensile machine, load
cells, controller or indicator, suitable jaws for fixing specimens.

Hardness is defined as the resistance to penetration by a harder
indenter. It is a key engineering parameter in design of devices,
machines, tools, machines and systems. Various standardized
methods are used to determine hardness. The characteristic is used
to evaluate all types of materials - alloys, ceramics, elastomers, etc.
The results of hardness tests also provide information about other
strength characteristics of materials. An important advantage of
hardness testing methods is that they are non-destructive,

Carbon fiber reinforced plastics are extremely light and strong
materials that contain carbon fibers. They are characterized by a
high strength-to-weight ratio, rigidity, high durability, corrosion
resistance. They find wide application - shipbuilding, automotive,
aerospace applications, civil engineering, sports goods, etc.

2. Materials and methods

Polyamide PAG6-CF carbon is a high-temperature material.
Carbon fibers significantly increase the strength characteristics of
the material. It is characterized by low linear shrinkage, chemical
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resistance, high creep resistance. It is used for tooling, prototyping,
industrial modeling, etc.

The Shore durometer is used to test hardness, primarily for
plastics[6]. Different scales are used for softer and harder materials.
The Shore hardness test is performed in dimensionless units.
According to ASTM D2240, 12 scales are distinguished. For hard
plastics, the Shore D method is used, the indenting foot is hardened
steel rod 1.1 mm — 1.4 mm diameter, with a 30° conical point, 0.1
mm radius tip. The test range is from 0-100. The Shore D test is
characterized by high accuracy. The Shore durometer used is
calibrated.

The maximum tensile force test was performed on a calibrated
universal mechanical testing machine. The gripping jaws are
tapered to prevent slipping during the test. A graphical interface
displays the stress strain graph.

For the tensile strength test, 20 specimens with a standardized
shape according to ASTM D638 and a thickness of 6 mm were used

(fig.1).

All dimensions are in mm

Fig. 1 Tensile strength specimen dimensions

Three hardness specimens with dimensions of 40x40x6 mm were
produced. fig.2

Fig 2. Hardness Shore D test specimens

The minimum number of attempts per sample according to the
standard is 5, for greater accuracy 8 attempts per sample were
made. The distance between the tests is at least 6mm.The

parameters for 3D printing are as follows:
e Layer height-0.275 mm
[ ]

3D printing speed-350 mm/s
Bed temperature-105°
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Nozzle-0.6 mm
Infill-100%
Flow-86%

.3. Results and discussion

The results of the test for maximum tensile force are presented
intab.1

Tab.1 Maximum tensile force experimental results
Sample 1 2 3 4 5 6 7
Frax KN | 1.38 131 | 128|134 | 13 |125| 1.34
Sample 8 9 10 11 12 13 14
Fmax KN 1.3 127 | 133 | 135|131 138 | 1.3
Sample 15 16 17 18 19 20
FraxkN | 129 | 126 | 1.3 | 1.33 | 1.35 | 1.36

No deviations were noted during the test, as well as breakage in
uncharacteristic areas, fig.3. The statistical processing of the data is

sample variance are also observed. The negative value of kurthosis
indicates a flat distribution. The obtained value of skinness in the
range -0.5 and 0.5 also indicates that the values are symmetrical. A
diagram of the obtained distribution is shown in Fig. 4.

Max. F (kN)

10

-

%]

[1.25, 1.299]

{1.299, 1.348] [1.348, 1.397)

Fig.4 Results distribution.

Hardness results are presented in table 3 and statistical summary is
presented in table 4.

Tab.3 Hardness results

presented in Table 2.

L

Sample 1 | Sample 2 Sample 3
82 81.6 82.2
815 82 82.2
82.7 81.1 83.3
80.3 83 83.2
82.6 81.7 81.8
82.2 81.9 82.2
83.6 83.1 83
82.2 81.7 825

Tab. 4. Statistical summary hardness results

ol Summary
Fig.3 Test specimens after the tests Mean 8223333
Tab.2 Statistical summary ultimate tensile force Standard Error 0.154834
Summary Median 82.2
Mean 1.319 Mode 82.2
Standard Error 0.008488 Standard Deviation | 0.758526
Median 1.32 Sample Variance 0.575362
Mode 1.3 Kurtosis 0.533763
Standard Deviation 0.037961 Skewness -0.36801
Sample Variance 0.001441 Range 3.3
Kurtosis -0.83696 Minimum 80.3
Skewness -0.13239 Maximum 83.6
Range 0.13 Sum 1973.6
Minimum 1.25 Count 24
Maximum 1.38
Sum 26.38 The statistical summary is similar to the study of maximum tensile
force with the exception of kurtosis. At a value above 0.5 the
Count 20 distribution is moderately skewed,fig.5

From the obtained statistical processing, it is noticeable that the
mean, median and mode are extremely close in values, which means
that the data are symmetrical. Low values of standard deviation and
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Hardness Shore D
12

[80.3,81.22] (81.22, 82.14] (82.14, 83.06] (83.06, 83.98]

L= I L% B < = T = s |

Fig.5 Distribution Shore D hardness results

4.Conclusions

From the studied results and the subsequent statistical processing,
the following conclusions can be drawn:

1. The study of the maximum tensile strength of Polyamide PA6 CF
showed a range in the interval 1.25-1.38 kN.

2. The study of the hardness of Polyamide PA6 CF according to
Shore D showed a range in the interval 80.3-83.6

3. The data of both mechanical strength tests are symmetrical,
which means that no deviations were obtained in the tests

4. The distribution of the results for maximum tensile force is flat,
and for hardness moderately skewed.
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Luminescent properties of sol-gel synthesized ZrO, and Sm,0O; coatings on glass
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Abstract: Thin coatings of zirconia oxide (ZrO,) and samarium oxide (Sm,O3) on glass have been prepared by using sol-gel method and
dip coating technique. Materials were characterized in detail by X-ray diffraction. The luminescent properties at room temperature were
also investigated. Excitation and emission spectra of ZrO, coating consists of broad bands with maximums at 318 and 365 nm respectively.

The photoluminescence measurements of samarium coating suggest that can be efficiently excited with 700 nm and consist of emission
bands centered at 567, 603, 639 and 707 nm, consistent with characteristic Sm®" transitions. The CIE (Commission Internationale de
L’Eclairage) chromatic coordinates, color purity and color correlated temperature were determined.

Keywords: LUMINESCENCE, SOL GEL, COATINGS, SOLAR CELLS, PHOTOVOLTAICS, ZrO,, Sm,03

1. Introduction

The development of new luminescent materials in recent
decades has led to significant interest in rare earth ions embedded in
oxide matrices. These materials find wide application in
optoelectronics, displays, laser technologies, biosensors and other
high-tech areas [1-5]. Thin-film optical coatings based on metal
oxides are also widely used in optoelectronics, photonics and sensor
technologies. Among them, zirconium dioxide (ZrO, ) is one of the
most studied oxide materials due to its exceptional mechanical,
thermal and optical properties [3]. It has three main crystal
modifications: monoclinic (m-ZrO, ), tetragonal (t-ZrO, ) and
cubic (c-ZrO, ). Doping with rare earth elements, such as samarium
(Sm**), can stabilize the desired crystal phase. [4]. The
incorporation of Sm, O; into ZrO, leads to changes in the
spectral characteristics of the material and improve the luminesce
properties.

The sol-gel method has been established as an effective
technology for the synthesis of thin films of ZrO, , as it allows
control over the morphology, chemical composition and phase
transitions of the material [2]. This approach allows homogeneous
dispersion of rare earth ions in the matrix, which is essential for
achieving effective luminescence. This method makes it possible to
introduce Sm** ions into the structure of ZrO, , which leads to the
appearance of a characteristic orange-red luminescence associated
with the electronic transitions of Sm** [7,8,9]. For the synthesis of
ZrO, :Sm** thin films, precursors such as zirconium alkoxide
(Zr(0OC; Hs )4 ) and samarium nitrate (Sm(NO3 )3 ) are commonly
used. The incorporation of Sm** ions into the ZrO, structure leads
to the formation of a stable tetragonal phase at lower temperatures,
which favors the luminescent properties [3]. Valladares-Barrera et
al. [10] studied the synthesis of rare earth oxide powders by two
sol-gel methods — using chloride and nitrate precursors. Their
results show that the choice of precursors significantly affects the
morphology and spectral properties of the final material.

Luminescent properties of Sm** in ZrO, matrix are well
known for their characteristic electronic transitions, especially those
from 4 Gs /, to various low-lying energy levels, which lead to
emission in the orange-red region of the spectrum [8]. Upon
excitation of Sm** ions with UV or blue light, strong emission
lines are observed around 560-620 nm, which are useful for a
number of applications such as phosphor materials for LEDs,
sensors and laser media [7]. The phase composition of ZrO, has a
significant impact on the luminescent properties of Sm** . Li et al.
[7] demonstrated that Sm** -doped ZrO, exhibits the highest
luminescence intensity when stabilized in the tetragonal form.
Doping reduces the energy of defects in the crystal structure,
improving the quantum yield of luminescence.

Applications and future prospects: Thin films of
ZrO, :Sm** are extremely attractive for various technological
applications, including: < Optoelectronics — The luminescent
properties of Sm** make these materials suitable for emitting
devices and laser media [6]. * Sensor technologies — The sensitivity
of Sm** ions to changes in the environment makes them suitable
for the development of gas sensors and biosensors [9]. * Phosphor
materials for LED lighting — Mixtures of ZrO, and Sm, O3 can
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be used as stable phosphors with high resistance to thermal and
chemical degradation [8]. Ongoing research in this area focuses on
the optimization of synthesis parameters and the improvement of
the quantum vyield of luminescence. Future developments are
expected to include further engineering of the crystal structure and
modification of the chemical composition of the matrix [9].

Samarium-containing materials have recently been
investigated. A borosilicate glass doped with samarium (Sm) was
studied, designed and prepared by the melt cooling method to
obtain controlled and tunable red emission for further applications
of rare earth (RE) doped glass. The influence of Sm,0;
concentration on the structure, composition and luminescent
properties of the samples was studied. It was shown that the
samples have a glassy non-crystalline nature and high transparency
in the visible light region. The characteristic transitions of Sm*" ion,
assigned to “Ggp— °Hy, (J=5, 7, 9, 11), which realize the red-
orange emission, were found [11]. The spectroscopic and structural
characteristics of different concentrations of strontium-doped lead-
zinc phospho-tellurite glasses with Sm,03; with molar composition
X% Sm,0; + 5SrO + (15-x) PbO + 20 ZnO + 50 P,0s + 10 TeO,
(where x = 0.25, 0.5, 0.75, 1 mol%) are reported. The most intense
excitation band around 400 nm was chosen as the excitation
wavelength to investigate the luminescence properties. The
luminescent spectra show the most intense emission band at 598
nm, referring to the 4 G, — © Hy, transition, which is responsible
for the appearance of a reddish-orange color [12]. Phosphate glasses
with the chemical composition (42— x/2) P,0s-(42— x/2)Na,O-
15Zn0-xSm,03; (where x = 0.5, 1, 1.5 mol%) were synthesized by
the melt cooling method. The influence of Sm*" doping on the
optical properties of the phosphate glasses was studied. The
photoluminescence (PL) spectra showed three Sm®' transitions:
“Gs;—°Hsia (600nm), “Gs;—°Hz (564nm) and “Gs;—°Ho
(645nm). The dependence of the PL intensity on the concentration
was studied. The quenching of the PL intensity occurs at Sm®*
concentrations above 1% [13].

The aim of the study is to determine the luminescence of
coatings containing ZrO, and Sm,03 on the glass of photovoltaic
panels when light causes excitation of electrons in these coatings.
These coatings can be designed to improve the efficiency of the
panel by reducing reflections or increasing light absorption, as they
increase the efficiency of light conversion into electricity.

The present work is focused on the study of the
luminescent properties of thin-film coatings of ZrO, and Sm; O; ,
synthesized by the sol-gel method and deposited on glass substrates.
The main focuses are the luminescent properties of the obtained
films, with the aim of evaluating their potential applications in
optical devices and fluorescent sensors.

2. Experimental procedures

All compounds were supplied as analytical grades and were
used without further modification. Thin film coatings were
performed on slides from AGC Glass Europe. ZrOCl,.8H,0,
Sm,03, 99.9% ethanol (C,HsOH), all purchased from Alfa Aesar
Germany. The stabilizer is nitric acid /HNOa4/.
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Preparation of the glass substrate. Before being cleaned, the
slides were cut to size (20 mm x 70 mm x 2 mm). Substrate
cleaning is important prior to the deposition process, as this allows
the cleaning and removal of submicron particles from the substrate
surface. This is decisive for the quality of the adhesive film on the
base. The glass substrates were cleaned/washed/in 99.9% ethyl
alcohol for 15 minutes and acetone for 15 minutes and then dried
for 30 minutes at 120°C. Cleaning the glass substrates improves the
adhesion of the coating material to the substrate and prevents
contamination of the formed coating. The scheme presents the
production technology.

Sol-gel technology was applied. ZrOCl,.8H,0 was dissolved in
H,0O and absolute alcohol - so that a 0.01 - 0.02 molar solution was
obtained. After 30 minutes, Sm,0O; was added. Sm,0; was added to
it slowly with vigorous stirring. The ratio was 93.46 wt.% ZrO, and
6.54 wt.% Sm,0s. During the hydrolysis, nitric acid was added or
stirred until the solution became clear, i.e. until it was completely
dissolved. Dip Coating technology was applied to cover the glass
sample with the resulting solution. The sample was treated at 400°C
with a delay of 15 minutes.

Schematics of the process of obtaining a thin film of sol gel
with ZrO, and Sm,04

3. Results and Discussion

Photoluminescence (PL) emission spectra at room
temperature  for all coatings were measured with a
Spectrofluorometer FluoroLog3-22, 2014 (Horiba JobinYvon,
Longjumeau, France).

The photoluminescence excitation (PLE) spectrum of the
deposited ZrO, coating is displayed in fig. 1. All data were
obtained at room temperature by monitoring the most intensive
characteristic emission of ZrO, ions at 365 nm wavelength. From
the figure it can be observed that the PLE spectrum consists of
broad continuous band ranging from 275 to 350 nm wavelength
with a maximum at approximately 318 nm. The 318 nm peak is
the most intense among all the other peaks, making it the ideal
excitation wavelength for recording the emission spectrum.

A =365nm
cm

ZrO,coating

Inthensity (a. u.)

2;5 3(‘)0 3;5
Wavelength (nm)
Figure 1. Excitation spectrum of deposited ZrO, coating
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Figure 2. Emission spectrum of deposited ZrO, coating

The photoluminescence emission (PL) spectrum of the
deposited ZrO, coating is displayed in fig. 2, recorded under
excitation at 318 nm. As is shown as curve, the PL spectrum
consists of a broad band centered at about 365 nm.

Up to now, the origin of ZrO, luminescence is not clear and
three kinds of different mechanisms have been proposed to explain
its blue-green luminescence - an impurity luminescence center
model, intrinsic self-trapped excitons and a structure-defect model.
[P. lacconi, D. Lapraz, R. Caruba: Phys. Status Solidi A 50, 275
(1978); M. Garca-Hipolito, R. Martinez, O. Alvarez-Fregoso: J.
Luminesc. 93, 9 (2001); V.A. Emeline, N. Serpone: Chem. Phys.
Lett. 345, 105 (2001) 20 W.C. Hsieh, C.S. Su: J. Phys. D: Appl.
Phys. 27, 1763 (1994); Liang J, Deng Z, Jiang X, Li F and Li Y:
Inorg. Chem. 41 3602 (2002)]. At present, the generally recognized
model is the structure-defect one, suggesting that the luminescence
of ZrO, arises from singly ionized oxygen-vacancy defects (F+
centers) and we assign the emission of the synthesized zirconia
coating to the existence of oxygen vacancies.

The presence of oxygen vacancies in ZrO, coatings can lead
to the formation of new energy levels within the band gap.
Additionally, the fact that the emission spectrum is formed by one
broad band indicates the presence of a recombination band inside
the ZrO, matrix band gap.

A,,,=700 nm ——Sm, 0, coating

Inthensity (a. u.)

T * T " T - T T T
400 450 500 550 600 650

Wavelength (nm)
Figure 3. Excitation spectrum of deposited Sm,05 coating
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The optical properties of samarium containing coating were
further studied. The excitation spectrum of Sm,03, shown at figure
3, was captured in the 350-650 nm wavelength range and is
recorded at room temperature, monitoring the wavelength at 700
nm. Several peaks are observed in the low energy excitation
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spectrum at 377, 417 and 440 nm, corresponding to the Sm** f—f
forbidden transitions from ®Hsy, to ®P7p,, ®P3y, and °Ggy, respectively.
It is noticed that the intensity of the f—f transition at 377 nm is most
prominent among all the other peaks; thus, this transition is chosen
for the measurement of the emission spectrum. This finding also
indicates that the as-prepared phosphor can be efficiently excited by
UV (~400 nm) LED (Light emitting diode) chips.

A_=377nm
ex

——Sm,0, coating

Inthensity (a. u.)

650 750

Wavelength (nm)

550 600 700

Figure 4. Emission spectrum of deposited Sm,0; coating

The emission spectrum of Sm,0; coating is obtained by
monitoring the ®Hs, — ®P;, transition at 377 nm (fig. 4). Four
groups of emission lines, approximately ranging from 500 nm to
770 nm appeared in the spectrum. They are attributed to the
characteristic intra-configurational f- transition of Sm*" °Gg,—'H,,
where J = 5/2, 7/2, 9/2 and 11/2 at 567 nm, 603, 639 nm and 707
nm, respectively [W.T. Carnall, P.R. Fields, K. Rajnak J. Chem.
Phys., 49 (1968), p. 4424; W.T. Carnall, G.L. Goodman, K. Rajnak,
R.S. Rana J. Chem. Phys., 90 (1989), p. 3443].

Among the Sm® transitions, the first one at 567nm
(“Gs;;—°Hs),) is a magnetic-dipole (MD) transition, which is
insensitive to the coordination environment around the active ion,
the second at 603 nm (*Gs,—°Hq),) is a partly magnetic and partly
forced electric-dipole (ED) transition, and the third at 639nm
(*Ggp—°Hgy) is purely ED transition, which is sensitive to the
changes in the Sm*" surroundings [V. Singh, S. Watanabe, T.K.G.
Rao, J.F.D. Chubaci, H.-Y. Kwak J. Non-cryst. Solids, 356 (2010),
p.1185]. As can be seen, the first one at 567nm (*Gs,—°Hsy) is
with the strongest intensity. The ratio between the MD and ED
emission can reveal the degree of asymmetry in the local
environment around the Sm*" for various Sm**-doped compounds
[Z. Xia, D. Chen J. Am. Ceram. Soc., 93 (2010), p. 1397]

The asymmetric nature is more prominent when the
intensity of the ED transition is higher. The present study shows
that the “Gg,—°Hg, transition (639 nm) of the Sm*" ions has
relatively lower emission intensity than the *Gs,—°Hs, transition
(567 nm), which describes the symmetric nature of the host matrix
investigated.

CIE coordinates

Color purity =
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Figure 5. CIE chromaticity diagram of coatings of zirconia oxide
(Zr0,) and samarium oxide (Sm,03).

In order to estimate the actual emitted color, the
Commission International de I’Eclairage (CIE) 1931 chromaticity
diagram was used [Smith, T.; Guild, J. The CIE colorimetric
standards and their use. Trans. Opt. Soc. 1931, 33, 73.]. The
chromaticity coordinates were calculated from the emission spectra
by using color calculator software SpectraChroma (CIE coordinate
calculator) [Paolini, T.B. SpectraChroma (Version 1.0.1) [Computer
Software]. 2021. Available online:
https://zenodo.org/records/4906590 (accessed on 7 June 2021).].
The values of the chromaticity coordinates of the ZrO, coating
correspond to the blue color of emission (0.192:0.245) and Sm,0;
coating has orange color of emission (0.489:0.506).

The color purity of the synthesized samples can also be
calculated via chromaticity coordinates of CIE 1931 diagram. The
following expression was used:

V= _
‘/(f;_zz))z:gd{f;)z.loo% , [book: Schubert, E.

F. (2006). Light-emitting diodes, Cambridge University press, p.
300]

where (x,y) represents the color coordinates of the
synthesized glasses; (xee, yee) is the illuminant point of the 1931
CIE Standard Source C with color coordinates (0.3101, 0.3162);
(xd,yd) are the chromaticity coordinates of the dominant wavelength
point, which were obtained by extending the straight line between
the point of (x, y) and the illuminant point (xee,yee) to the other side
of the chromaticity diagram. Generally, it is accepted that 100 % is
for pure color and 0% is for white light.

The established values for the color purity of ZrO, and
Sm,0; coatings were 52% and 96%, respectively. This result
indicates that samarium coatings are characterized with very-high
color purity.
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The color correlated temperature (CCT) was calculated by
the McCamy empirical formula:

CCT = — 449n3 + 3525n® — 6823n + 5520.33
(McCamy, Calvin S. Correlated color temperature as an explicit
function of chromaticity coordinates. Color Research &
Application, 1992, 17.2: 142-144),

where n= (x—xg)/(v—ye) is the reciprocal slope, (x,=0.332,
y.=0.186) are epicenter of convergence and x and y are the
chromaticity coordinates. The phosphors with CCT values below
3200 K are generally considered as a warm light source, while those
with values above 4000 K, as a cold light source [McCamy, Calvin
S. Correlated color temperature as an explicit function of
chromaticity coordinates. Color Research & Application, 1992,
17.2: 142-144]. The calculated CCT value of Sm,0; coatings is
2964.92 K and it can be considered as warm light emitting
materials.

4. Conclusion:

In summary, novel thin coatings of zirconia oxide (ZrO,)
and samarium oxide (Sm,0Os) on glass have been prepared by using
sol-gel method and dip coating technique.

Luminescent study revealed that the excitation and emission
spectra of the obtained ZrO, coating consists of broad bands with
maximums at 318 and 365 nm respectively. The photoluminescence
measurements of samarium coating suggest that can be efficiently
excited with 700 nm and consist of emission bands centered at 567,
603, 639 and 707 nm, consistent with characteristic Sm**
transitions.

The values of the chromaticity coordinate points of the
Sm,03 and ZrO, coatings are located in the orange and blue region,
respectively. The Sm,0O; coating is characterized by a high color
purity of 96%.
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Ensuring Clean Waterways: The Essential Role of Neutralization in Treating Technological
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Abstract: The treatment of technological wastewater through a neutralization process is essential for adjusting the chemical properties of
the water. This method aims to ensure that the wastewater meets established discharge limits, thereby protecting aquatic ecosystems and
improving water quality in local waterways. Effectively managing process wastewater from large industrial facilities, such as copper rolling
mills, presents a significant challenge that requires attention. In this paper, we present experimental testing of the neutralization process for
technological wastewater from copper rolling mills, conducted at laboratory levels. Experimental research has shown that the neutralization
process involves adding 10% Ca(OH), until a pH of 8.5 is achieved. The duration of the neutralization process is 30 minutes. During this
time, a flocculant called Settafloc AP-17 is added at a concentration of 0.033%, specifically 6 ml per liter. This method effectively meets the
water quality standards outlined in the Regulation on Limit Values of Pollutant Emissions into Water and the deadlines for compliance.

KEYWORDS: WASTEWATER, NEUTRALIZATION, CLEAN WATER

1. Introduction

Neutralization is a fundamental process in industrial wastewater
treatment, aiming to adjust the pH of effluents to meet
environmental discharge standards and protect aquatic ecosystems.
This process involves chemical reactions between acids and bases,
resulting in the formation of water and salts, thereby stabilizing the
pH of the treated water. The neutralization process is based on acid-
base reactions. For instance, when hydrochloric acid (HCI) reacts
with sodium hydroxide (NaOH), the reaction produces sodium
chloride (NaCl) and water (H, O) [1]:

HCI+NaOH—NaCl+H,0

Similarly, sulfuric acid (H, SO, ) can be neutralized by calcium
hydroxide (Ca(OH), ), forming calcium sulfate (CaSO,) and
water:

H,S0,+Ca(OH),—CaS0,4+2H,0

These reactions are exothermic and require careful control to
prevent excessive heat generation. Effective neutralization requires
careful consideration of several factors [2]:

e Chemical Selection: Choosing appropriate neutralizing
agents (e.g., lime, sodium hydroxide, sulfuric acid) based
on wastewater composition and desired outcomes.

e Dosage Control: Accurate dosing ensures complete
neutralization without overcorrection, which could lead to
secondary contamination.

e Safety Measures: Handling and mixing of chemicals
should be conducted with caution to prevent hazardous
reactions.

e Sludge Management: Neutralization can produce
precipitates that require proper handling and disposal.

In summary, neutralization is a critical component of industrial
wastewater treatment, facilitating the safe and compliant discharge
of effluents. Its application across various industries underscores its
importance in environmental protection and sustainable industrial
practices [3].

2. Experimental

A real sample of wastewater from copper rolling mills was used for
neutralization. The initial pH of this water was 5.7. Calcium
hydroxide Ca(OH),, with a concentration of 25 g/L, was used as the
neutralizing agent. The neutralization process was conducted in
multiple stages to achieve different pH values, depending on the
chemical characteristics of the wastewater and in compliance with
legal regulations. The experiments were carried out with 1 L
samples. A lime milk solution of Ca(OH), was used to reach target
pH levels of 8, 8.5, and 9. In a batch reactor, a specific amount of
the neutralizing agent was continuously added to the wastewater
sample. The stirring was performed using a magnetic stirrer at a
constant speed of 400 rpm to prevent precipitation. Once the
solution reached the desired pH levels of 8, 8.5, or 9, each solution

was filtered through vacuum filtration to separate the solid phase
from the liquid phase.

3. Results and Discussion
3.1. Examination of the effect of pH value and amount of flocculant
on the neutralization process

The influence of pH value and amount of flocculant on the
neutralization process was tested on the sample. The sample had the
following chemical composition: Cu= 139 mg/L; Zn= 7.5 mg/L.
During the experiments, a chemical analysis of these two elements
was performed, because their values exceeded the concentrations
permitted for discharge into the river. The initial pH value of the
sample was 5.7.

Neutralization to pH 8

A sample volume of 1 liter was neutralized to a pH of 8 using a
10% calcium hydroxide (Ca(OH), ) solution. The initial pH of the
solution was 5.7. To reach a pH of 8, 1.2 milliliters of the 10%
Ca(OH), was consumed. Following this, 6 milliliters of a 0.033%
flocculant were added to the solution. Samples for chemical
analysis were collected at two-time intervals: after 30 minutes and
60 minutes. Each of these samples received an additional 6
milliliters of flocculant. Furthermore, another sample was taken
after a total of 12 milliliters of flocculant had been added to the
solution at the 60-minute mark. Chemical analysis yielded the
following results:

Tablel. Chemical analysis of solution after neutralization to pH 8

Time/flocculant Cu Zn

30 minutes+6 ml floculant 0.18 0.15
60 minutes+6 ml floculant 0.18 0.17
60 minutes+12 ml floculant 0.2 0.18

Neutralization to pH 8.5

A 1 L sample was neutralized to pH 8.5 with 10% Ca(OH)2. The
initial pH value of the solution was 5.7. Consumption of 10%
Ca(OH)2 up to pH 8.5 was 1.3 ml. Samples for chemical analysis
were taken after 30 and 60 minutes, when 6 ml of flocculant was
added to these samples, and a sample was also taken after a total of
12 ml of flocculant was added to the solution after 60 minutes.
Chemical analysis showed the following results:

Table 2. Chemical analysis of solution after neutralization to pH
8,5

Time/flocculant Cu Zn

30 minutes+6 ml floculant 0,17 0,059
60 minutes+6 ml floculant 0,15 0,055
60 minutes+12 ml floculant 0,16 0,061
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Neutralization to pH 9

A sample volume of 1 L was neutralized to pH 9 with 10%
Ca(OH),. The initial pH value of the solution was 5.7. Consumption
of 10% Ca(OH), to pH 9 was 1.5 ml. Samples for chemical analysis
were taken after 30 and 60 minutes, when 6 ml of flocculant was
added to these samples, and a sample was also taken after a total of
12 ml of flocculant was added to the solution after 60 minutes.
Chemical analysis showed the following results:

Table 3. Chemical analysis of solution after neutralization to pH 9

Time/flocculant Cu Zn

30 minutes+6 ml floculant 0.11 0.012
60 minutes+6 ml floculant 0.19 0.031
60 minutes+12 ml floculant 0.14 0.023

3.2. Neutralization of flowing water

I - EXPERIMENT - A composite sample was formed from samples
of flowing water delivered from the copper rolling mill.

Chemical analysis showed the following chemical composition of
the composite sample:

Cu=7.4mg/L; Zn=3.9 mg/L

A composite sample of flowing water with a volume of 1 L was
neutralized to pH 8.5 with 10% Ca(OH),. The initial pH value of
the solution was 7.9. Consumption of 10% Ca(OH), up to pH 8.5
was 0.1 ml. 6 ml of flocculant was added to the solution. Samples
for chemical analysis were taken after 30 minutes and showed the
following results:

After 30 minutes: Cu = 0.33 mg/L; Zn = 0.44 mg/L

Il - EXPERIMENT — A sample of flowing water delivered from the
copper rolling mill.

Chemical analysis showed the following chemical composition of
this sample:

Cu =8.08 mg/L; Zn = 12.4 mg/L; Cr = 0.843 mg/L

A sample of flowing water with a volume of 1 L was neutralized to
pH 8.5 with 10% Ca(OH),. The initial pH value of the solution was
7.83. Consumption of 10% Ca(OH), up to pH 8.5 was 0.1 ml. 6 ml
of flocculant was added to the solution. Samples for chemical
analysis were taken after 30 minutes and showed the following
results:

After 30 minutes: Cu =0.1 mg/L; Zn = 0.15 mg/L; Cr = 0.46 mg/L.

Figure 1. Neutralization of flowing water to pH8.5
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Il — EXPERIMENT — A sample of flowing water delivered from
the Sevojno copper rolling mill.

Chemical analysis showed the following chemical composition of
this sample:

Cu =0.65mg/L; Zn = 5.3 mg/L; Cr = 0.14 mg/L

A sample of flowing water with a volume of 1 L was neutralized to
pH 8.5 with 10% Ca(OH),. The initial pH value of the solution was
7.66. Consumption of 10% Ca(OH), up to pH 8.5 was 0.1 ml. 6 mi
of flocculant was added to the solution. Samples for chemical
analysis were taken after 30 minutes and showed the following
results:

After 30 minutes: Cu = 0.15 mg/L; Zn = 0.33 mg/L; Cr = 0.13
mg/L.

Based on the obtained results, it can be seen that by neutralizing the
flowing waters to pH 85 and adding flocculants, metal
concentrations that meet the values for their discharge into the river
have been achieved.

4. Conclusion

Based on the conducted experimental tests of the neutralization
process on the enlarged (pilot) new i

the following conclusions can be formed from the systematized
results obtained:

1. Neutralization of running water - is done by adding 10%
Ca(OH), until pH8.5 is reached, the duration of the neutralization
process is 30 minutes. During the neutralization process it adds
flocculant Settafloc AP-17 (0.033%) in the amount of 6 ml/L. In
this way it is achieved satisfactory quality of neutralized waters, in
accordance with legal regulations.
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Abstract: Nanofiltration is emerged as an effective technique owing to its low footprint and cost-effectiveness and can be used
in separation of divalent or multivalent ions, as well as low molecular weight organics, for example water-ethanol mixtures.
On the other hand, the performance properties of a membrane such as selectivity and flux can be enhanced via surface
modification and functionalization.

In this study, different methods for surface modification of polyethersulfone nanofiltration membranes are explored in view of
improving water-ethanol separation properties. Thin copolymer film deposition as well as surface grafting of hydrophilic
monomers are applied and modified membranes are characterized by using Fourier transform infrared spectroscopy, optical
microscopy, atom force microscopy, contact angle measurements, etc. The influence of copolymer structure and composition
on overall properties of the modified membranes is demonstrated and discussed in view of their potential application in water-
ethanol separation technologies.
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Abstract: The AI’s role in life has increased significantly since the initial introduction of ChatGPT. This trend has drawn the attention of
scholars to numerous topics and the entrepreneurship education is one of them. There is already research on the potential of Al in
entrepreneurship education and the current paper aims at identifying benefits of Al for entrepreneurship education alongside with potential
risks and challenges of its application. The results show that Al can contribute to more personalized education with real environment
simulations. Alongside it can improve the assessment. However, challenges like date security, overdependence on Al and Al biases, need to
be addressed. The findings identify the need for future examination of specific cases and may contribute to the development of regulations,
ethical consideration and development of practices in implementing Al in entrepreneurship education.

KEYWORDS: ENTREPRENEURSHIP EDUCATION, ARTIFICIAL INTELLIGENCE (Al), ACADEMIC ENTREPRENEURSHIP

1. Introduction

The generative artificial intelligence (Al) has become a factor of
development for numerous areas of life and the education is
certainly one of them. In the current paper we draw attention to two
interrelated topics which determine the dynamics of economics. It is
inevitably affecting the functioning of market economy by its
contribution to promoting the benefits of entrepreneur initiative [1].
Recent years the entrepreneurship education has transformed both
its content and methodological approaches. The new realities set by
the development of technologies and unpredicted events like the
COVID-19 pandemic require the introduction of new methods to
teach entrepreneurship both to specialists and nonspecialists [2].
Technological development sets a new framework which allows an
improved interaction between teachers and students, more
flexibility and engagement in the educational process [3]. Al has the
potential to provide a new level and new dimensions in the
education on entrepreneurship and its impact on entrepreneurial
learning and pedagogical methods needs to be explored.

The research object is entrepreneurship education. The focus
is the potential of Al to transform entrepreneurship education. This
paper aims to identify benefits of Al for entrepreneurship
education alongside with potential risks and challenges of its
application.

The current study is performed in the context in a scientific
project “Academic Entrepreneurship Roadmap”, funded by
Erasmus+ Programme, Action type KA220-HED - Cooperation
partnerships in higher education, 2023. It aims to thoroughly
examine the benefits of entrepreneurship education from a variety
of angles, with a focus on students, faculty, and business
professionals. The latter context determines that the current
examination of the AI’s role in entrepreneurship education uses a
limited range of research methods, namely desk research and
review of current studies on the topic. The authors’ standpoint is
that the Al provides more tools for entrepreneurship education but
also leads to various challenges and risk.

The paper structure follows the main purpose and aims of the
research, i.e., after the introduction, the second part presents a
literature review based on current research in the field of Al in
entrepreneurship education. The third section focuses on the
research methodology. The latter serves as the study's framework
and as the foundation for the fourth section, which presents the
empirical findings. The paper concludes with conclusions and
recommendations for future research on the implementation of Al
in entrepreneurship education and its consequences.

2. Literature Review
2.1. Al Transformation in Education

Al has been transforming the education in numerous ways.
The latter include automating instructional tasks, analyzing learning
data, and implementation of more personalized teaching approaches
[4]. In thise regard some researchers conclude that the
implementation of Al can make learning more student-centered and
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equitable [4]. Thus, in general Al contributes to more personalized
and adaptive learning, but also helps in assessments of the students.

Opportunities for More Personalized and Adaptive Learning

Al provides experience that meets the individual student
needs. Through machine learning algorithms and data analytics, Al
systems analyze learners’ strengths, weaknesses, and preferences
and has the potential to adapt everything — the instructions, the
content, etc. [5]. For example, such platforms can modify task
difficulty in real time to keep students challenged without
demotivating them [6]. Such approach allows students to set
learning goals, enhances competence through personalized
challenges, and strengthens the connection with the students by
using such Al tools [7]. There are studies, which how such systems
have the potential to improve academic performance compared to
traditional methods, which is empirically tested [5].

Furthermore, Al makes the learners more engaged through
real-time feedback mechanisms. For example, voice and facial
recognition technologies check student participation and even their
emotional states during lessons. Thus, the educators can adjust their
teaching strategies at the same moment [8]. If a student appears
disengaged, the system might propose to introduce more interactive
content to awake interest. Such adaptational approaches are related
to neuroscience and educational psychology. They aim to ensure
that the methods are in line with needs of the student and the
acquisition of knowledge. Thus, it ensures that the interaction
between learners and teachers is effective [9].

Al Application in Assessments Process

The application of Al for assessment can rely on several tools.
They can automate grading and provide feedback to students. This
can be performed by using machine learning models to grade essays
or generate adaptive quizzes. The latter can reduce tutors’ workload
and improve the consistency of assessment.

Such approach for assessments is transforming the education
by providing a lot of benefits and innovative applications. One of
them is the ability to make the learning experiences more
personalized by adaptive testing. Such approach is based on
developing question with a difficulty and content, adapted to the
individual student needs. The studies show that it imporves the
engagement and performance of students. [10]

Furthermore, automated systems (including Al) assist in
evaluation of assignments and essays, where they can be usefull in
ensuring more consistency and accuracy. Thus, the human biases in
grading can be reduced [11]. Thus, the automation reduces the time
spend and focus more on making the education process more
effective. The real-time feedback is another benefit of the Al
introduction in assessment process. Al can provide immediate
feedback on the students’ performance and receive more focused
instructions for further improvements. [10] Alongside, the ecuators
are able to provide more targeted advice for student’s future work
[12].
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The application of Al in the assessment process provides a
more personalized, efficient, and effective learning. The latter leads
to higher level of material acquisiton and the ability to practical
apllication of the acquired knowledge [13].

2.2. The Benefits of Al for Entrepreneurship Education

The standard approaches in entrepreneurship education have
emphasized on experiential learning through creation of business
plans, competitions and case studies. The introduction of
information and communication technologies (ICTs) creates new
teaching-learning models. Furthermore, Al represents a brand-new
level by providing the opportunity to create an adaptive curriculum
that corresponds to the individual needs of the learner. Chen et al.
(2021) identify three evolutionary phases in teaching
entrepreneurship passive knowledge transfer (pre-2010),
interactive digital tools (2010-2020), and Al personalization (post-
2020).[14]

The Al has also an innovative effect on the entrepreneurship
education. It fosters creative problem solving and thus develops the
innovative thinking and creativity. Furthermore, it creates
environment for experiential learning and more intensive
collaboration among students. From the point of view of skills
acquisition Al helps in the identification of various market trends
and consumer preferences, assisting students in their business ideas
[15]. It also provides support for future entrepreneurs to test their
decision-making skills in a risk-free simulation [16]. Furthermore,
Al contributes to creation of knowledge-sharing environment and
collective creativity, which involves many perspectives and
improves the innovation in its earliest stage [17]. However, such
introduction of Al requires development of Al literacy of tutors and
alongside following any ethical considerations and their latest
changes [15] [16].

2.3. Potential of Specific Al Tools for Entrepreneurship
Education

Generative Al

Generative Al tools, such as ChatGPT, can be utilized in
various ways. On one hand they are very useful in generation of
ideas and creating an interactive learning environment.
Furthermore, the students can test their business concepts,
simulating customer interactions, and even refine pitches through
generation feedback on it. At first glance this may sound like the
students do not need to be creative and think anymore, but studies
show that generative Al improves their ability to critically evaluate
business ideas. Al becomes a kind of tutor for them and stimulates
their creativity, bridging theoretical knowledge with its practical
application [18] [19].

Machine Learning & Big Data

Machine learning and big data learning support future
entrepreneurs in proving them with advanced knowledge and skills
to identify market trends, assess opportunities, and optimize
strategies. They can identify consumer preferences and potential
gaps supporting their decision making [20] alongside allowing them
to allocate resources efficiently and mitigate risks [21].

Chatbots and Virtual Assistants

Such tools assist the students in understanding better the
business planning by automating competitor analysis, financial
modeling, and customer persona development. They can provide
them with access to industry benchmarks and regulatory
requirements. Thus, they reduce research time while improving
accuracy. [22]

Business Simulations and Gamification

Platforms with Al, which create gamified business
environments, provide the future entrepreneurs with an environment
in which very realistic scenarios for virtual companies are created.
In these platforms may be incorporated various challenges like
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supply chain disruptions, business negotiations, problem-solving,
etc. There are also gamification perspectives, which are about
tracking of the progress, rewards, etc. They are proven to increase
interest, engagement and dedication. [23]

Pedagogical Support

There are Al systems which main purpose is to be a kind of
pedagogical partners (for example Edthena). They can provide
feedback on a proposed business plan and teaching methodologies.
They can analyze the submissions of students as well. Furthermore,
these tools can identify gaps and even recommend resources,
supporting the learning process [24].

2.4. Risks and Challenges before the Application of Al in
Entrepreneurship Education

Although Al has great potential in improving entrepreneurship
education, several challenges must be taken into consideration. The
integration of artificial intelligence (Al) in entrepreneurship
education presents significant opportunities but also comes with
substantial risks and challenges.

The most common concern about the introduction of Al is the
potential loss of the analytical skills of humans to make decisions.
This risk comes from Al-driven tools making predictive analysis
and business simulations. This may lead to high level of reliance on
technology compromising their critical thinking and problem-
solving abilities [25]. It also reduces the role of person of
entrepreneur by limiting the nuances of decision making related to
the very specifics of the situations and entrepreneurs’ intuition [26].

Alongside, there are issues related to the algorithms. Als are
“educated” based on historical data, but it can contain biases, which
of course will affect the recommendations and learning outcomes
[27]. Such risks present a high threat to the decision making of the
future entrepreneurs if they fully rely on Al for market
opportunities, funding decisions, or prediction of customer
behavior.

Data privacy is another challenge in the use of Al in
entrepreneurship education. The Als require a lot of personal data to
be able to give back personalized answers. These issues are related
to the data protection regulations [28]. Thus, universities and
educators must take into consideration the data policies to safeguard
student information while using Al.

Last, but not the least any institutional resistance to Al
application is challenge to education. Some of the educators lack
the expertise to use Al as one of their teaching tools [26]. This
requires expertise development to improve Al literacy among
tutors, ensuring that the Al will add to the educational approach and
not substitute it.

3. Methodology of the Research

The current study uses desk research based on a literature
review of the studies focused on the implementation of Al in
entrepreneurship education.

At the first stage we made a list of various studies on the
topics. This includes most recent works (from last five years)
alongside older works, which are relevant to the current state-of-art.
Next, we reviewed the statements and conclusion to identify
similarities in the benefits of Al, but we also searched for
challenges and risks in its implementation. Finally, we summarized
the information under topics and subtopics, represented in the
structure of the paper.

It should be underlined that the current work does not cover all
the studies in the examined area and thus does not state that these
are all benefits and risks in Al application in entrepreneurship
education.
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4. Discussion and Results

ATl’s role in entrepreneurial competency development is
inevitable. It contributes to critical thinking, creativity, and business
planning [29] [30]. It can be applied to enhance teaching strategies
and learning outcomes by using Al-driven tutoring and student
engagement [31] [32]. It has been proven that the use of deep
learning improves student motivation and psychological readiness
[33].

Alongside there are some challenges and Ethical
considerations, which need to be taken into consideration. It may
increase dependence on Al and lead to underestimation of human
intuition in entrepreneurship. More efforts are necessary in insuring
data privacy, bias in Al models, and ethical dilemmas [34].

These have led us to the understanding that Al should not be
solely utilized but there is a need for Al-human collaboration in
entrepreneurship education [35].

3. Conclusion

The integration of Al in entrepreneurship education represents
a significant transformation in how future entrepreneurs are
educated, trained and assessed. The current paper synthesized some
research on the utilization of AI's and its role in educational
strategies, curriculum development and the assessment. The
findings show that Al tools such generative Al, machine learning,
etc. contribute to easier opportunity recognition, simulation of real
business environment and personalization of the learning process.
However, there are serious concerns such as ethical dilemmas,
algorithmic biases, and the risk of over-reliance on automated
systems, which require certain measures.

The study provides a framework on benefits and challenges but
further investigation on various aspects is required to ensure a
human-centric  approach to technological integration in
entrepreneurial training. Future research should focus on case
studies, AI’s long-term impact on entrepreneurial success (as far as
there is data) and the emerging trends in Al-driven business
incubators and accelerator programs.
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Abstract: Energy efficiency is an important part of the EU's ambition to transition to a carbon-neutral economy by 2050. Greater energy
efficiency will be needed in the future if the EU is to achieve this goal. All sectors of the economy have the potential to contribute to energy
efficiency. Consistent energy management helps organisations realise untapped energy efficiency potential. In this way, they will benefit
from cost savings and make a significant contribution to protecting the environment and climate by reducing harmful emissions and carbon
footprints. This study aims to analyse the potential opportunities for businesses to realise savings, gain competitive advantages and achieve
sustainable development and a positive image.
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1. Introduction

Fig. 2. shows the primary energy consumption in EU countries
for the period 2012 +2022. Six EU Member States are experiencing
growth in consumption and need to take urgent measures to reduce

Organizations of various types and sizes are increasingly
seeking to reduce their energy consumption, driven by the need to:

e reduce their costs; primary energy consumption. These are Poland, Bulgaria,
e meet legislative or self-imposed carbon targets; Lithuania, Ireland, Hungary and Croatia. [3], [6]
e reduce their dependence on fossil fuels; EU27 B WBG 2 80K AOE AEE MIE EL 815 FR WHR AT SCY ALY LT 40U WH SNT 8 WL 8 AT HFLAFT 85D S 85K 4F a5t
e improve their reputation as socially responsible oo
organizations; B —
e gain competitive advantages and achieve sustainable [ —
development. -
At the same time, governments are increasingly seeking to limit o Ai—
greenhouse gas emissions from citizens and industries by D ——
introducing legislative measures to encourage carbon footprint '_';
reduction. Among the many indicators for efficient energy o e
management defined by the EU, some of the most indicative are —n
primary and final energy consumption and the energy intensity and il
efficiency of the economy. They are the subject of analysis in this e ——
study. -
2. Analysis of energy consumption and energy [ —
efficiency of businesses in Bulgaria e

In the context of the climate and energy crisis, saving energy is
more important than ever. The European Union has set a target of
reducing energy consumption by at least 11.7% by 2030 compared
to 2020 levels. Final energy consumption

Fig. 2 Primary energy consumption (EU 2012-2022)

Primary energy consumption Final energy consumption represents the energy that is used
directly by end users — households, industry, transport, agriculture
and services. This is the amount of energy that reaches them after
all transformations, transfers and losses within the energy system. It
shows how efficiently and sustainably energy is used in different
sectors and is a key indicator for understanding the real impact of
the energy sector on the economy and the environment. Fig. 3
shows the final energy consumption for the period 2018 + 2022 in
Bulgaria by sector.[4], [6]

Primary energy consumption is the total amount of energy used
by a country, region or system before it is converted or transformed
into other forms. It covers energy extracted from natural sources
that has not yet been processed for end use. This includes raw
energy resources such as coal, natural gas, oil, renewable sources
(wind, solar, water, biomass) and nuclear fuel. Primary energy is
measured before it is converted into electricity, heat or other forms
of secondary energy for end users. This indicator is an important
indicator of a country's industrial development and economic
activity. Fig. 1. shows the primary energy consumption in Bulgaria

for the period 2018 + 2022. After the decline in consumption during -
the Covid pandemic, a trend of increase in primary energy B
consumption is observed. [2], [3] _ _ _ .

BY co!

Fig. 1 Primary energy consumption in Bulgaria (thousand tons of oil Fig. 3 Final energy consumption by sector in Bulgaria (ttoe)

equivalent - ttoe)
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The analysis shows that transport and industry dominate final
energy consumption. The same trend is observed in the analysis of
data for the EU countries in general. [7]

Fig. 4 shows the final energy consumption in Bulgaria by type
of resources for 2023. It reports a decline in all types of energy
resources and energy, except for oil, which remain unchanged.

500 1000 1500 2000 2500 3000 3500 4000

Electricity ® il and petroleum products

Fig. 4. Final energy consumption in Bulgaria by type of resources for
2023.[9]

Fig. 5 shows the final energy consumption of the EU countries
for the period 2012 + 2022. For the analyzed period, an increase in
final energy consumption is reported in Malta, Poland, Ireland,
Hungary, Lithuania, Bulgaria, Romania, Portugal, Croatia, Cyprus
and the Czech Republic. In all other EU Member States, a
permanent decrease in final energy consumption is observed.[4]

MT 37.8%

-11,9% i

5,9% BE
-a.4% [EU2T

-20,0% -10,0% 0,0% 10,0% 20,0% 30,0% 40,0% 50,0%
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. mlU  wHU ®WMT ®mNL ®AT ®PL wPT mRO ms 5 A

Fig. 5 Final energy consumption (EU 2012-2022)

Energy intensity and energy efficiency

Energy intensity is an indicator that measures the amount of
energy needed to generate one unit of gross domestic product
(GDP) of a country or economy. It reflects the efficiency of the use
of energy resources in economic activity. Lower energy intensity
indicates a more efficient use of energy to create economic value,
which is usually associated with higher energy efficiency and
sustainable development.[8]

Energy efficiency is the degree to which energy is used
optimally to perform a particular activity or achieve a given result.
It measures the ability to extract maximum benefit from the energy
resources used, while minimizing losses. Higher energy efficiency
means that less energy is needed to perform the same task, which
leads to resource savings, cost reductions and reduced negative
environmental impacts. Energy efficiency can include the use of
energy-saving technologies, better insulation of buildings and
optimization of production processes.[8]

Energy balance is a systematic record of the energy inputs and
outputs within a given system, such as a country, region or
enterprise, over a specified period of time. It includes information
on the production, import, export, transformation, transmission,
losses and final consumption of various energy resources (such as
coal, natural gas, oil, electricity and renewable sources). An energy

balance is an important tool for analysis and planning, as it shows
how energy is distributed and used in the economy. It helps to
identify  opportunities for improving energy efficiency,
sustainability and dependence on imported energy resources

The energy balance serves as a natural basis for calculating
various indicators of energy consumption and energy efficiency.
One of the key indicators that attracts the attention of economists
and energy analysts is the amount of energy needed to produce one
euro of GDP, known as energy intensity. A lower value of this
indicator means more efficient use of energy to generate one euro of
GDP. Improvements in energy intensity are due to various factors,
such as the transition from an industrial to a service-based
economy, the introduction of more efficient production methods,
the reduction of energy-intensive activities, the closure of
inefficient enterprises and the use of energy-saving technologies.
According to analyses and calculations for 2023, Bulgaria's energy
intensity is about 0.303 ttoe per 1000 euros of GDP (2015 = 100).
In 24 years, this indicator has decreased by more than half — this is a
serious success considering the unprecedentedly high levels from
which the country is starting. Bulgaria is the only country in the EU
whose energy intensity was above 0.600 ttoe per 1000 euro GDP in
year 2000. The economy is restructuring, but this indicator remains
far from the EU average, which for 2022 is 0.098 ttoe per 1000 euro
GDP. [5]

Fig. 6 shows the energy intensity of the Bulgarian economy
during the period 2018 + 2022..
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Fig. 6. Energy intensity of the Bulgarian economy (toe per 1000 euros of
GDP) (2015 = 100)

The ratio between final and primary energy consumption
reflects how much of the energy input has reached the end user after
transformation and transmission. For the first time, this indicator
reaches 57%. The main factor behind this improvement is the
reduction of losses in transformation processes, mainly due to the
lower use of coal for electricity generation. The same indicator for
the EU in 2022 is 75%.

3. Efficient energy management

Energy saving and cost reduction are closely linked, especially
when the organization has a certified energy management system
according to ISO 50001. The efficient use of energy resources is
among the top priorities for every company. The implementation of
appropriate measures is aimed at constantly improving the energy
efficiency and performance of the organization, which at the same
time contributes to climate protection, as well as to:

cost savings through efficient energy policy;

transparent and optimized energy flows;

improved energy balance and reduced harmful emissions;
o use of subsidies or tax breaks, where available.

Each Member State has individual targets for reducing energy
consumption or energy intensity. These targets are set at national
level, taking into account the economic and structural
characteristics of the respective country. In this way, the countries
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contribute to achieving the overall EU target in the field of energy
efficiency.

The country's national target is set in the Integrated Energy and
Climate Plan of the Republic of Bulgaria 2021-2030.[10]

According to this plan in 2030, Bulgaria plans to achieve a
reduction in primary energy consumption by 27.89% and a
reduction in final energy consumption by 31.67%. In terms of the
absolute level of energy consumption for 2030, Bulgaria has set a
target of 17,466 ktoe of primary energy consumption and 10,318
ktoe of final energy consumption.[10]

Based on the average annual final energy consumption for the
period 2016 - 2018, the energy savings to be achieved in the period
2021-2030 and, accordingly, the cumulative energy savings target
to be achieved by December 31, 2030 have been calculated. These
values are presented in Table 1.[10]

Table 1: Annual energy savings in final energy consumption for the period
2021-2030, ktoe [9].

2021 69.2 69.2

2022 69.2 138.4

2023 69.2 74.05 21245

2024 69.2 74.05 74.05 286.5

2025 69.2 74.05 74.05 920 378.5

2026 69.2 74.05 74.05 920 470.5

2027 B892 74.05 74.05 92.0 562.5

2028 69.2 74.05 74.05 920 92.0 92.0 654.5

2029 69.2 74.05 74.05 2.0 92.0 748.5

2030 69.2 838.5

4357.55

74.05 74.05 920 92.0 92.0 920 | 920

Bulgaria takes advantage of the opportunity provided by
Directive (EU) 2018/2002 to gradually increase the target (from
0.7% to 0.92%), with the aim of achieving a cumulative value of
4,357.55 ktoe by 2030. [9], [11]

4. Opportunities to increase the competitiveness
of business organizations by reducing energy
consumption and implementing effective energy
management

Increasing the competitiveness of business organizations by
reducing energy consumption and implementing effective energy
management can be achieved through:

1. Energy efficiency

Investments in energy-saving technologies: Replacing old
and energy-inefficient machines with new ones that have lower
energy consumption.

Improving energy insulation: Reducing energy losses
through quality insulation of buildings, windows and ventilation
systems.

L]

Using energy-saving lighting: Switching to LED lighting
or other energy-efficient solutions.

2. Energy management

Energy management is an organized process that involves
collecting and analyzing energy consumption data, identifying
savings opportunities, and implementing improvement measures.
This approach allows organizations to optimize the use of energy
resources, reduce costs, and minimize environmental impact
through:

e  Creating an energy management strategy: Developing a
long-term plan to reduce energy consumption, including monitoring
and cost analysis.
Implementing energy standards: Certification to
international standards such as 1SO 50001, which helps to structure
and optimize energy management processes.
Using monitoring and analysis software: Installing energy
monitoring systems that allow for real-time tracking and analysis.
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4.1. Importance of energy management

Economic benefits:

Energy management reduces energy costs by using resources
more efficiently and reducing losses. This leads to lower energy
bills and increased competitiveness of organizations.

Environmental benefits:

Optimizing energy consumption reduces greenhouse gas
emissions and environmental impact. This is important for
achieving environmental sustainability and conserving natural
resources. Energy management is a key tool in efforts to combat
climate change and protect the environment. It combines economic
and environmental benefits that work together to create a greener
and more sustainable world.

Productivity improvement:

Improving energy efficiency leads to increased efficiency of
production processes and reduced equipment maintenance time.
Energy management identifies inefficiencies in systems and
suggests solutions to eliminate them, such as implementing more
advanced technologies or automation.

By monitoring and predicting energy needs, unwanted
production interruptions related to energy problems are prevented.
More reliable energy management ensures stability in the work
process and reduces deviations from quality standards.

Energy management often involves the integration of advanced
technologies such as 10T, artificial intelligence, and automated
control systems that improve performance.

Social benefits:

The funds released can be invested in social initiatives such as
education, healthcare and sports, contributing to the general well-
being of society. Energy management helps reduce emissions of
harmful substances such as carbon dioxide, sulphur dioxide and
nitrogen oxides, which improves air quality. Reduced energy
consumption and the use of clean energy contribute to a healthy
environment, reducing the risk of diseases and other health
problems.

Energy management is a critical process for sustainable
development and efficient use of energy resources. Through a
systematic approach that includes data collection, analysis,
planning, implementation, management and  monitoring,
organizations can achieve significant economic and environmental
benefits. Energy management software solutions provide powerful
tools for optimizing and controlling energy systems, leading to
increased efficiency and sustainability.

Energy management applications in various areas, such as
photovoltaic power plants, energy storage systems and electric
vehicle charging stations, demonstrate the broad potential for
improving energy efficiency. Investing in energy management
technologies and systems not only reduces costs, but also supports
environmental sustainability and social well-being. Energy
management is the key to the future of effective resource
management and sustainable development, providing the necessary
tools and knowledge to address the challenges of the modern world.

Good results can be obtained by implementing an Energy
Management System (EMS) in accordance with the 1SO
50001:2018 standard.[1]

4.2. Benefits of energy management

Global competition, clean energy and carbon emission
reduction regulations, and the integration of the European electricity
market are just some of the factors that are increasing the demand
for energy efficiency among industrial companies across Europe.

Accurate and regular reporting of energy consumption is an
important first step in the process of continuous improvement of
energy performance. Energy consumption analysis is extremely
important for the organization, in order to accurately determine
energy performance and identify areas with potential for energy
savings, which lead to justified and effective measures to increase
energy efficiency.
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Companies in various industries see energy management as an
opportunity to reduce operating costs. Despite the differences in the
characteristics and specifics of production in individual companies,
there are common advantages of implementing an energy
management system that are applicable to most businesses:

1. Reducing electricity costs
Increase productivity and competitiveness;

Lower energy bills lead to increased financial stability;
Regular review of energy flows and costs;
Increased planning certainty;
Derivation of energy efficiency measures through the
obtained key energy indicators;
Climate and environmental protection;
Maintaining a good information environment for
employees.

2. Renewable energy sources
Installation of renewable energy systems: Solar panels,
wind turbines or geothermal systems to produce clean energy.
Green energy purchasing: Purchasing energy from
suppliers that use renewable sources.

Implementing renewable energy helps companies meet
regulatory requirements to reduce carbon emissions. Using
renewable energy ensures that the production process remains
economically viable and environmentally safe in the long term.
Managing renewable energy positions companies for success in the
global green economy.

3. Process optimization
Automation: Integration of automated systems for control
of the production process and energy consumption.

Energy rehabilitation: Repair and optimization of systems
and processes to reduce energy losses.

4. Staff training
Conducting training for employees to raise awareness
about the efficient use of energy.

Promoting a culture of energy efficiency
organization.

Creating a culture of energy efficiency can motivate employees
to actively participate in optimization processes, contributing ideas
and solutions. Greater engagement leads to a better work
environment, increases staff satisfaction and reduces turnover. Such
a culture encourages employees to seek creative solutions to
improve processes, which leads to higher productivity and
competitiveness.

5. Financial and tax incentives
Taking advantage of subsidy and grant programs related
to energy efficiency investments.
Cost reduction through tax relief for environmental
investments.

Tax incentives for energy efficiency free up financial resources
that can be redirected to other important areas such as innovation,
marketing or expansion of production. By providing incentives for
the introduction of energy-efficient technologies, companies can
recover their investment faster and continue with new investments.
Financial and tax incentives for energy efficiency help companies
meet increasingly stringent carbon regulations and environmental
standards.

Investments in energy efficiency lead to a permanent reduction
in energy costs, which ensures long-term financial stability. They
allow companies to reduce costs, improve their reputation and meet
global requirements, making them more competitive in both local
and international markets.

6. Energy waste management
Recycling and reusing waste energy.
Converting waste heat into useful
technologies such as cogeneration.

Energy waste management reduces greenhouse gas emissions,
which meets the requirements of sustainable development and
improves the environmental reputation of the company. Reducing
energy waste helps companies comply with environmental
standards and avoid sanctions. Companies that effectively manage

. in the

energy through
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energy waste are perceived as environmentally responsible and
innovative, which attracts customers, investors and partners.
Reducing energy waste leads to permanent savings that strengthen
the financial stability of the company.

7. Sustainability: Smaller environmental footprint and
compliance with regulatory requirements. Sustainability should not
just be a goal, it should be at the heart of all processes and systems
of the enterprise. From reducing the carbon footprint to optimizing
energy use, we all need to be responsible and contribute with our
actions to achieving sustainability goals.

8. Improving image: Organizations that implement sustainable
practices are perceived better by customers and partners.

9. Innovations: Process improvement leads to the introduction
of new technologies and increased productivity. Energy-efficient
machines and equipment are often more innovative, more reliable
and faster, which increases productivity.

5. Conclusion

Through a strategic approach to energy management, businesses
can not only reduce their costs, but also improve their
competitiveness by meeting the demands of the modern market.
Efficient use of energy leads to real benefits: reducing resource
consumption and the associated reduction in energy costs provide a
significant competitive advantage. In addition, energy efficiency
stimulates new business models, innovative technologies and
services that can provide additional market advantages.

Energy efficiency is not only a measure for reducing costs, but
also a strategic tool for increasing market share, improving
sustainability and building a positive reputation of the organization.
This makes businesses more competitive in the long term.
Companies that demonstrate a commitment to sustainable
development through energy efficiency are perceived better by
customers, investors and partners.
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