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Possibilities of using an autoencoder network in the failure state recognition

Ivan Kurigl, Daria Fedorova®, Vladimir Stenchlak®, Michal Bartos*, Martin Bohusik®, Andrej Bencel*
University of Zilina, Faculty of Mechanical Engineering, Department of Automation and Production Systems®
daria.fedorova@fstroj.uniza.sk

Abstract: Approaches to machine and equipment maintenance based on data analytics and artificial intelligence are trending in modern
manufacturing. These methods are used to predict the remaining useful life (RUL) of equipment and thus enable forward maintenance
planning. However, for predictive maintenance systems, it is also necessary to detect anomalies in operation and classify the occurring
errors. Classical approaches of supervised machine learning are often in this case unusable because those methods require a large amount
of run-to-failure data (R2F), which is often not possible to collect due to the undesirable character of failure states in the manufacturing
process. The paper presents and tests several methods of detecting device fault states using an autoencoder network, which offers a

beneficial solution in the case of the unavailability of R2F data in the system.
Keywords: PREDICTIVE MAINTENENCE, AUTOENCODER NETWORK, FAULT DETECTION, DATA RECONSTRUCTION

1. Introduction

In modern production, with the increase in production capacity,
the requirements for manufacturing process productivity are also
increasing. However, maintaining the productivity of the production
process is only possible with a fault-free operation process of all
machines and equipment that are included in the observed
production process.

Keeping the operability and the fault-free state of the equipment
is the task of maintenance. There are many maintenance strategies,
which are divided according to the time of performing (pre-failure
or post-failure maintenance), the level of intervention (full repair or
partial repair), or also based on the time intervals of execution
(systematic, conditional, or planned) [3]. This research is focused
on predictive maintenance (PdM) as a modern maintenance trend.
The goal of this approach is to increase uptime, reduce maintenance
costs, and improve safety by identifying and correcting potential
problems before they cause a breakdown or accident.

Using sensors, data analysis, and machine learning algorithms,
PdM can provide real-time information about the performance of
various components of systems. By collecting and analyzing data on
factors such as temperature, vibration, and noise levels, predictive
maintenance algorithms can detect early warning signs of
equipment failure and alert responsible persons. Also, an important
task of PdM is the detection and subsequent classification of
abnormal device states and the definition of condition indicators
(Cls).

Commonly used machine learning algorithms include NAR and
NARX neural networks [4,9], convolutional neural networks [6,7],
LSTM networks [1], and hybrid approaches [2]. However, these
algorithms belong to the group of supervised learning algorithms,
for the training of which a large amount of labeled data, which
contains possible faults and errors in the operation of the observed
device is required. That could be a problem if the observed system
starts to become more complex and contains many possible fault
scenarios.

Based on the analysis of existing research for the solution to the
given problem, it was investigated the possibility of using an
autoencoder for anomaly detection in the operation of the test
equipment.

2. Training and experimental data

Training and experimental data were collected using equipment
developed for testing prediction models. The scheme of the testing
device is shown in Fig. 1 The device essentially consists of a
hydraulic circuit with the ability to heat and pump the working
fluid. A set of sensors placed on the device allows sensing of the
fluid temperature at three points in the hydraulic circuit, the
temperature of the heat exchanger, the flow rate and pressure in the
system, and the electrical current and voltage in the electrical
circuit. The device is also equipped with an ambient temperature
and air humidity sensor for the possibility of investigating the

influence of external factors on the operating characteristics of the
device.

12v
NO pump NO heating
element switch ®
o
Heat exchanger %
—_ 3
- ©
@
o}
T ! GND

Liquid Tank e
Fig. 1 Scheme of the testing device

The control of the working cycle is realized by the Arduino
UNO microcontroller. Data acquisition is realized by Arduino
MEGA microcontroller with a frequency of 1 measurement every 5
seconds.

Since the proposed neural network should act as an anomalous
condition detector in the device operation, the training dataset
contains only error-free data. In the context of the present work,
error-free data means data while sensing of which there was no
abrupt change in the behavior of any of the 10 sensed parameters.

To test the proposed model, it were used two test datasets. Firs
dataset contains error-free data and would be applied for testing the
ability of the autoencoder to reconstruct the correct waveform of
value changes for the new data. The second dataset contains data
that are affected by a change in the climatic conditions of the room
where the equipment is located. This dataset would be used for
evaluating the ability to detect anomalies.

The slight temperature differences at the beginning of the data
collection are explained by the 1-2°C differences in ambient
temperature at the beginning of the equipment run on each day that
the data collection took place.

3. An autoencoder model

Autoencoders (AEs) are the unsupervised learned type of
neural network whose primary applications are data compression
and dimensionality reduction. However, some studies [5,8] show
that AEs can be also implemented as anomaly or fault detectors in
machinery.

Autoencoders are trained to learn a compressed representation
of input data and then can reconstruct outputs based on only a
compressed representation of data. The input to the autoencoder is a
fault-free sequence of one or multiple sensor data, and the output is
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the same sequence but reconstructed by the decoder. This way
during the training process, the autoencoder learns to reconstruct the
normal operating conditions of the machinery. During training, the
autoencoder learns to reconstruct the normal operating conditions of

the machinery.

Latent
data
representation

Input Layer

Q QO

J19Ke7 Indino

O

X,

O

Encoder Decoder

Fig. 2 Basic autoencoder architecture

As it is shown in Fig. 2, schematic autoencoder architecture
consists of 3 main parts: encoder, decoder, and compressed latent
representation. The latent representation or bottleneck forces a
neural network not only to copy the input but to learn only the
specific features of data which are useful for the next data
reconstruction. Once the autoencoder is trained, it can be used to
detect anomalies in the sensor data. When new sensor data is fed
into the autoencoder, the output of the decoder will be different
from the input if the data contains an anomaly.

2. flfe. gl
Lm ] ®HJQ

Output

Input

L

Fig. 3 Proposed network architecture

In this paper, we proposed an autoencoder model in MATLAB
software. The model is shown in Fig. 3. It consists of 3 layers: 5
neurons bottleneck layer, 10 neurons input layer with a logistic
sigmoid transfer function, and 10 neurons output layer with a linear
transfer function. The neural network was trained on the fault-free
dataset with 10 input features and 5633 samples corresponding to
7,5 hours of real-time measurement.

4. Evaluation of the purposed autoencoder
network

After training the neural network, the ability of the autoencoder
to reconstruct already-known data was first tested. Some
reconstructed features compared to the original data are shown in
Fig. 4.

As it can be seen in Fig. 4 (a-c) the neural network can
reconstruct the known data with the repeating character of the
pattern with good accuracy. For data with a more complex nature of
change over time (ambient temperature, Fig. 4d) the reconstruction
is a more difficult task since it is difficult to estimate the nature of
the change in this parameter. Thus, it is possible to say that the
architecture of the autoencoder is adequate and the neural network
works correctly.

The next step is to test the ability of the superimposed
autoencoder to predict data that was not part of the training. To

assess the accuracy of the reconstructed data, it was used the MSE
(mean squared error) function.

The next step is to test the ability of the superimposed
autoencoder to predict data that was not part of the training. To
assess the accuracy of the reconstructed data, the mean squared
error (MSE) function was used.

a) b)

Input (training data) Output temperature (training data)

Original data
Predicted data

2

34
32
a0
28

500 1000 1500 2000 2500 3000 3500 4000 4500 500

c) d)

Ambient temperature (training data)

1000 1500 2000 2500 3000 3500

Heatchanger temperature (training data)

Original data

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000

Fig. 4 Reconstruction of training data features a) Input temperature; b)
Output temperature; c) Heat exchanger temperature; d) Ambient
temperature

First, the autoencoder was tested for prediction on the new
error-free data. The test error-free dataset contains 5419 samples
and 10 features. Reconstruction plots for the same 4 features are
shown in Fig. 5.

a)

b)

Output temperature (OK)

Input (OK)

— Original data
Predicted data

500 1000 1500 2000 2500 3000 3500 s00

c)

Heat exchanger temperature (OK) Ambient temperature (OK)

1000 1500 2000 2500 3000 3500 4000

d)

90 [[———Original data
|

0 500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500

4000

Fig. 5 Reconstruction of no-error data features a) Input temperature; b) Output

temperature; c) Heat exchanger temperature; d) Ambient temperature

Next, the model input was fed with data that may be perceived
as erroneous. In this case, the error appeared in the premature
cooling of the working fluid due to the external environment. This
error is mainly seen in the variation between the input temperature
and the ambient temperature (see Fig. 6). The dataset containing the
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anomaly contains 5523 samples. The values showing anomalous
behavior are between 3700 and 3800 measurement steps.

[ e .

I ARAARARE AARARERR A T,
ATV

L

=

Fig. 6 Anomaly in feature patterns behavior

The sphere of interest of the model behavior, in this case, is
whether this error is reflected in the sign of the parameter sensing
waveform and in the computation of the model accuracy metric.
The result plots of the prediction on the error data for inlet and
outlet temperature, heat exchanger temperature, and ambient
temperature are shown in Fig. 7.

a) b)

Input temperature (NOK) Output temperature (NOK)

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

c) d)

Heat exchanger (NOK) Ambient temperature (NOK)

P iy {‘ 27 M""‘”"M"“"’\
|

‘ ——— Predicted data ‘

-

W
L |

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Fig. 7 Reconstruction of anomaly data features a) Input temperature; b) Output
temperature; ¢) Heat exchanger temperature; d) Ambient temperature

The calculated MSE metrics for each parameter and dataset are
shown in Table 1.

Table 1: Mean-squared error metrics

Input Output Gl Ambient
exchanger
temperature temperature temperature temperature

Training

Rl 0.1755 0.1911 0.1914 0.0779

’\:j"'e”or 0.7863 1.8765 1.0808 1,5030
ataset

A;jnoma'y 0.8643 1.3275 0.7792 2.8067
ataset

5. Results and discussions

In this paper, 4 parameters of the test equipment were
monitored: the temperatures at the input and the output to the heat
exchanger, the temperature of the heat exchanger, and the ambient
environment temperature.

The superimposed neural network was tested on two test
datasets, one of which contained examples of the anomalous
behavior of the system. As it can be seen in Fig. 4, Fig. 5 and Fig.
7(a-c) the presented autoencoder model shows good results when

reconstructing the dependencies between parameters on the new
data. The success of the model is mainly shown when
reconstructing a signal with a repeating pattern (inlet, outlet, and
heat exchanger temperatures). The performance of the ambient
temperature reconstruction is low (see Fig. 5d, Fig. 7d) as this
parameter is generally difficult to predict and estimate.

The ability of the model to detect anomalies can be seen in Fig.
7(a,b). If there was an unexpected change in the waveform of the
basin data, the waveform of the predicted value also changed its
behavior for the parameters on which the anomalous behavior was
occurring.

The occurrence of an anomaly is also indicated by an increase
in the MSE value compared to the error-free dataset (see Table 1).
The decrease of the MSE value in the anomalous dataset for the
outlet temperature and heat exchanger temperatures can be
explained by external conditions. Each of the datasets used was
collected on a different day and the same climatic conditions could
not be ensured in the location where the data collection took place.

6. Conclusions

Development and improvement of the proposed model would
be possible by training the model on a larger amount of error-free
data to cover a larger range of temperature parameters. The
accuracy of prediction and detection of anomalies could also be
improved by using the ambient temperature as a complementary
parameter, increasing the overall accuracy of the model. The exact
influence of this parameter on model accuracy is the subject of
further research.

The ability to detect anomalies is powerful when R2F data are
not available and provides an opportunity to estimate indicators of
non-failure operating conditions. With the availability of data on
errors and anomalous device states, the purposed model can be
combined with classifier layers to classify existing anomalies.
These factors show that autoencoders have perspectives for use in
predictive maintenance tasks.
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Management of innovation processes in the organization
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Ekonomicka univerzita v Bratislave, Slovensko®
nagibullah.daneshjo@euba.sk, robert.rehak@euba.sk, peter.drabik@euba.sk

Abstract: In the changing business environment and the global understanding of the market environment, the driving force of which are
increasingly demanding customer requirements, the growth of supply and services, higher competition, technological development,
globalization of business, innovation is a means for the implementation of constant changes. Nowadays, success is achieved by integrating
innovation into business processes, and creativity of human resources in various professions, for example, technologists, designers,
economists and optimizers, which is replaced by innovation engineers, business and marketing innovators, thought innovators, innovation
managers, etc., is also important for productivity support.

Strong and agile companies thus gain a leading position on the market. By connecting the knowledge of employees, innovation strategy and
business management, a management model of the innovation process was created, which takes into account the diversity of types of
organizational structures of enterprises and uses the elements of the innovation climate of the enterprise. An important part of managing the
innovation process is determining the elements of the innovation climate, through which innovative ideas from employees are supported and
their dissemination and implementation. They must be managed on the basis of the chosen type of organizational structure of the company.
By properly setting the elements of the innovation climate and aligning it with the organizational structure, enterprises can manage their
processes and get more innovative ideas for implementation, thus increasing their innovation performance and achieving better
competitiveness in the market.

Key words: INNOVATION PROCESS, INNOVATION STRATEGY, COMPETITION, GLOBALIZATION, INNOVATION ENGINEERING

1. Introduction management system for innovative development in companies,
The basic premise of a successful company is its constant improving the quality of the innovation process in companies and
progress against the competition on the market, it follows that the increasing their investment and innovation attractiveness.
innovation process in the company is one of its key attributes.
The manager is responsible for the innovation process in the 2. Methodology of creation and management
company, who must consistently pay attention to which decisions of innovation processes of the organization

are beneficial for the company and, conversely, which decisions
can lead the company to decline and loss of prosperity. The
effectiveness of management decisions lies in how intensively
and successfully they can respond to the needs of the market and
the current state of the company's environment. The preparation
and gradual implementation of innovative changes is called the
innovation process. Its result is innovation as a realized, used and
above all positive change. The task of innovation processes is to
purposefully influence the reproduction of all business in
accordance with the growing needs and demands of the customer
and the market as a whole. The innovation process is the process
of creating and spreading innovations. We understand innovation
ProCesses _in bu§iness act_ivities as . implemeotat!on of industry, size of the company and length of time on the market
individual innovations or their sets, which ensure quantitative and etc.

qualitative changes in products, processes and the structure of the CoT Tt T '

production and technical base with all economic and social | MANAGEMENT

contexts. Innovation processes penetrate deeply into the :

production-technical structure of the business sphere and thus
into the process of its reproduction. For example, a new
technology of any nature in industry usually affects the relevant

The analysis and synthesis of theoretical knowledge
serve as the basis for the creation of a general model of the
creation and management of innovation processes in the
company. The starting model for the creation and management of
innovation processes in the company (Fig. 1) is also based on the
analysis of other models and practical studies and is a general
model that can subsequently be elaborated in more detail on the
basis of findings from primary and secondary research. From the
analyses of theoretical knowledge so far, it is clear that in each
type of business there are specific conditions that must be taken
into account when creating and managing innovation processes
(Fig. 2) and they often change depending on the sector, type of

branch of engineering and electronics and causes a certain need Emergence Innovative idea Opportunities
for raw materials and energy, is associated with investments, of the need - Analysis of the > - Feasibility
movement of labor forces, which further causes a chain of needs. extermal and internal - Efficiency
In a broader sense, innovation processes are also large programs environment

and projects of economic development, scientific research

activity, significant actions that affect the entire business process

arf1d_ the reE[)_roductlve process within it. In prz;ctlce,_ the m?_ln place Business plan Production Development
of innovation processes are companies, where innovations are - i .

. . A A - Marketin < RIERAIETCI] <«— - Construction
implemented in products, technologies and other activities. plan g - Technologies used

Creation and management of innovation processes are fully 9 - Prototyp

innovation process is not random. It is controlled by a specific
project or program linked vertically and horizontally in the
sphere of implementation.

Implementati
. - . on
Improving the management of innovative development .
L - . . . - Production
in industrial enterprises includes the creation of a new market
infrastructure that would stimulate and support this mechanism, - Market entry

as well as perform its direct control. Therefore, the problem of
rational and effective use of innovative products is of particular
importance in the current socio-economic conditions of our Fig. 1 Initial model of creation and management of innovation processes
country. It also requires the latest approaches to building a in the company

|
|
|
|
|
|
|
|
|
|
|
|
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Fig. 2 Basic model of process innovations

Innovation is not only the use of high technology, but also a
change in the field of managerial decisions. In order to realize
most of the tasks faced by the enterprise, it is necessary to
reorganize the enterprise management system on the basis of new
management technologies. A company that wants to work
flexibly inevitably comes to the need to use innovative
approaches. Its essence lies in the creation of such a company
management structure in which the personnel is embedded in the
business process, which ensures the quality production of the
product. Project management methodology plays an important
role in building such a system. For this, it is necessary to develop
a management system, the basis of which is the breakdown of a
complex process into simple components based on a project
approach and the construction of a kind of "pipeline” of
management. This has a significant impact: work becomes more

purposeful, requirements for personnel qualifications are
Emarzence. of
v il ldea s Oppormuy
® Apahs o + Beasliliy
el awd - Bk
stETal Besmetions
SR Tie Blas
& Zungpskase 3
INNOVATIVE CREATION
Business Eusiness olan 4_7[ Eroduciion o Oeclmma
manageme menaston [V pey
nt
. + Conamiction
i TR Tﬂ;&f% | Prototyp Feedhack
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s
L SKstem
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lmplemeniation.
« Praductinn
+ Emmitate
Taken.
* Deeloraent
PENETRATION OF INNOVATION
LEARNING OVER TIME

Fig. 3 Model of creation and management of innovation processes
in the company [1] [2]
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reduced, labor productivity rises sharply, and the rate of errors is
reduced. When designing a model for the creation and
management of innovation processes in the company and based
on the analysis of the state of the problem, it is necessary to take
into account the following criteria [3]:

1. Openness: Flexible work with innovations that come to
the company from an internal or external environment.
Unused innovative ideas are registered for their possible
future use through the corporate information system.

2. Cooperation: an innovation process enabling cooperation
with interested parties, which significantly contribute to the
improvement of the innovation process and the emergence
of successful innovations. These are, for example, research
institutions or universities.

3. Management elements: the course of the innovation
process in the company should be effectively managed using
basic managerial functions.

4. Learning from innovation: the innovation process should
enable continuous improvement of its management based on
learning from the implementation of the innovation process
over time.

5. Feedback: on the individual stages of the innovation
process, from which the company can take lessons.

6. Creative thinking: supporting the generation of innovative
ideas. Emphasize creativity and creative thinking already
when selecting employees and constantly support the
development of creativity, for example through training.

7. Information support of the innovation process: provision
of necessary information to responsible persons at the right
time in the right place.

The proposed model supports working with innovative ideas,
which the company acquires through stakeholders and most often
from customers, employees and competitors. The proposed
model is divided into three phases: creation of invention, creation
of innovation, penetration of innovation and the result is
innovation as a realized and used change.

The proposed model of creation and management of
innovation processes in the company takes into account attributes
such as management of the innovation process, openness of the
innovation process in relation to interested parties, the ability to
learn from the results of the individual phases in which creativity
and feedback are applied.

3. Generating ideas during the standard
innovation process

Based on the findings, the generation of innovative creativity
ideas during the standard innovation process can be described in
detail. R&D employees and group managers have the freedom to
pursue their own ideas. If e.g. ten ideas, management will decide
on the winning idea according to criteria such as exceptionality,
feasibility and potential. Some ideas generated within the
department may be presented during an appropriate event. Ideas
are generated individually or in teams, and teams are usually
from the same department and belong to the same work group.
The idea generation process contains several stages and
milestones and is a traditional stage-gate process (stage-gate
process also referred to as stage-gate process or waterfall process
is a technique that is initiated by the needs of the project (for
example, the development of new products, development
software, process improvement ,business exchanges, etc.) that is
created either on the basis of new scientific discoveries or on the
definition of needs by the market. Process research and
development employees generate ideas all the time. If they have
an idea, they can promote it only by direct contact with research
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and development employees [34, 48]. On the one hand, ideas can
come from a specific form of professional training of workers.
Efficient and motivated R&D employees thus complete specific
training and can work in other departments. These employees are
selected by the management. The person concerned from the
R&D department will participate of this program and provide
feedback about it. On the other hand, management can organize
creative meetings with workers and allow R&D workers to have
an environment to develop their own ideas. Therefore, ideas and
innovations come from three different ways of the standard
innovation process:

1. Top-down (top-down) (market pull or science
pressure).

2. Expert training.

3. Creative meetings.

Ideas can be implemented into the product development
or innovation process. A study may be developed to obtain
additional knowledge if the potential of the idea is not clear or if
the idea is not directly related to the product. One possibility is to
do a feasibility study, which starts with the aim of proving the
potential of the idea. Idea generation in the standard innovation
process focuses on exploration and exploitation. From top to
bottom, ideas are more on the exploitation side because they are
based on the customer's wishes or have demonstrated very high
scientific potential. On the other hand, research is the goal of a
creative meeting and expert training. A standard innovation
process is shown in Fig. 4.

From top to the bottom
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'

===
'
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'
'

Product
modification

Creative
meetings
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Fig. 4 Standard innovation process

Fig. 5 shows the process of spreading ideas and ideas
within the framework of innovative creativity and the standard
innovation process.

Innovation is an integral part of the development of a
modern enterprise. Many new goods and services appear on the
world market every day, but the average lifespan of some of them
is very short. Buyers don't recognize them and they disappear
from the market as quickly as they appeared. This means that
they were not considered innovations, although they were new
products based on interesting and original ideas. It is well known
that goods and technologies have a limited lifespan. Due to its
characteristics, innovative activity should be organized separately
from the main production processes. In any case, it is necessary
to strive to ensure the organizational flexibility of an innovative
company.
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Diffusion or Diffusion or
expansion expansion
gl d | - |-
- - Ll »
Standard and Standard and innovation
innovation process

process Innovative
creativity

Fig. 5 Spreading ideas or ideas

4, Conclusion

The area of creation and management of innovation processes
in the company is an increasingly discussed topic in the field of
innovation. Innovations contribute to increasing competitiveness,
higher sales of products or higher efficiency. If a business is
really interested in innovating a product or service, it must first
thoroughly examine its own processes, despite the fact that
finding new products or services is more exciting. It is a common
phenomenon that many parts in organizations need reengineering
of company processes. The creation and management of
innovation processes is a very important role for the company
and its economic and social growth. Business managers are
increasingly becoming aware of the importance and importance
of innovation.

Product innovations represent shifts in the competitive
position, which nowadays can result in a leading position in the
market, even in the entire industry. In order for businesses to be
successful in the long term, it is essential that they use their
innovation potential to the fullest. Problems often arise that
companies often encounter, such as insufficient use of innovation
opportunities, the absence of a comprehensive model for the
creation and management of innovation processes, the absence of
a comprehensive systematic methodology for the creation or
management of innovation processes. Therefore, the innovative
activity of the company is considered a necessary condition for
its growth and competitiveness in global markets. Increasingly
demanding customer requirements, increasing competition,
technological development and globalization in a changing
business environment are becoming a driving force for
innovation.
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Risk Driven Design of Technical Product
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Abstract: Technical Products that companies put on the market must be competitive and must find their way to the customer or the customer
must find their way to them. In the vast majority, these are new products or innovated existing products that can offer the customer added
value compared to the competition and, above all, induce in him the desire to purchase the product and not just include it in the selection of
other competitive products. During the development process of these products, it is necessary to take into account the entire life cycle of the
product and not only its operational functions and other operational characteristics, which is quite often neglected. There exist a lot of
engineering design methodologies, methods and/or tools implemented in guidelines and standards which help engineering designers to
innovate products and to reduce constructional, safety, environmental, etc. risks of Designed (future) Technical Products. Their common
feature is especially high dependence on specialized experience of their users, time consuming, and their mutual both conceptual and
terminological inconsistency resulting in very difficult compatibility with engineering designing itself.

Keywords: RISK, INNOVATION, EDSM, THEORY OF TECHNICAL SYSTEMS

methods and methods for risk analyses and elimination as
obligatory procedure in several industrial branches when designing
The issue of innovation is a current global topic and is one of ~ Technical Product. Risk analyses are requested often because of
the key factors for a company's success on the market. It must be  certification process mostly by public authority i.e. Chemical
remembered that if "we (our business) don't do it, someone else  industry, nuclear engineering, automotive, healthcare,...
will". Product life cycles are constantly shortening, new products
must be introduced more and more often. The previously usual
"development push (PUSH)" approach is changing to "market pull
(PULL)". PULL innovations are those innovations that should be
introduced to the market to gain an edge over the competition. A
"PULL" innovation can be created by timely and appropriate The instructional strategy is based on guidelines, rules and
prediction of properties on an existing (current) Technical Product, recommendations leading to the solution of the innovation
and based on this prediction, a qualitatively better product can then assignment. These guidelines are based either on standards,
be developed. Practice initiates innovation only in relation to  company guidelines or are created in the form of methods or
operation. Therefore, traditional innovations are mainly focused on methodologies.
improving operational functions.

1. Introduction

The above and other well-known innovation methods are
mainly based on an instructive (“directive”) strategy of using
knowledge with a significant use of the intuitive strategy, or and the
trial-error/success strategy (Fig. 1) [5]:

Intuitive strategy is based on the use of (irreplaceable, but in

The Technical Products that companies put on the market must any case limited) expertise and experience of innovation solvers.
be competitive and must find their way to the customer or the
customer must find their way to them. In the vast majority, these are
new Products (or innovated existing Technical Products) that can

The trial-and-error/success strategy is applied without the use of
rules, experience or methods and is based only on chance (trials).

offer the customer added value compared to the competition and, By using a theoretically based strategy based on the knowledge
above all, induce in him the desire to purchase the product and not  "map" of Engineering Design Science (EDS) [5], it is possible to
just include it in the selection of other competitive products. During implement a "theoretical base" in all mentioned traditional

the development process of these products, it is necessary to take  strategies of knowledge support for innovation and use it to make
into account the entire TS(s) Life Cycle of the Technical Product the relevant innovation methods, which are at most at the

and not only its operational functions and other operational  jnstructional level, more effective strategy. All of the above-
characteristics, which is quite often neglected. mentioned  strategies (i.e. trial-and-error/success,  intuitive,
. instructive) can be incorporated into the strategy of technical

2. Problem formulation systems theories based on EDS, and based on this, they can be

optimally combined during the new product development process,

At the beginning it was necessary to map and analyze at a basic which is highly effective.

general level the issue of technical product innovations with the aim
of identifying options for increasing their effectiveness and, within i
the limits of possibilities, effectiveness. In the professional

literature, one can find a large number of methods whose goal is . EDS
higher efficiency and quality of the new product development B
process and improvement of either the entire innovation process or EDSM

some of its parts (Fig.1). Some methods can be used for the entire
process of technical product innovation (from the initial idea to the
launch of the product on the market), some can be used only for a
part of this process, e.g. the construction process. There is also
problem to avoid risk situation(s) of the Technical Product in their
Life Cycle (LC) generally.

In the professional literature[8,9], one can find a large number
of methods whose goal is higher efficiency and quality of the new
Technical Product development process and improvement of either
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(from the initial idea to the launch of the product on the market),
some can be used only for a part of this process, e.g. the Design
Engineering Process. The goal of our paper is to present
methodology which was created as synthesis between innovation

. 1 Taxonomy of methods suitable for Innovations from the level
of its Knowledge support [modified 5 by authors]
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3. Theoretical Background

The basic theoretical structure, which is based on the Theory of
Technical Systems to Structures [Hubka & Eder 1988, etc.] is a
model of an (artificial) transformation system (TrfS) with a
transformation process (TrfP), see Figure 2. This model generally
expresses that each activity (e.g. technological operation Tg) is a
transformation of a transformed object, marked as OPERAND in a
certain input state to OPERAND in a desired state at its output,
which is achieved by direct or mediated by the effects of
OPERATORS, i.e. the effects of Humans (HuS), Technical Systems
(TS), Active and Reactive Environment (AREnv), Information
Systems (IS) and Management Systems (MgtS) on the transformed
OPERAND.

ACTIVE & REACTIVE ENVIRONMENT GENERAL ENVIRONMENT
AREnv

Navigation system \ TifS boundary
[t TECHNICAL | (INFORMATION’ MENT [Cogens
LIVING SYST. || ~SYSTEMS SYSTEMS SYSTENS S
humans, anmets. .. || rangbie workmears) ||| (s it || imom 5w stoem) | Feed e}
Hus s s gts backs whor

Execulive system ME |
OPERATORS

Effects
OPERAND i change of e opererd OPERAND

e T n oulp. state Oul

P. tate Inp i use ofthe selecied lechnoiogy Tg
[
Secondary nputs Secondary outpuls

TRANSFORMATION SYSTEM TrfS
witin space and tme SpT

Fig. 2 General Model of Transformation system with
Transformation process [4]

TS Life Cycle (LC) structuring can be performed according to
various aspects (e.g. according to the place of implementation,
according to development phases, or cost aspects, sales phases on
the market, etc.), but for the needs of designing of TSs their
distribution according to dominant transformations - transformation
processes (TrfP) [5]. Using the general model of the Transformation
system (TrfS) (Fig. 2) with its transformation process (TrfP), a
general model of the life cycle of a technical product can be
illustrated [2,3,4] The individual stages of the general life cycle of
TS are modeled by a serial arrangement of individual stages
expressed using these models.

TS life cycle is shown in Fig. 3, is distinguished by index (s)
from other technical systems in individual stages. TS (s) is in the
initial phase in the form of information (dashed flows), starting with
production it is transformed into a material / material form (full
flows). TS (s) has mainly the function of an operand, but in the
operational /working phase it becomes an operator (with the
exception of assisting maintenance and repair processes, when it
temporarily becomes an operand). The resulting TS must meet all
the requirements for its properties in terms of the entire Technical
Product Life Cycle (from planning to disposal) [5].
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Fig. 3 TS(s) Life Cycle stages as a sequence of the key
transformation processes (TrfP) and respective transformation
systems (TrfS) [7] => [2,3,4] => [5,6]

From analysis of the generalized TS(s) LC model (Fig. 3) with
proven systematic structure, it transparently shows that the carrier
of RIE/S| in general, could be the following typical Object (sub)
systems (ObjS):

- assessed TS (s) (i.e. reliability of TS (s) in its whole LC of
TS(s), which is in professional publications, including standards,
etc., moreover only with implicit or even explicit focus only on
operation TS (s))

- TS (s) & YHuman/Living Being Systems assessed (i.e. safety
of TS (s) for humans and other living beings throughout the LC TS
(s)), which is often incorrectly labeled in the professional
publications, including standards, “only “as safety against injury /
death during the operation of TS (s), moreover only with an implicit
or even explicit focus only on the operation of TS (s))

- assessed TS (s) & Yother TS (i.e. safety of TS (s) for other
tangible work equipment in the whole life cycle of TS (s), which is
not mentioned in professional publications, etc.)

- assessed TS (s) & Y Management systems (i.e. safety of TS (s)
for management systems in the whole life cycle of TS (s), which is
mentioned in professional publications etc., very unsystematically,
mostly only with a focus on strategic organization management)

- assessed TS (s) & Y Environment (i.e. safety of TS (s) for
working, natural and space environment in the LC of TS (s), which
is mentioned in professional publications, incl. standards, but not
systematically)

- assessed TS (s) & Y Information systems (i.e. security of TS
(s) for information systems in LC of TS (s), which is mentioned in
professional publications, including standards, very
unsystematically, mainly only with a focus on cybersecurity etc.)
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Fig. 4 EDSM based knowledge “maps” for R|E/S| identification
in the LC stages of TS (s) for Object Systems) TS (s) (left), TS (s) &

> HusS (right) [1]

4, Conclusion

Technical product innovations are a very current topic, as the
success of their solutions determines the success and failure of
individual companies. It can be assumed that with the use of
knowledge based on the already successfully validated knowledge
of Engineering Design Science based on the Theory of Technical
Systems (EDSM-TTS) it will be possible to effectively develop and
validate improved, possibly and qualitatively new innovative
methods for highly creative and at the same time systematic design
of innovative technical products with a higher utility value while
maintaining optimal proportions: achieved quality - spent costs -
spent time.

Further work will mainly be focused on the issue of disruptive
innovations, which today represent the current strategy of technical
product innovations and their marketing. These innovations focus
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on solving current problems of existing technical products. The next
expected direction of work will therefore also be focused on the
rational initiation of these disruptive innovations. In doing so, the
use and development of the aforementioned developed software tool
is envisaged to support the specification of requirements and to
assess their fulfillment (SP&HA). As mentioned, disruptive
innovations are mainly focused on eliminating weak points
(functions and other properties) of existing technical products,
which can be effectively and efficiently detected, analyzed and
evaluated with the help of this SW tool.

To improve them, it will be possible to effectively use the
existing knowledge and DfX (Design for X) methods, which today
already cover a wide range of knowledge for achieving the required
specific properties of technical products during their construction.
Above mentioned methodology as a support tool for designers and
employees of related engineering professions, who can
comprehensively or even partially use it as feedback and control of
their design activities and use this knowledge in building their own
"knowledge map", which each designer creates during their practice
was presented. It brings the opportunity for users use it as an
effective tool for innovation and building own portfolio of
knowledge, for experienced (so-called senior designers) the
methodology can offer a different "perspective” on predicting the
risks of technical products and confirming or refuting their routine
approaches. The above presented methodology allows to perform
risk prediction and analysis for object systems TS (s) & Y HuS, TS
(s) & XTS, TS (s) & YEnv, TS (s) & YIS and TS (s) & >MgtS in
all considered stages of the Life cycle of the designed TS or even
existing TS[6].
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ON SOME ASPECTS OF THE ANALYSIS OF URBAN MOBILITY
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Abstract: Most of the individual activities, including the daily transport activities of citizens, generally exhibit a combination of changing
and common behavioural models. The existing limitations of the models used to design optimal routes and timetables for public transport
based on the actual demands and needs of citizens are widely discussed in the scientific literature. The purpose of the article is to consider
possible approaches to the analysis of urban mobility in the context of innovations related to the potentials of creating big datasets on the
mobility of GSM connected mobile devices by mobile network operators in the context of the requirements for protecting the personal data.
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1. Yeoo

BBp30TO pa3zBuTHE Ha TEXHOJIOTUUTE 32 00Ia4eH KOMIIOTUHT U
CBBpP3aHUTE C TOBA Bb3MOXHOCTH 32 Ch3[]aBaHE U aHAJIU3 Ha rOJIeMHU
MacuBH OT JaHHU € CBIPOBOJCHO C MHTEH3WBEH IpolleC Ha
WHOBALlMM B peAMlla HUKOHOMHUYECKHM M COLMAIHU CEKTOpH.
I'enepupaneTo Ha CTOMHOCT B paziIMUHUTE €Talmd OT Bepurara 3a
Ch3/laBaHE Ha CTOMHOCT OT JaHHHWTE Ine ObIe B LEHTHpa Ha
3HAYUTENIHA YacT OT MHOBALMUTE HA HOBH NPOAYKTH U PEIICHHUSA.
HoBute 1 MHOBaTUBHY MOAXOAM 32 TEHEpUpPAHE HA FOJIEMH MacUBU
OT JaHHH U pa3padOTBaHETO HAa HOBU HMHOBATHUBHH AHAJTUTUYHHU
MOJIXO/W 32 M3BIMYAHE Ha IOJIE3HO 3HAHHE OT TAX INPEIOCTaBSAT
BB3MOXXHOCTH U TMPEIU3BUKATEIICTBA KAKTO Mpej OM3Heca, Taka U
npeA  MyONWYHWUTE WHCTUTYIIMM KOUTO Ca OTFOBOPHH 3a
peryiaTopHara pamka B KOSITO IIPOTHYAT TE€3H IPOLIECH.

B cBoe choOmenne 3a mpecara ot 20.01.2023 romuna
EBpomneiickara komucus 00siBE peauiia HabOpH OT JaHHH C BUCOKA
croiinoct (1. TeompocrtpanctBenn nanau; 2. Habmomenue Ha
3emATa W OKOJHaTa cpena; 3. MeTeOpoJIOTHYHH [aHHH; 4.
Craructuka; 5. JlpyxecTBa W COOCTBEHOCT Ha JpYyKecTBara, 6.
MoGuITHOCT ), KOUTO Jia Ce MPEJOCTaBAT 3a MOBTOPHA yrnotpeba. B
Hero ce nutupa Maprpere Becterep, M3mbBJIHHMTENICH 3aMECTHHK-
npencenaren ¢ pecop ,.EBpoma, moarorseHa 3a mudposara epa“,
criopen; koroto ,,IIpemocraBsHeTo Ha HAOOPH OT JaHHU C BHCOKa
CTOHHOCT 1ie OBJe OT Moj3a KaKTO 3a MKOHOMHKATa, Taka M 3a
o0IIEeCTBOTO, HampHMep 4dpe3 MoAnoMarane Ha Oopbata ¢
HW3MEHEHHETO Ha KIMMara, HaMajlsiBaHE Ha 3aMbpPCSIBAHETO Ha
BB3lyXa B TpajoBeTe M MNOAOOpsBaHE Ha TPaHCHOpPTHATa
nHppacTpykrypa. ToBa € mpakTHUeCcKa CThIIKa KbM MOCTUTAHETO Ha
ycnemHo I1MGpPOBO JECeTHJIETHE ¥ W3TPaXIAHETO Ha  II0-
npocnepupaio uudposo Opaeme.“ B crpmoro crolOlieHue 3a
npecata ot 20.01.2023 romuna Tuepu bperon, kommucap mo
BBIIPOCHTE Ha BBTPEIIHHMS Ia3zap, IHoqueprasa, 4e ,JlaHHHTE ca
KpailbrbjleH KaMbK Ha MPOMMIIUICHATa KOHKYPEHTOCIIOCOOHOCT Ha
EC. C HoBus cnmchk ¢ HabOpHM OT JAHHU C BHCOKa CTOHMHOCT,
MyOIUKYBaH JHEC, HUE OTKIIFOYBaME TrOJIIMO KOJHYECTBO ITyOIHYHH
JaHHU B Toi3a Ha Bcuuku. Craptupaunmre npennpustus u MCII
e MoraT jAa M3MON3BaT TEe3M JaHHM 3a pa3paboTBaHe HAa HOBH
OPOAYKTH U WHOBATUBHU PEIICHUS, KOUTO HO}IOGpHBaT JKHUBOTA Ha
rpaxknanure B EC u mo ceera®, [1].

IosiBaTa HAa MacHBH OT TOJEMH IAaHHU 33 MECTOIIOJIOKEHHE HA
TIOCTOSIHHO CBBP3aHU B MHTEPHET YCTPOICTBA CH37aBa 3HAUUTENICH
MOTEHIWANI 32 PAa3BUTHETO Ha pPEIWIla WHOBATHBHU TEXHOJIOTHH.
Hammuamero Ha HOBH W MOAPOOHM W3TOYHHIM HAa OTPOMHH
KOJIMYECTBA JAaHHU 3a TEOTO3NIHOHUPAHE Ha TIOCTOSHHO CBBP3aHU
B MHTEPHET YCTPOIMCTBA MOXe J1a AOBeJe 0 IMPOMSHA B HAUMHA, 110
KONTO MIaHMPAHETO HAa TPAHCIOPTA U MOAENUPAHETO HA ThPCEHETO
Ha TPAHCTIOPTHH YCIIyTH IIl€ CE U3BBPIIBAT B OBJCIIE.

B cBos mnybOmukamms ot 2017 rogmna Hukomoa, X.
Mo4epTaBa, 4Ye TEXHOJOTMYHUTE WHOBAIMM B MHOTO TOJIsIMa
CTEIICH ca JJOKa3aHO e¢eKTUBHH, HO CaMU 10 ceOe CH He MOraT Jia
JOBEAAT JI0 pEmIaBaHETO Ha CHINECTBYBALIUTE  COLUATHH,
WHCTUTYIHOHAJHA W TOJUTHYeCKH mpobnemu. [Ipminaranero Ha
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KIACHYECKH TIOJXOAM 33 M3MEpBaHE Ha BB3ACHCTBHETO Ha
TEXHOJIOTMYHUTE MHOBALMM HE TO3BOJIABAT Ja CE M3SCHH B ITBJIHA
CTCNCH TSXHOTO BIMSHE BBPXY YCTOHYMBOTO Da3sBUTHE M TOBa
Hajara W3IOJ3BaHETO HA II0-KOMIUIEKCHH MoAxoau. B Tto3m
KOHTEKCT HEHHUTE W3CIeIBaHWS W aHAIM3M B TOsIMa CTEICH
oOXBamiaT BCHYKH OCHOBHH AacCHeKTH Ha YCTOWYMBOCTTA Ha
TpaHCIIOpPTHATA CHCTEMa M CbH3JaBaT BBH3MOXKHOCTH 3a TOYHATA
OLICHKA Ha BB3ACHCTBHETO HAa HMH(POPMALMOHHHUTE TEXHOJIOTUH
BBPXY TAX. ABTOPBT YCTaHOBSIBA, Y€ MACHTH(OHIHUPAHUTE Pa3XOIH
U TIOJI3H Ca KJIIOYOBH €JIEMEHTH I10 OTHOIICHHE Ha peau3alusira Ha
cTpaTermyeckuTe HHOPACTPYKTYpHH TPOEKTH B oOnactra Ha
TpaHCIIOpTa W KMaT BAXXKHO 3HAUCHHE 33 M3TrPaXIAAHETO Ha
aQHAINTHYHA paMKa 3a KOMIUICKCEH aHAIN3 Ha e(peKTUTe OT
NPWIOKEHUETO Ha JUTHTAJIHU TEXHOJOTHH W TEXHUS IPHHOC KBM
YCTOHYMBOTO pa3sBUTHE Ha TPaHCIOPTa M  TpaHCIOpTHATa
uHpacTpykrypa. [2]

B cBos mybGmukammsa ot 2017 r. LierkoBa, C u Munkos, T.
mojdyepraBar, 4e BBB (DOKyca Ha H3CIEIBAHUITA CBBP3aHU C
YCTOWYMBOTO pa3BUTHE HA TPAHCIIOPTA M TPAHCIOPTHATA
HHPpaACcTpyKTypa € Heo0XOomuMo nga ObJe TOCTaBIH HE CaMo
ABTOMOOWJIHUAT TPAHCIIOPT, C HETOBUTE BCE MO-HAPACTBAIIN HYXIU
OT TMPOCTPAHCTBO M MHOPACTPYKTYpa, a U HYXKJIATa HA TPAXKIAHUTE
OT MOOMIHOCT, KOSATO TpsiOBa na ObJe 3a0BOJIEHAa MO YHCT U
WHTEMI€HTEH HaukH, [3].

IIpe3 2018 rommna HammonamHa akageMuss Ha HayKATe Ha
CAIIl nybnukyBa cBoi mokian cee 3armaBue ,,NCHRP Research
Report 868: Cell Phone Location Data for Travel Behavior
Analysis® [4] B koiTO mpencTaBsi HACOKH 33 TOBA KaK:

(1) nma ce oueHsBa cremeHta, O KOSATO JaHHUTE 3a
MECTOMOJIO)KEHHETO Ha MOOHIHH Tele(OHH M CBBP3AHHTE C TAX
MPOAYKTH TOYHO H300pa3siBaT MbTyBaHHUITA;

(2) na ce npenTHUIMpPA MaTH U KaK TE3H TOJIEMH MAaCHBH OT
OaHHH Morar fa ObJaT W3MOJ3BaHM 3a MOAOOpsABaHE Ha
pa3bupaHeTo Ha XapaKTePUCTHKUTE Ha ITBTYBAHETO U CIOCOOHOCTTA
3a Mo-e()eKTHBHO MOJIEIIUPAHE Ha TOBEICHIETO MIPH ITBTYBaHE;

(3) ma ce ouensBar cwiHHTE U cnabuTe CTpaHH Ha
AHOHMMU3UPAHUTE JIaHHM 332 MECTONOJOXEHHS Ha MOCTOSHHO
CBBbP3aHM B MHTEPHET yCTPOUCTBA.

Emucunte Ha napuuxoBu razose (I1I') HamansBaT BbB BCHYKH
OCHOBHHM cekTopu B EBpomeilckusi cpio3, ¢ M3KIIOYEHHE Ha €IHUH
CEeKTOp, KOWTO 0TOENA3a 3HAYNTETHO yBEIMUCHHE Ha eMUCHUTE Ha
III' mpe3 NOCIEAHOTO MAECETUIETHE — TPAHCHOPTHUS CEKTOP.
EBpOnencKuAT TpaHCIIOPTEH CEKTOp € M3IPABEH Ipe] 3HAUYUTECIHO
OpeAU3BUKATEICTBO  NPU  IOCTUMaHETO  Ha  Lenra  3a
JekapboHu3anus, mocraBeHa ot EBporeiickus 3enen nakr, [5].

WHTepecHa HOBa Tpyma OT MH3CICOBAaHMS IO TeMara 3a
YCTOMYMBOTO pa3BUTHE HA TPAHCIOPTa M  TPAaHCIOPTHATA
HHQPACTPYKTYpa ca CBBP3aHM C BBBEOKIAHETO HAa TPAICKH
TpaHCmopT 1o 3asBKa, [6], [7], [8]. ABTopuTe OLEHST BIHsSHKHETO HA
pa3IMYHU NPOMECHJIMBH, CBBP3aHH C MECTHHUTE CHELU(BHKH, KaTO
rpajcka HHQPACTpyKTypa M CTPYKTypa Ha aBTOMOOWIHHS IapK,
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KaTo M3CJIe[BaT AMHAMUKATA B TPAHCIOPTHU HABHIM HA )KUTEIIHUTE
B KOHTEKCTa Ha MHMKpO creuuduuHn Qaxropu cBbp3aHH C
KaJleHJapa Ha OQMIMAIHUTE IPAa3HMUIHM, T'bCTOTA HA TpaduKa,
CE30HHOCT, METEOPOJOTMYHO BpeMe M T.H.. MoAeIUpaHeTo Ha
edexra Ha 3aBUCHMHUTC NPOMCHIIMBH CIY)KH KaTo LIabJOH 3a
MPOTHO3UPAHE H 32 OLICHKA Ha PELICHHATA 32 BIMSHUETO Ha MOJENa
IpaJICKH TPAHCIIOPT 10 3asBKa BbPXY KAUECTBOTO Ha BB3/yXa.

W3cnenoBarenckuar Goxyc Ha Ta3M CTaTHs € CBBP3aH C HAKOU
aCIeKTH NpPH aHalM3a Ha rpajckata MOOWJIHOCT B KOHTEKCTa Ha
U3II0JI3BAHETO Ha T'eO-NPOCTPAHCTBEHHM JaHHM HA ONEpaTopy Ha
MOOMITHH MPEXH.

2. I'paocka mobunnocm

MopgenupaneTo Ha TPAHCIIOPTHHTE HABHIM HA TPaKIaHHUTE €
KIIFOYOBO 3a 0OPOTO IUTaHUpaHEe Ha TPajCKUTe HHYPACTPYKTYpH H
CBBP3aHHUTE C TSAX YCIYTH 3a Tpajacka MOOWIHOCT. Bwrpeku ToBa,
H3MOI3BAaHETO HA YeCTO XapaKTepH3upam ce ¢ TrosiM obem
MacuBH  OT  TEO-TIPOCTPAHCTBEHH  JaHHH €  CEPHO3HO
NIPEAN3BUKATEICTBO, KAKTO 3a TpaJCKUTEe BJIACTH, Taka H 3a
Ou3HEecHTe MpeIaraliy TEXHOJIOTHYHY NHOBAILMY U HOBH PEIICHUS
B Ta3U IIOCOKA.

B akryanna myGmukarust Ha Tema “Data-driven public transport
routes and timetables based on anonymized telecom data.”,
HEeHHTE aBTOPH IPABAT JIUTEpaTypeH Mperie/l Ha 3HaYnTeIeH Opoi
NyONMMKanuy CBBP3aHM C aHajiM3a Ha Tpajackata MOOWIHOCT,
Bb3MOKHHTEC  IIOJXOAM 33 HMHTETpUpaHe Ha JaHHH 34
MECTOIOJIOKEHHETO Ha MOOWJIHM Telde(OHH M CBBP3aHHTE C TOBA
npenu3Bukarenctsa, [9]. OcHoBHHUTE MPOOIEMH IPH HU3MION3BAHETO
Ha MH(OPMALHS 32 MECTOIOJIOKEHHETO Ha MOOMIIHH YCTpOiicTBa Ha
Tpak/IaHM ca CBBbP3aHU C 3allUTaTa Ha TEXHUTE JIMYHH JAHHH. 3a
[IeJIMTE Ha TAaKCYBAaHETO OIIEPaTOPHUTE HAa MOOMIIHK MPEXH Ch3/1aBaT
pPETHCTPH 3a BCAKAa OTAENHA pETrUCTpalusATa Ha MOOWIHHTE
YCTPOWCTBA HAa TEXHHUTE KIMEHTU B CHOTBETHA 0a30Ba CTAHLUS IPH
momBane ©a yciayra (T.H. CRD). Tasu wundopmamms e
KOH(HACHIMAIHA, CbXPaHsBa Ce 3a KPATKO BPEMe M HE MOXE Jia ce
W3MON3Ba 3a JPYrd Lend. V3MCKBaHWATA 3a 3allUTa HA JIMYHU
JAHHU HE MO3BOJISIBAT M3IMOJI3BAHETO W B aHAJIUTUYHH MAaCHBH OT
JaHHU Ype3 KOWTO JIOPH U CaMO TEOPETHYHO [a € BB3MOXKHO
MPOCIEIIBAHETO Ha KOWTO M Ja Owio rpaxiaaHuH. ToBa Hamara
CH3J]aBaHETO HA aHAJMTUYHU MACHBH OT JJAHHH B KOUTO CE ChABPKA
caMo aHOHMMH3HpPaHa U CTATHCTHYECKH 000011eHa HHpOpManysl.

BB3MoxeH MOAX0 3a ToBa e mpemioxeH B [9]. 3a wemaute Ha
aHaNIM3a Ha TpajckaTa MOOWIHOCT B Bharapus TO3 MOIXOA MOXeE
na 0b611e 0000IIIEH B CIICIHUS AITOPHTHM:

(1) 3a Bcsko MOOWJIHO yCTPOHWCTBO MoOrar jga Obaar
nepuHUpaHu ,,30HM Ha mpecTtod. ToBa ca KIETKH Ha
MOOWJIHHSI ~ OHepaTtop B KOWUTO JAJCHO  MOOHIIHO
YCTPOMCTBOTO € MPECTOSIO 3a MOBEYE OT SUH Yac.

@

3a BCSKO JCHOHOIIME MoraT aa Obaar aeduHupanu 24
gacosu ciota — ot 0:00 mo 1:00, 1:00-2:00 ...23:00-24:00.

(3) B KoHTekcTa Ha Taka NeMHUPAHHUTE YaCOBHM CJIOTOBE 32
BCsAKA JBOHMKA KIETKH Ha MoOwIHus omeparop (N;) u (N)) u
3a BCEKW MOPEZIEH YaCOBH CIIOT MOXe Ja 0b/e nedunnpan
BPEMEBH peJl KOWTO ChABpPXKA CTATHCTHYECKH 0000mIIeHa
nHbopManus 3a Opost MOOMITHH YCTPOICTBAa KOUTO ca OMiIH
pErucTpUpaHy 3a ToBede OT eAuH Yac B (N;) U Cliea ToBa ca
OMIM PerucTpUpaHH 3a IOBede OT eauH Yac B (N;). Axo B
KOHKpPETEH YaCOBH CJIOT M 38 KOHKPETHA JIBOMKa KJIETKH Ha
MOOWIHHS omepaTop Opos yCTpoMCTBa € IMo-Majko OT 5,
Ta3u HH(OPMAIKS HAMA Jla ce 3ala3Ba.

Taka nehpuHMpaHnTE BpPEMEBH pENOBE HAMA Ja ChABPIXKAT
HHUKAaKBa IIEpPCOHANHA MH(pOpPMAanus 3a KIMEHTUTE Ha MOOWIHHS
omepatop M Morar Jga ObJaT H3MON3BaHM 3a Ch3JABaHE Ha
aHaIUTUYeH HA0Op OT [JAaHHM 3a TPAHCIIOPTHUTE HABHUIM Ha
TpakJaHUTE.
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3. Cmamucmuuecku 0600uwieHu OGHHU

AHanM3upaHuTe OT HAC JaHHH Ca IMOJY4YCHH B pE3yNTaTr OT
Cropa3syMeHHe 3a CHTPYIHHYECTBO C €IWH OT TPUTE OCHOBHHU
MOOWIHM omneparopa B bbarapus, ¢ masapeH 111 ot 28,6%.
Jannure cpabpikar nHGOpMaMsA 3a Opos IBTYBaHHS 1O YacCOBU
ciortoBe Mexay 609 ,,TOYKH Ha MPecToit” HAeHTUPHUIMPAHH B

paiiona Ha rp. Codus (Bmx Purypa 1).

. . Hoen Wckep
KoctuHBpoa® * 3 A

EnewHnys

ropHa Manuua

EavH MeanH

PR E e

Hoewn XaH

. Bakapen

ClyARHg rabpa <
%
%

%,

Que. 1 Hoenmuguyupanu ,, mouku na npecmou * ¢ epad Coghusi.

HaGopa OT maHHM € KOHCTPYMpaH IO ONMCAaHHMSA OT Hac
ITOPUTBM U CHIbpKa CTaTHCTHYECKH o0o0mieHa nHdopmarms 3a
TPaHCHOPTHHUTE HAaBHIM Ha BKJIIOYEHHUTE B HETO XXUTEIHMTE Ha TP.
Codus B mepuox ot Tpu Mecena (sHyapu-mapt 2023 r.).

4. Tonyuenu pesynmamu u oucKycus

KoHcTpyHpaHuTe 1Mo MpeagoKeHus OT HaC alrOpUThM BPEMEBH
peIoBe ce XapaKTepu3upar ¢ rojsMo pasHoodpasue. Ha @urypa 2 e
npencraBeHa HH(popManusATa 3a Opos IITYBaHHUS MO YacOBU
CJIOTOBE OT ,,TOYKa Ha MpecTo* KB. MaHaCTUPCKU JUBaaAU®, rpajg
Codust mo verupu usbpanu nectuHaiuu B rpax Copus — KB.
Nparanesiu, Sofia Ring Mall, Memuuuacka akagemus u
l'opHOGaHCKH ITBT.

s Sulia Riny Mal

- W

— T HCEM 1111

Duez. 2 bpoui nemysanis no 4acosu cromose.

3a ma aHaNMM3UpaMme pasNpelesicHHeTO Ha Tpaduka Mo Y4acOBU
CIIOTOBE B PaMKUTE Ha pabOTHOTO BpeMe Ha TPAJICKUS TPaHCIOPT
KOHCTpyupame uHAaukatop T KoiTO 3aemMa cTOHHOCT 1, ako B JajeH
9JacoBH CJIOT Oposi Ha MBTYBaHUATA OT KB. MaHaCTHPCKU JTUBaan‘
KbM CHOTBETHATA JCCTHHAIMS B paiioHa Ha rpag Codus ¢ moBeye
ot 40% ot MakcUManHUs OpoH IbTYBaHUS B KOWTO M Ja € YacOBH
cioT ¥ croitHocT 0, BB BCUUKH OCTaHa M ciyyail. Taka ¢ momorira
Ha wHaukatopa T u wiacnuecka K-zHauna wrscrepusarms (K-
means clustering) 6uxme mMoriu aa KiacuduIEpamMe JeCTHHAIUUTE
KbM KOWTO ITBTYBAT JXHTEIUTC HAa KB. MaHAaCTHPCKH IMBagdl B
YeTUpU TPYIH, OTpas3sBallyl AWHAMUKATa Ha Oposl MbTyBalld
TPaXIaHU B PA3IMYHUTE YacCTHU OT JEHOHOIIMeTo. Pesynrarute ot
rpynupasero ca nagenu B Tabauua | u Tabmuma 2.
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Taénuya 1 bpoii decmunayuu no epynu

I'pyna Bpoii nectuHanmMu B rpynara
I'pyna 1 124,000
I'pyna 2 59,000
I'pyna 3 225,000
I'pyna 4 200,000
Taonuya 2 ANOVA
Cluster Error
q:;z:“ Mean df Mean df F Sig.
Square Square
hs04 0.257 3 | 0.029 604 | 8.79 0.000
hs05 0.191 3 | 0.020 604 | 9.50 0.000
hs06 0.166 3 | 0.034 604 | 4.84 0.002
hs07 0.506 3 | 0.079 604 | 6.40 0.000
hs08 6.106 3 | 0.192 604 | 31.73 0.000
hs09 25.246 3 | 0115 604 | 219.33 | 0.000
hs10 27.546 3 | 0.090 604 | 305.17 | 0.000
hs11 27.827 3 | 0.088 604 | 314.98 | 0.000
hs12 27.411 3 | 0.094 604 | 290.31 | 0.000
hs13 27.329 3 | 0.095 604 | 288.19 | 0.000
hs14 24.275 3 | 0.098 604 | 247.35 | 0.000
hs15 26.648 3 | 0.088 604 | 302.40 | 0.000
hs16 25.302 3 | 0.082 604 | 308.33 | 0.000
hs17 27.220 3 | 0.075 604 | 361.68 | 0.000
hs18 17.677 3 | 0101 604 | 175.12 | 0.000
hs19 15.172 3 | 0.113 604 | 134.80 | 0.000
hs20 21.758 3 | 0.110 604 | 197.73 | 0.000
hs21 22.245 3 | 0137 604 | 161.86 | 0.000
hs22 24.532 3 | 0.113 604 | 216.64 | 0.000
hs23 24.328 3 | 0.088 604 | 275.61 | 0.000
hs24 14.194 3 | 0101 604 | 141.10 | 0.000

Ha ®urypa 3 ca noka3zanu nojydyeHUTE CPEIHU CTOMHOCTH 3a
nHukatopa T BBB BCSKa OT YSTUPUTE TPYITH.

@uz. 3 [onyuenu cpednu cmotinocmu Ha unoukamopa T no epynu

Haii-ronsm Opoii nectuHanumum nomazat B I'pyma 3 kosito ce
XapaKTepu3upa C OTHOCHUTEIHO PAaBHOMEPHO paslpelelicHHe Ha
Opost mpTyBamM B 4acoBusl mHTepBaI Mexay 07:00 waca u 20:00
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yaca. Bropara Haii-ronsMa rpyna ot aectuHaumu e ['pyna 4, kosito
BKJIIOYBA B ceOe CH JAECTUHAIMUTE, 32 KOMTO MMa SICHO H3pa3eHu
MHMKOBE B TpaduKa, ChBMAJAIIM C HAYAJIOTO M Kpas Ha pabOTHHA
ned. Tperara mo romemuHa [pyma | mMa MHOTO CXOAHHU
XapaKTepUCTHKN C Te3n Ha [pyma 3, HO B Hes ce HaOionaBa
3ama3BaHe Ha Tpaduka u ciex 20:00 gaca. B nait-mankara mo Opoii
JIECTHHALINY TPYyIIa TIOTaAaT eCTHHAINH, KbM KOUTO ce HalJIio1aBa
Tpaduk B yacoBus nHTepBaa Mexay 12:00 n 22:00 gaca.

[Mony4yenure pe3ynTaTy 3a TpynupaHe Ha AECTUHALMU MOTaT 1a
Ob/IaT U3MOJI3BaHE 32 ONTHMHU3MPAHE Ha Pa3NUCaHHUATA HA TPAICKUs
TPaHCIIOPT C orjie] Ha OOSKTUBHATAa HYXXAaTa Ha TPaXTAHUTE OT
MOOHIIHOCT.

bnazooaprnocmu

IIpencraBstHeTo Ha pe3ydaTraruTe OT Hamara pabora e
¢unancupano 1o npoekt 80-10-148/12.05.2023 r.. [leliHocTHTE IO
IpOEKTa MOXKe Ja Cce pasIeKAaT Karo MpPOJBIDKEHHE W
HOIYJIApU3aLHs Ha pe3yJTaTHTe OT H3cieqBaHuATa Ha CTOMAHCKH
¢axynrer mo npoext INNOAIR, INDEX: UIA05-202.
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Abstract. The set of theoretical and methodological concepts related to the formation, development and knowledge has been
studied. Within the framework of the study, approaches are considered that in one form, or another belong to classical theories.
The current state and problems of modern organizations in the field of knowledge formation and development are analyzed.
Based on the example of Kazakhstani organizations, the main directions are used to improve approaches to knowledge
management to improve the quality of labor activity and improve the qualifications of specialists of organizations. The study
identified the need to develop a high-quality and flexible in-house training system, which will be relevant in modern conditions.
A toolkit has been developed that contributes to the effective formation and development of knowledge of a modern Kazakhstani

specialist.
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1 Introduction

The Strategic Plan of the Republic of Kazakhstan until 2025
emphasizes the role of human capital as a factor of development in
the 21st century: special attention is paid to the role of knowledge
and education — training should be aimed not only at knowledge
transfer, but also be flexible and systematic, forming in future
specialists relevant competencies, ability to respond and adapt to
change [1].

2 Methods

The results of this study were obtained by analyzing the data, during
the survey of organizations in Kazakhstan. Obtained information
was studied and digitized by creating a virtual archive. Respondents
were interviewed through a questionnaire survey. A five-point
Likert scale was used for responses.

3 Results

There is a growing body of research on the evaluation of existing
knowledge management methods, systems and tools, but to date
there is no unified system for assessing the results of knowledge
creation and management [2].

Approaches to creation and management of learning and
competence development systems in organizations can vary
significantly depending on the specific area of organizational
activity, but there are some common features of staff competence
management in organizations of different countries, which can
generally be divided into two categories: Eastern (Japanese) and
Western (Euro-American) approaches. On the basis of which it is
possible to define the directions of these two approaches to the
system of capacity building and personnel training as:

- expanding the qualifications of specialists in order to ensure their
mobility — the Japanese, horizontal system;

- advanced training of specialists within the framework of a certain
professional activity of a specialist — European-American, vertical
system.

The system of competence formation in an organization can be
divided directly into two main categories — intra-company training
of employees (the process of transferring and creating tacit
knowledge) and extra-company training — increasing professional
level of a specialist outside his/her "working" activity (the process
of acquisition of explicit knowledge).Company training is directly
connected with the practical part of an expert's activity and allows
to better understand his/her position and tasks as an expert in this
organization.
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One of the main goals of education is to acquire a common set of
knowledge, skills and other competencies to achieve the main
expression of the subject of study, which in turn is necessary for
self-realization and development of society as a whole.

Today there are several priority and actively developing models of
education: personalized learning; lifelong learning.

Any changes in today's 21st century education system must be
related to free access and the ability to disseminate human ideas and
wisdom, and must be consistent with addressing economic,
political, and environmental issues. Butles and Stodinger argue that
a new model of society must be created in which "collective
intelligence™ plays an important role in decision-making and human
development[3]. When training modern experts, the main task of
education is to develop professional competencies and ensure that
experts meet professional requirements.

Today, the competences of a modern expert include not only the
ability to use "hard", professional skills, but also the so-called
"flexible" competences required in forming and developing personal
qualities for self-realization and sustainable development of
humanity as a whole, which is reflected in the four-level model of
competencies (Figure 1) [4]

There are many models of competence formation, but to date there
is no universally accepted model that fully reflects all the necessary
competences and classifies them. UNESCO also notes the need for
a system of quality control of education and the processes
associated with it for the formation and continuous improvement of
competencies. Each country has its own view on the organizational
chart for basic competencies. For example, Singapore considers
social, thinking, informational, creative, collaborative, knowledge
application, literacy, self-improvement skills, and personal
character development as core competencies.

New Zealand has identified several core competencies: use of
language skills, self-organization, communication and interpersonal
skills, self-organization, and competent use of symbols and
symbolic data.

Australia uses a model consisting of ten competencies: mastery,
thinking skills, self-improvement, teamwork skills, having social
and ethical skills, ability to work and apply information products
and communication skills, international understanding, creativity,
and quantitative thinking skills.

According to Indonesia, basic competencies can be considered
knowledge, intelligence, personality traits, self-education and self-
regulation skills.

Harvard Center for Curriculum Redesign (HCR), led by C. Feidl
with the support of the OECD, has created a unique model of
integrated educational organization, which can identify relevant
competencies for the 21st century [5]. The main idea of this model
is to create a new space that promotes self-learning and individual
decisions about one's future. This model allows to define goals and
provides a general framework for redesigning existing educational
models, characterized by an increased capacity for transformation,
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based on information about the relevance of specific types of
knowledge

Type of
knowledge and
skills

Examples of knowledge

and skills Duration

From a few
months to
several
years

Highly professional
competencies that
include special physical
or social skills.

Contextual

Highly professional
competencies that
include special physical
or social skills.
Competencies that can
be applied in a larger
number of areas of
socio-economic and
individual activity.

Cross-
contextual

From
several
years to
decades

Methods of operating
objects in physical and
objective realities.
Meta- cognitive
competencies include
cognitive, logical,
emotional and physical,
as well as other types of
mental abilities.

Meta

From
decades to
a lifetime

Fundamental
competencies that
determine the essence
of a person's behavior in
life, his perception of
situations and his
character, including
competencies that
determine willpower,
health, emotional self--
regulation, abilities for
self-knowledge and
self-analysis, self--
development skills, etc.

Existential

Fig. 1. Life cycle of types of knowledge and skills [4].

The model of CPUC reflects the interaction of four facets-
dimensions among themselves within the four-dimensional model
of education: in addition to traditional skills, knowledge, character a
new facet appears — meta-cognition, which is an internal process of
comprehension and independent adaptation of an individual's
learning. The necessity of singling out meta-cognition as a separate
facet is conditioned by its ability to improve the processes of using
competences in the spheres beyond the conventional context.
According to D. Hacker and J. Dunlosky, metacognitive processes
can be divided into 3 levels of verbalization: transformation of
knowledge, transformation of nonverbal knowledge, and
transformation of knowledge interpretation. Metacognition develops
in the context of the student's current task and can improve the
acquisition of knowledge, skills and abilities, regardless of their
initial level [6].

The problem of lack of highly qualified personnel with the skills to
use the latest technical and social advances constantly arises before
the heads of enterprises.

According to the data obtained by Kazakhstani organizations, the
distribution of employees of organizations by level of education
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revealed the difference between holders of a bachelor's degree (total
percentage — 65.85%) and holders of secondary general education
(30.49%).

The majority of employees have been with the organization for a
range of 2 to 7 years. The respondents' average length of
employment was 5.98 vyears, indicating relative stability in
employee turnover among administrative and management
personnel.

Despite the relative stability among the working staff, the majority
of respondents indicated a desire to change jobs or dissatisfaction
with the position they held. Factors such as lack of incentives in the
form of career advancement or salary increases were cited as
reasons. According to a survey of 264 administrative and
managerial personnel in 10 organizations, operating in various
fields (from industry to commerce), the majority of respondents
(53,05%) are not satisfied with the additional, specialized training
and professional development.

The data obtained during the survey indicate that the majority of
respondents are familiar with such concepts as "knowledge",
"qualification”, "competence”, "personnel management" (about
84.14% of respondents).

According to the survey, about 30.18% of managers are dissatisfied
with the qualifications of employees in relation to their positions,
26.34% refrain from commenting, 43.48% to varying degrees are
satisfied with the work of their employees.

About 75% of respondents agreed with the statement that various
educational activities have a positive impact on the effectiveness of
the organization.

According to numerous studies, the obsolescence of knowledge on
average is about 20%, with a recommended period of acquisition of
new knowledge in the industrial sector (in particular, metallurgy)
every 3-4 years, and in business the period is reduced to 2-3 years.
Despite the recognition of training as a factor directly affecting the
efficiency and success of the company, most organizations do not
invest in the education of specialists. The main reason is that the
costs are unprofitable from the economic point of view (according
to the top management).

As mentioned earlier, competences are an important element of
human resource management. According to M. Hitt and R.
Haskisson, competences are a set of resources and capabilities of an
enterprise. At the same time, the so-called key competences become
a valuable source of competitive and strategic advantages [7].
Competencies can be divided into corporate competencies, which
are reflected in the structure and processes of an organization and
do not depend on an individual employee, and individual
competencies, which belong to the employee himself and reflect the
level of knowledge, skills, experience, to perform professional
activities effectively.

In the strategic management literature competences are divided into
core and unique competences. Core competencies are the organized
internal capabilities that underlie a firm's strategy, competitiveness
and profitability, while unique competencies are those that enhance
an organization's competitiveness [8].

Due to the lack of a clearly articulated system for evaluating the
competence of PMS specialists in organizations, we analyzed the
requirements for hiring in relation to PMS.

Due to the fact that the representatives of this sphere of activity are
the representatives of "mental labor" according to the results of the
survey of managers and personnel the following competencies
required for a specialist were identified: professional skills, strategic
and critical thinking, communication, 1CT-skills, result orientation,
management skills.

Of course, each profession has its own peculiarities, however, in a
general review of the competencies of PMS specialists, all
respondent organizations came to this set of competencies.

Since the object of the study is directly administrative and
managerial staff, due to the differences in the activities of
organizations (from industrial to trade organizations) a general
model of competencies, considering managerial, specific and basic
competences of economic specialties professionals, was created
(Table 1).
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Table 1. Model of key competencies of employees of administrative
and managerial personnel of organizations.

Comzztenm Characteristic
1 2

Result Ability to effectively implement assigned tasks.

orientation | Availability of skills that ensure the quality of work.

Customer The ability to identify, analyze and provide the

focus customer with the necessary product / service, while
focusing both on the interests of the organization and
on the needs of the customer. [2]

Strategic The ability to holistically see the situation, analyze

and critical | factors, both external and internal, that affect the

thinking success and effectiveness of an organization,
department or individual, both in the medium and
long term, as well as the ability to analyze the data
obtained (in particular, information), on their basis,
form your own vision, which serves as a guide to
further actions and decision-making.

Communica | Ability to establish effective working relationships,

tion and | as well as interact in other social, cultural and other

sociability contexts

ICT — | Basic knowledge of digital technologies and their

literacy products (including knowledge and ability to use a
personal computer and its main, as well as
specialized programs)

Manageme | Ability to evaluate, plan and make decisions, taking

nt skills into account all possible factors that can affect the
processes in the course of the organization's
activities. When holding a managerial position — also
be able to analyze and regulate the activities of
subordinates for their effective work.

Professiona | Availability of knowledge, abilities, skills directly

I skills related to the performance of official duties [9].

In accordance with this model of competences, a survey was
conducted among the employees of the AUP of organizations
engaged in the improvement of personnel qualification and
competence. Due to the difference in the required competences it
was decided to separate the results of the representatives of these
two specialties. To evaluate the competences the following
gradation was adopted — a 4-point system — basic, average,
advanced, professional. The survey took into account the opinions
of managers, the employees themselves, their immediate
supervisors, and colleagues. The results are presented in Figure 2;3

The analysis of the provided results showed that, on average, all
indicators are within the advanced, level 3. At the same time, the
data shows that several indicators of competence of employees of
the organization coincide with the necessary ones. Among
employees in the accounting department, these are competencies
related to customer focus, communication, and management skills.
Among managers — indicators of professional skills and ICT
competencies coincide with the required level. Deviations were
revealed — for the indicator "customer orientation”, as well as
critical and strategic thinking.

The greatest deviation from the required skills was shown by ICT
literacy — in all organizations. The main reasons were such factors
as lack of awareness and lack of opportunities for professional
development, the employees themselves either do not have the
motivation or the financial capacity. Nowadays it is the
development of this type of competence that should be paid special
attention.

21

Comparison of the required and the actual
level of competence (accountant)

Results-oriented

Professional skills Customer centricity

Management

> Strategic and
skills

critical thinking

ICT- literacy Communicativeness

- Plan. - Fact.

Fig. 2. Comparative characteristics of the required and actual level
of competence of specialists in the administrative and managerial
personnel of the organization (accountant)

Comparison of the required and the actual level of
competence (managers)

Results-oriented

Professional skills Customer centricity

Management

> Strategic and
skills

critical thinking

ICT- literacy Communicativeness

- Plan. - Fact.

Fig. 3. Comparative characteristics of the required and actual level
of competence of specialists in the administrative and managerial
personnel of the organization(managers)

4 Discussion

A large-scale study of American companies showed that a 10%
increase in spending on personnel training led to an 8.5% increase
in productivity, while the same increase in capital investment led to
productivity growth of only 3.8%. However, in-house professional
training of personnel provides an increase in revenue along with an
increase in productivity. Studies have shown that extending staff
training by one year can increase GDP by another 3%. Training
systems in countries such as Japan, USA, France and Korea are
considered to be the most developed in-house training systems.

The adoption of the described approach by educational institutions
and organizations in the development of training programs for
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specialists at all levels of education will ensure that competencies
meet modern requirements of employers and the labor market, will
contribute to the formation of personnel with modern
interdisciplinary competencies, which in turn will help to reduce the
deficit.

5 Conclusion

Knowledge is becoming the center of transformation of
Kazakhstan's economy and is the most important source of welfare
and the key to maintaining the competitiveness of socio-economic
Knowledge becomes the center of transformation of the economy of
Kazakhstan and is the most important source of welfare and the key
to maintaining the competitiveness of the socio-economic
development of the individual, organization and country [9].

Given the data obtained in the analysis, organizations need to
develop a clear intra-company training system, which will be
relevant in today's environment.

The system of intra-company training in the company should take
into account everything — from increasing professionalism,
experience and skills to the formation of personal qualities. The
means of staff professional development can be image training in
higher educational institutions, attendance of professional courses,
acquisition of additional specialties, retraining courses, participation
in seminars and self-education.

Lack of clearly defined model of competence prevents managers
from objective assessment of specialists' competence, which is
especially reflected in the system of remuneration and bonus
payment. This, in turn, reduces the efficiency and effectiveness of
their work and directly affects the atmosphere in the team and the
activity of the organization as a whole.

Most organizations note the lack of some competences of their
employees — both professional and general, but do not themselves
contribute to their development and training.

For effective human resource management, the organization must
also consider specific elements of knowledge management,
including attention to the training and learning process of its
employees, which means: creating and using an organizational
culture that pays equal attention to the training and evaluation of its
employees; cooperating with various educational institutions to
train their professionals in the educational process with respect to
the development of professional skills and professional careers.
Organizations should pay attention to the training process of their
professional employees, particularly the training programs and their
cost, because it not only contributes to their professional
development, but also helps to maintain and improve the motivation
of professional employees and maintain their emotional, physical,
mental, and cognitive well-being.
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Abstract: Achieving a comprehensive approach to the issue of resilience of entities that are critical to the proper functioning of the national
economy requires the creation of a comprehensive framework addressing the resilience of critical entities to all hazards, whether natural or
anthropogenic, accidental or intentional. For this purpose, good practice implies the use of European and international standards and
technical specifications that are relevant for both security measures and resilience measures applicable to critical infrastructure.

Precisely, the presentation of updated information on a possible approach that requires innovation in the field of security and protection of

critical infrastructure is the content of this publication.

Key words: CRITICAL INFRASTRUCTURES, PREPAREDNESS

1.

The most significant challenges to the functioning of vital
critical infrastructure (CI) systems are natural and human-caused
risk impacts, which cause an increased number of events with
greater intensity, scale and impacts, leading to loss of life and a
greater volume of damage. The implications for existing CI
vulnerabilities are greatly exacerbated. With the predicted
consequences of the changing security environment, the pressure on
the readiness of ClI systems will be higher, leading to loss and
destruction, damage and disruption, and service interruptions.

Introduction

Therefore, the change in the security environment is included as
a risk to the resilience of Cls, although its impact cannot be
precisely predicted, but its potential to significantly affect the
resilience of states, societies and communities is identified as a
common security threat. For example, in European countries, the
changing security environment poses escalating risks to CI stability
and security, with potentially far-reaching consequences.

Achieving a comprehensive approach to the issue of resilience
of Cls, which are critical to the proper functioning of the national
economy, requires a comprehensive framework creation addressing
the resilience of CIs to all hazards, whether natural or
anthropogenic, accidental or intentional. To this end, good practice
implies the use of European and international standards and
technical specifications relevant to both security and resilience
measures applicable to Cls.

In this regard, leading scientists from the Institute of
Metallurgical Engineering and Technologies with the Center for
Hydro- and Aerodynamics “Acad. A. Balevski” at the BAS, apply
modern standardized approaches to determine the goals and
requirements for the development of physical protection systems,
tailored to the specifics of the Cl and aimed at preventing any level
of potential threats both to the Cl and to the population in adjacent
urbanized areas [1, 2, 3, 4, 5].

That's why, the presentation of updated information on a
possible approach requiring innovation in the field of security and
ClI protection through the application of modern standards is the
content of this publication. Possible interruptions, due to technical
reasons and carrying out ongoing maintenance activities, are not
taken into account, as they are included in the design and
technological documentation of the CI systems.
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2.

The basic purpose of standardization is the definition of
voluntary technical or quality specifications to which current or
future products, production processes or services can conform.
Standardization can cover various aspects, such as standardization
of different classes or sizes of a product or technical specifications
in the area of product or service markets where technical and
interoperability with other products or systems is essential for the
security and protection of Cl.

Standardization

Standards can contribute to supporting national policy to
address significant societal challenges such as climate change,
sustainable resource use, innovation, security and resilience, risk
management, consumer protection and health and safety in the
workplace. Targeting the development of commodity and
technology standards (national, European and international) towards
expanding markets could create a competitive advantage for
manufacturers of CI security and protection products and systems
and facilitate trade.

Also, standards are important tools for the competitiveness of
enterprises and especially for small and medium-sized enterprises
(SMEs), whose participation in the standardization process is
important for national and European technological progress. It is
therefore necessary for the standardization framework to encourage
SMEs to actively participate and include their innovative
technological solutions in the field of ClI security in standardization
efforts. This includes improving their participation at the national
level, where they can be more effective due to lower costs and the
absence of language barriers.

Last but not least, standards can have a wide-ranging impact on
society, and in particular on the safety and well-being of citizens,
network efficiency, environmental protection, accessibility and
other areas of public policy. It is therefore necessary to ensure the
strengthening of the role and contribution of interested
organizations in the development of standards through increased
support for developers and manufacturers of Cl security products
and system.

2.1 Definitions

According to the definitions in Article 2, point 1 and point 4 of
Regulation (EU) No. 1025/2012 of the European Parliament and of
the Council [6]:
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»  ‘standard’ means a technical specification, adopted by a
recognised standardisation body, for repeated or continuous
application, with which compliance is not compulsory, and which is
one of the following: [6]

‘international standard’ means a standard adopted by an
international standardisation body;

‘European standard’ means a standard adopted by a
European standardisation organisation;

‘harmonised standard’ means a European standard
adopted on the basis of a request made by the Commission for the
application of Union harmonisation legislation;

‘national standard’ means a standard adopted by a
national standardisation body.

»  ‘technical specification’ means a document that prescribes
technical requirements to be fulfilled by a product, process, service
or system and which lays down one or more of the following: [6]

(a) the characteristics required of a product including levels of
quality, performance, interoperability, environmental protection,
health, safety or dimensions, and including the requirements
applicable to the product as regards the name under which the
product is sold, terminology, symbols, testing and test methods,
packaging, marking or labelling and conformity assessment
procedures;

(b) production methods and processes used in respect of
agricultural products as defined in Article 38(1) TFEU, products
intended for human and animal consumption, and medicinal
products, as well as production methods and processes relating to
other products, where these have an effect on their
characteristics;EN 14.11.2012 Official Journal of the European
Union L 316/19

(c) the characteristics required of a service including levels of
quality, performance, interoperability, environmental protection,
health or safety, and including the requirements applicable to the
provider as regards the information to be made available to the
recipient, as specified in Article 22(1) to (3) of Directive
2006/123/EC;

(d) the methods and the criteria for assessing the performance of
construction products, as defined in point 1 of Article 2 of
Regulation (EU) No 305/2011 of the European Parliament and of
the Council of 9 March 2011 laying down harmonised conditions
for the marketing of construction products ( 1), in relation to their
essential characteristics.

2.2 Some basic standards of the International Organization
for Standardization and the Bulgarian Institute for
Standardization in support of Cl security and resilience

The main international standardization structure developing
standards in the field of CI security policy is the technical
committee of the International Organization for Standardization
(ISO) - ISO/TC 292 “Security and resilience”. At the moment,
within the scope of his activity and responsibility are 67 standards
and projects of standards.

The key security and resilience standards of Cl are as follows:
» IS0 22300:2021- Security and resilience — Vocabulary;

» 1SO 22301:2019 - Security and resilience — Business
continuity management systems — Requirements;

» ISO 22313:2020 Security and resilience — Business
continuity management systems — Guidance on the use of ISO
22301;

» ISO 22316:2017 - Security and
Organizational resilience — Principles and attributes;

resilience
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»  ISO/TS 22317:2021 Security and resilience — Business
continuity management systems — Guidelines for business impact
analysis;

» IS0 22326:2018 Security and resilience — Emergency
management — Guidelines for monitoring facilities with identified
hazards.

The Bulgarian Institute for Standardization has introduced the
following standards for national implementation:

» BDS EN ISO 22300:2021 Security and resilience.
Vocabulary (ISO 22300:2021);
» BDS EN ISO 22301:2020 Security and resilience.

Business continuity management systems. Requirements (ISO
22301:2019);

» BDS EN ISO 22313:2020 Security and resilience -
Business continuity management systems - Guidance on the use of
1ISO 22301 (1SO 22313:2020);

» BDS ISO 22316:2021 Security and resilience
Organizational resilience Principles and attributes (ISO
22316:2017);

» BDS ISO 22326:2020 Security and resilience
Emergency management — Guidelines for monitoring facilities
with identified hazards (1SO 22326:2018).

It is also important to highlight the direct link between ISO/TC
292 Security and resilience and ISO/TC 262 “Risk management”,
implemented by coordinating the development and reference of the
following:

» IS0 31000:2018; Risk management — Guidelines
» IEC 31010:2019; Risk management — Risk assessment
techniques

The Bulgarian Institute for Standardization has introduced the
following standards for national implementation:

»  BDS ISO 31000:2018 Risk management — Guidelines;

» BDS EN IEC 31010:2019 Risk management-Risk
assessment techniques (IEC 31010:2019).

3.

The contemporary security environment (natural and man-made
risks), characterized by an expanded range of threats (Figure 1) with
greater intensity, scale and impacts, causes an increased volume of
human and material losses. Hydrometeorological hazards dominate
the profile of the security environment. In addition, a number of
technical and technological disasters threaten the sustainability of
the various national Cls and their elements.

Spectrum of threats

- Industrial accidents

- Transport accidents

- Large scale power outages
- Environmental pollution

Figure 1: Threats to critical infrastructure - risks and hazards
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Furthermore, an anthropogenic threat to CI resilience is
emerging, arising from mismanagement, improper operation,
negligence, organizational failures, and poor maintenance or
insufficient investment in rehabilitation and modernization of aging
Cls and assets.

We face an uncertain future with more and more pandemics,
cyberattacks and high-impact events making up the “Future Risk
Menu” [7]. Climate change is expected to cause local changes in
average and extreme temperatures, as well as changes in rainfall
patterns, disrupting roads, railways and airports nationally and
internationally.

Potential cybersecurity threats, pandemics, biohazards, and
other events, mostly of high consequence and low probability, are
likely to affect CI resilience globally. Among these, one threat
clearly stands out, located between current and future areas of risk
and heavily exploiting existing vulnerabilities, with its impacts
being felt across sectors. These are the cyberattacks against Cl
systems that are increasing in frequency, the number of targeted
sectors with a lot of data being stolen or misused, and potentially
outpacing the functioning and development of the entire
infrastructure system.

Finally, the crisis of the COVID-19 pandemic has affected
European countries in an unprecedented way. Furthermore, it is
important to emphasize that the existence of pandemic-induced
disruptions related to the basic and day-to-day functioning of Cls
has resulted in the inability to provide services or the absence of
beneficiaries for some services, due to daily mass blockades.

4. Some approaches to enhancing CI readiness
through resilience building

Our country, as a member of the European Union, actively
participates in the work on updating the policy to achieve a higher
general level of resilience and protection of Cls, especially taking
into account the changed dynamics of threats that can have an
impact on Cls from several member states simultaneously.

4.1. Policy and regulatory frameworks

Resilience policy and legislative frameworks are a prerequisite
for integrating ClI resilience into disaster risk management and vice
versa. This principle means that the member states of the European
Union must have a unified approach for creating these frameworks,
in order to start the process of integrating Cl sustainability building
across sectors in accordance with their national contexts and
priorities. At present, Cl legislation or its integration into other laws
is insufficient for various reasons, i.e. lack of clearly defined CI
policy concepts, weak integration into strategic documents and a
primary focus on the protection of assets and facilities. It is
therefore essential to rethink the approach, shifting from CI
protection to building overall resilience.

This will lead to a set of actions enabling the following
measures:

»  review of existing and adoption of new strategic and
policy documents or their adoption;

»  amendment of existing legislation or the adoption of new
ClI laws and regulations;

» ensuring the integration of comprehensive
sustainability principles into legislation relating to other sectors;

»  designing and adopting new standards for building
resilience and ensuring their implementation across all relevant
sectors throughout the CI lifecycle.

Cl

A good example of up-to-date policies and regulatory
frameworks of the European Union are the documents, namely:
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» DIRECTIVE (EU) 2022/2557 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL, of 14 December 2022,
on the resilience of critical entities and repealing Council Directive
2008/114/EC;

» DIRECTIVE (EU) 2022/2555 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL, of 14 December 2022,
on measures for a high common level of cybersecurity across the
Union, amending Regulation (EU) No 910/2014 and Directive (EU)
2018/1972, and repealing Directive (EU) 2016 /1148 (NIS 2
Directive).

4.2. Governance and institutional framework

The overall governance and institutional framework are crucial
to building CI sustainability both in our country and in the
European Union. Across the region, diversity is found in
approaches to risk reduction and Cl management in a situation
where there are no dedicated entities to protect Cl. This is mainly
due to the existing reactive approach that focuses on protection
without considering the sustainability of Cl as a whole and the
complexity and interdependence of the sectors. A good approach
requires that management be seen as an extended area of interaction
and responsibilities between emergency management and civil
protection services.

Following a whole-of-government and whole-of-society
approach to resilience building, the prevailing view of viewing the
security of each CI as an isolated process must be overcome and
ensure that institution-building takes place within the framework of
partnerships established between governments and the private
sector. This ensures that all key stakeholders are on board this
venture of building resilience.

In particular, it is essential to appoint coordination units,
systematize roles, responsibilities and design, and implement
adequate measures and actions to build resilience. In this regard,
national disaster risk reduction platforms, such as multi-institutional
and multi-sectoral mechanisms to advance disaster risk
management and build resilience of societies and communities, can
significantly contribute through a range of supporting activities and
services.

In addition, building cross-border resilience should be included
in the promotion of regional or sub-regional partnerships,
cooperation and coordination of Cls. Therefore, the building of Cl
resilience should be provided as a complete, integrated package,
thereby ensuring the sustainable development of EU member states.

4.3. Coverage of all Cl systems

Building resilience is the responsibility of both CI owners and
operators as well as other important actors at national and local
levels. The traditional CI security approach only addresses physical
parameters such as assets and facilities, operation/maintenance,
without considering the full range of functions and services
provided, including resources, limited cooperation and
coordination, or fragmented resilience. In most countries, apart
from public authorities, actors from traditional CI sectors are most
active in mitigation and protection activities (eg energy, water,
food, transport, telecommunications, health care and banking and
finance). Modern disaster risk management is guided by the
principle that disaster risk reduction is not the exclusive competence
of a national organization, such as a government, but the
responsibility of all stakeholders, including society as a whole.

In this way, building resilience is the result of their interactions
and the underlying risk management will be achieved by integrating
all critical sectors, by involving all relevant key stakeholders and by
providing Cl-related services. Different key stakeholders have
different roles and responsibilities during the phases of the ClI
resilience building cycle.
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4.4. Availability of resources

For the functioning and viability of Cls, adequate resources
must be planned and established that are imperative to support their
needs before, during and after disasters. The term "resources"” must
be understood in its complexity, uniting various aspects, ranging
from financial resources, through material and technical means, to
human and professional. During the COVID-19 pandemic, the
importance of human resources for Cls has proven to be significant
and vital to their operations and the services they provide. This
principle of building CI resilience should be considered in
conjunction with private sector involvement, both in the roles of
system owners and operators, or the expertise of external actors.

Here's why, CIl investments should be proactive and
anticipatory, enabling building resilience and transforming Cls into
responsive systems rather than reactive structures. After disasters,
funding must be provided for efforts to sustainably rebuild affected
infrastructure. These investments should be scaled up by both the
public and private sectors after assessing critical needs and
priorities. Capacity building is one of the key pillars for having a
sustainable CI.

The capacity of all stakeholders in CI sectors, along with
disaster risk management systems, must be developed to address all
risks, hazards and threats, as well as complex disasters that have
low probability and high impact . A complex task must be carried
out continuously, addressing different roles and responsibilities of
actors in the CI security and resilience process — from sensitizing
resilience building among policy-makers and decision-makers to
providing professional training and specialized training
professionals and emergency responders by disseminating
knowledge to other key stakeholders and increasing general public
awareness.

Consequently, the capacity building portfolio should be based
on the life cycle of all potential hazards, an inclusive and
systematically organized approach. This capacity building process
should be systemic, involving all relevant stakeholders and placed
at the heart of ClI resilience building.

4.5. Technology and innovation

Technologies and innovations are among the main features of
the modern approach to building CI sustainability. Although they
are often used to reduce risk, they are not yet fully incorporated into
practices, given the financial costs and the need for specialized
resources and knowledge. Therefore, their application should be the
starting point for designing sustainable policies, norms, codes and
standards while using new and emerging technologies and smart
solutions.

In  addition, CI resilience building should include
measuring/determining the reliability of future infrastructure
systems, addressing anticipatory resilience as a future-oriented
knowledge system that addresses new extreme risk events, such as
changing climate conditions and emerging risks for security.
Accordingly, CI design must be more innovative, intuitive and
secure, ensuring sustainability beyond existing frameworks. In this
regard, partnerships should be established to advance the research
and development agenda with relevant partners, such as academia
and the private sector. In addition, innovative solutions are
sometimes linked to the implementation of effective solutions, such
as nature-based solutions, which are approaches that weave natural
features or processes into the Cl built environment to promote
adaptation and resilience.

5. Conclusion

As complex, interconnected and interdependent systems and
networks, Cls provide vital support for daily life and activities,
providing services and making a crucial contribution to the
sustainable development of society in the face of current and
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emerging future risks and threats. To achieve resilience, the
paradigm needs to shift from risk to resilience, adopt and implement
a standardized approach for all hazards, for all society and for the
life cycle of Cls, and ensure policies that are future-oriented. Thus,
Cl resilience can be understood as the ability to anticipate,
withstand or absorb shocks and stresses while CI adapts to new
conditions, which would lead to rapid recovery and transformation
to better cope with stresses and shocks in the future.

ACKNOWLEDGMENTS

This paper is the result of the implementation of tasks in the
field of intelligent and mechatronic security systems from the Plan
of the Research Plan of IMSETHC-BAS for the period 2023-2025.

References:

[1] Dimitrov, D., “Possible approaches to ensure security of
information for nuclear facilities”, International Scientific Journal
“Security & Future”, 6, 2, STUME, 2022, ISSN:2535-0668 (print);
2535-082X (online), pp. 68+71;

[2] Dimitrov, D., “Engineering solutions to ensure protection
of nuclear power plants against sabotage”, International Scientific
Journal “Security&Future”, 6, 1, STUME, 2022, ISSN:(PRINT)
2535-0668, (ONLINE) 2535-082X, pp. 18+21;

[3] Dimitrov D., ,,Examples of nuclear security measures for
nuclear facilities, Technics. Technologies. Education. Safety.
2021, Military sciences and national securityy, Proceedings 3,
3(13), Scientific Technical Union of Mechanical Engineering
“Industry - 4.0, 2021, ISSN:ISSN 2535-0315 (Print), 2535-0323
(Online), pp. 212+215;

[4] Dimitrov D., ,Basic regulations and associated
administrative measures providing nuclear security®, Proceedings of
the Annual University Scientific Conference, 5, Publishing House
of Vasil Levski National University, 2021, ISSN:ISSN 2367-7481,
pp. 73+80;

[5] Kolarov A.P., “TRENDS IN THE DEVELOPMENT OF
MARINE MINE PROTECTION SYSTEMS”, VI
INTERNATIONAL SCIENTIFIC CONFERENCE CONFSEC, 05-
08. DECEMBER 2022 BOROVBETS, BULGARIA, YEAR 6,
ISSUE 1 (8), Scientific technical union of mechanical engineering
“Industry - 4.07, 2022, ISSN:ISSN PRINT 2603-2945, ISSN
ONLINE 2603-2953, pp. 78-81;

[(] REGULATION (EU) No 1025/2012 OF THE
EUROPEAN PARLIAMENT AND OF THE COUNCIL of 25
October 2012 on European standardisation, amending Council
Directives 89/686/EEC and 93/15/EEC and Directives 94/9/EC,
94/25/EC,  95/16/EC, 97/23/EC, 98/34/EC, 2004/22/EC,
2007/23/EC, 2009/23/EC and 2009/105/EC of the European
Parliament and of the Council and repealing Council Decision
87/95/EEC and Decision No 1673/2006/EC of the European
Parliament and of the Council;

[71 UNDP 2022, United Nations Development Programme
(UNDP), “Guidance notes on building critical infrastructure
resilience in Europe and Central Asia”, One United Nations Plaza
New York, NY, 10017, USA,

https://www.undp.org/eurasia/publications/guidance-notes-
building-critical-infrastructure-resilience-europe-and-central-asia.



https://www.undp.org/eurasia/publications/guidance-notes-building-critical-infrastructure-resilience-europe-and-central-asia
https://www.undp.org/eurasia/publications/guidance-notes-building-critical-infrastructure-resilience-europe-and-central-asia

Innovations 2023

Choice of cancer treatment as a creative problem
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Abstract: The choice of a treatment method, like any other innovative process, is a two-stage process: generation and formation of an idea
and its realization — implementation. Unlike most works on innovation topics, the focus here is on the first stage of the innovation process,
when the methodology for the choice is only for creation, making problems, containing contradictions, arise.

1. Introduction

1.1 Innovation as a two-stage process.

The concepts creation and innovation were separated for a rather
long time. It was considered, that creation is only generation and
formation of new ideas, while innovation is their realization. In
works on innovation, the ideas were usually described to the extent
necessary for understanding, and the main attention was paid to the
realization of ideas. As for creation, usually some vague general
ideas were brought without any real relation to the subject matter.
However, by now the quite general opinion has become that
innovation activity is inseparable from creativity, since it provides
the generation of new ideas, without which innovation is
impossible. Thus, the innovative process turns out to be a single
process consisting of two-stages. At the first stage the new idea is
generated and designed; at the second stage includes its
implementation. In this article, in contrast to the generally accepted,
we focus precisely on the first stage, the creative part of the
innovation process.

1.2. A Creative problem

In the works [1],[2] the definition of a creative problem was given,
as a problem containing a contradiction in its conditions, so that the
problem appears as unsolvable. However, as it was shown, such a
problem could be resolved by introduction of an additional factor
allowing to resolve this contradiction.

2. Cancer treatment choice

2.1 First stage. Creative problem

Since we are dealing with a creative problem, first, the goal
should be defined, the conditions should be formed and the
contradictions, that prevent us from achieving the goal, should be
identified. However, the significance of the choice becomes known
only at the end of the patient's life, but the choice of the methods of
treatment must be made at the beginning of the treatment.

2.1.1. First contradiction

At present times, clinical practice is greatly drawn to
standardization since in this way it is far easier to ensure the quality
and reliability of therapeutic measures. On the other hand, the
natural desire to increase effectiveness and reliability of the therapy
stimulates the desire to use an individual approach that potentially
possesses higher effectiveness.

Thus, the first contradiction is revealed: it is necessary to prosue
both: standardization and individualization.

Overcoming the contradiction

In order to find the necessary factor, the technique separation is
used [2]: several standard methods of treatment are developed and
an individual choice is made of the best method for a given case.

Let X

N . Lo
(Xn)n=lbe a vector that constitutes individual

- . M
characteristics of the patient, and Y :(ym)m:1 be set of the
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treatment methods. To make the choice, you must first clarify how
the term "best” should be interpreted in this case.

It is s quite obvious that in our case the best method will be the one
that provides the most effective treatment. For an oncological
disease the natural indicator for effectiveness of the treatment is
survival time (1), which depends on the selected treatment method

Y and the individual vector X.

@ T (X)=T (. X).

The indicator T stands for the length of time the patient lives after
the completion of the treatment. Also, it is assumed, the history of
the application for each method and each treated patient (2), stored
in the database of the treatment centre and accessible for use.

@ H,(X)={XT,}, m=1,..M,

The problem of cancer treatment choice is discussed in detail in
[3],[4]. Here we present only the method of solution and the results.

2.1.2. Second contradiction

As it was stated above, the effectiveness of the treatment is
represented by the indicator T. However its’ value naturally could
become known only at the end patient’s life, but the decision over
the treatment method should be made at the beginning of treatment
process. Thus, a serious contradiction arises: it is necessary to make
a decision and it is impossible to make it. This contradiction is
resolved by using, as a required additional factor, data from the
database, representing the experience of the already existing
treatment.

2.1.3. Overcoming the contradiction - Choice of a
treatment method

Briefly, the choice procedure is as follows.

Survival time T is considered as a random value characterized by a

conditional survival function.

) s, (t|X)=Pr(T >t|X,y, )=Pr(T, >t| X),
m=1,...M.

Thus, the best choice comes down to the comparison of the
conditional survival functions (3). To perform this, it is necessary to
have a formular representation of the conditional survival function.
A group of regression models is used, this group widely used in the
analysis of survivality and reliability. One of the simplest models
from this group is the Cox model [5].

“) S(t|X)=exp{—exp(z,x)j'ﬂn(r)dr]

This model could be found in (4), where 7 = (zl,,,, ZM) is the vector
of regression coefficients, (Z, x) is the scalar product of vectors Z
and X, and Ao is a so-called base function of failure rate. The values

Zand A, are parameters of function (4). The determination of Z and
A, Values is performed using the of data from H, (X ) gt)=1, by the

methods of statistical estimation. This represents the usage of the
the past experience mentioned above. The survivals comparison is
described in detail in [6].

That term presume two types of problems, not coinciding in the
general case. The first type is qualitative comparison by the “best-
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worst” principle and is realized by the introduction of an order
relation in the set of survival functions (3). The second type
requires a quantitative characterization of the difference between
these functions and is solved by metrization of these sets [5]. At the
same time it would be useful to have a characteristic that would
make the solution of both types of these problems possible.

Such an object was introduced in [6] and called “directed
semimetrics”. The details could be seen in [2]. In (5) could found a
typical example

of a linear directed semimetrics, where ¢>(t) is a bounded

nonnegative function.

©)  p(s,.5,)= [olt)s,(0)-5, (0]t

If q,(t)zl, that (6) is the the difference in mean time lengths of
patient lives after treatment.

(6)

Now we can formulate the decision rule for choice of the treatment
method.

Method Y, is the best for patient X, if (7).

p(sl’SZ):fl _fz

M p(S,(X).8(X))>0,
VK=m,..M, K#m
2.2 Second stage. The innovation proces.

2.2.1 Testing the decision rule

Now when the decision rule is constructed, it could be accepted or
rejected according to whether or not it provides a real gain in cancer
efficacy treatment. This raises the necessity of testing the rule on a
basis of real clinical data.

Medical practice which is followed in testing of new treatment
procedure, requires clinical trials. Such trials usually last for
extremely long period and are extremely labor-costy.

In addition, ethical problems may arise here if a certain group of
subjects will have to be assigned to a method that is significantly
different from the recommended one. Thus, we face a contradiction:
we have to perform the trial, meanwhile it is impossible to do it.
Once again, we face a creative problem, and in order to resolve the
contradiction, we have to involve an additional external factor. Such
factor might be the results of earlier made treatment decisions
existing in the database and the known results of their
implementation (2). Thus, the treatment results for this “alternative
procedure” group consists in evaluation the potential usefulness of a
particular rule retrospectively, using the data already available.

The algorithm for the testing is presented in [3]. Here we restrict
ourselves to a short description.

3. Algorithm and results of testing [3],[4]

3.1 The algorithm

1. All elements H_, m =1,..M, belonging to the set (2),

randomly divided into two non-overlapping subsets of equal

numbers of elements, H_, and H_,, called “training” and
“control”.
2. The elements from the training subset ; are used for th

determination of parameters Z and /10 of the survival functions
s, (t1x) (3).(4).

3. For each element X from the control subset H,, the
optimal therapy m0 is obtained by the method described above.

Thus, each element obtains the labels of two methods of treatment,
optimal and actually used, which are either the same or different. It
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relates to each element X from H __,m2=1,....M. Consequently, for

each element of the united set H= LMJH it is revealed whether its

- m2

m2=1

treatment was optimal or not.
We citate here shortly our articles.[3], [4] .
The procedure was applied to the clinical data of a group of more
then 1000 patients. The set of treatment alternatives consisted of
methods A and B By using of a random number generator, a
training sample and control sample were created.

3.2 Results

The results are shown in Fig 1. Four survival curves are
represented: the initial s (t) and S(t) for methods A, B, and for

som(t), S,n(t) after determination “optimal” and “non-optimal’

methods.

Elementary conclusions can be drawn by simply observing the
graphs, the “optimal” treatment method demonstrates a higher
survival rate over time. For a more in-depth medical analysis, please
see [3],[4]. We avoid doing it here because the purpose of the
article, as the title suggests, is a bit different.

X

R

TN §,.,..m\
\

Som(®)
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—
N
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TIME SINCE START OF TREATMENT (months)

Fig 1 — Survival over time

4. Conclusions

In conclusion, it should be noted that the described technique and
results could be interpreted as a step towards building Artificial-
Intelligence based systems to be used for diagnosis and decision
making in the process of determination of a treatment methos.

Additionally, the described method could have a very wide range of
additional applications, in particular, the reduction healing time for
patients suffering from severe diseases and body injuries.
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Abstract: In this paper, we evaluate the formal education active labor market policy programs in Slovenia during the great recession. The
quasi-experimental method of propensity score matching is applied. Performance of active labor market policy programs is typically
measured with the average treatment effect on the treated. In the short term, the programs do not reduce unemployment and are
characterized by a high dropout rate or a high percentage of unsuccessful completions due to some problematic target groups.
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1. Introduction

The aim of this study is to evaluate an important active labor
market policy (ALMP) program in Slovenia, namely Formal
education. The main question that should be answered by
analyzing the efficiency of active labor market policy is whether
ALMP measures reduce unemployment. Unemployment is the
result of imbalances in the labor market, namely the differences
between the supply of labor, which is determined by demographic
and social trends, and demand for labor that stems from economic
activity. The unemployment rate is, at least in the short term,
determined by fluctuations in economic activity, since the labor
supply is rather stable. ALMP measures that would effectively
reduce unemployment should affect labor supply and/or demand.

The rest of this study is structured as follows. Section 2
describes the data and variables used in the study. Section 3
explains the methodological approach of propensity score
matching. In Section 4, the results of evaluating the formal
education programs are explained in detail. The implications of
the empirical analysis are examined in the Section 5, Conclusion.
The Data and Methodological approach sections are summarized
from [6] and from [7].

2. Data

The data for the empirical investigation were obtained from
the Employment Service of Slovenia (ESS). The first database
(called US as abbreviation for unemployment spells) consists of
all unemployment spells that ended between 1st January 2007 and
31st December 2010, as well as all of the ongoing spells on 31st
December 2010. For each of the unemployment spells, the start
and end date and the variables gender, age, level of education,
occupation and statistical region were made available. Because
ESS is not allowed to disclose personal data about the
unemployed, only a personal ID number was added to enable
identification of repeated spells. 411,338 unemployment spells
with positive durations are included in this database.

The second database stores data about ALMP program
participants in Slovenia in the period from 2007 to 2010. This
database is called AL. In addition to the variables from the US
database, AL also contains information about the type of ALMP
program attended by the individual, source of financing and
success of the individual at completing the program. From the
initial 189,924 periods, the ALMP program ended in 166,166
cases. Since the ALMP program classification changed in 2007,
the study only considers the 158,546 periods according to this
classification. ALMP programs were successfully completed in
122,492 cases.

When estimating the models, the study used the following
variables: employment status, age, gender, level of education,
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region, occupation and whether this is the first job. It is important
to mention other variables that are often statistically significant in
similar studies of other authors, for example health status, income,
marital status and number of children. Unfortunately, we were not
able to obtain the data on these variables for Slovenia.

3. Methodological Approach

A statistical method of matching is used to measure
effectiveness of a treatment in a population. A subset of non-
treated individuals is called the control group, whereas the set of
treated individuals is called the experimental group (or treatment
group). For applications of matching to the labor market,
population is made up of all the unemployed in a given period of
time, while the treatment group consists of all individuals
participating in a specific ALMP program.

Performance of ALMP programs is typically measured with
the average treatment effect on the treated (ATT) that is defined
below. ATT simply put represents the difference between the
expected probability of employment for the experimental group
and the probability in the case that given individuals from
experimental group would not have participated in ALMP. The
second probability can only be approximately estimated. The first
step involves logit or probit models with relevant explanatory
variables to calculate the propensity for participation in the
observed ALMP measure. In the second step, for each individual
in the experimental group, one finds one or more persons in the
control group with the same or at least a similar enough propensity
for participation. With this subgroup of the control group the study
estimated the probability needed for ATT.

4. Results

Table 1: description of the Formal education ALMP programs
(based on the Catalogue of Measures of Active Employment
Policy, Employment Service of Slovenia [4])

GOAL AND OBJECTIVE:

Increase employability and flexibility of unemployed individuals
in the labor market, reduce structural mismatch in the labor
market, and raise the educational and qualification levels of
unemployed individuals

IMPLEMENTATION PROCEDURE:

Inclusion is carried out based on an employment plan. Formal
education includes publicly recognized educational programs that
run throughout the vertical from primary school to undergraduate
education. Participants who successfully complete the program
obtain a publicly recognized formal education.
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TARGET GROUP:

e Unemployed individuals who received education under
an employment plan according to Article 53b of the
Employment Relationship Act in the school year
2009/2010;

e Unemployed individuals
vocational education;

e Unemployed individuals with health limitations;
Individuals whose employment relationship ended as
redundant workers due to business reasons, bankruptcy,
liquidation of the employer, or compulsory settlement
and had a contract with the employer for education (in
this case, the remaining costs of the education program
are covered);

e  Unemployed individuals with professional or vocational
education in fields in which they cannot find
employment that have been registered with the
Employment Service of Slovenia for more than one
month, with an emphasis on eliminating regional
structural mismatches in the labor market.

e Unemployed individuals over 45 years of age.

without professional or

DURATION OF  The duration of education or inclusion of
INCLUSION: an individual depends on the type of
education in which the individual is
enrolled and their prior knowledge,

abilities, and skills.

As the effects of formal education often manifest in the long term,
we selected 1,348 formal education programs that started in 2007
as the basis. The histogram for the length of these programs,
shown in Figure 1, shows that most of them (909) last up to 1
year, and the longest program was supposed to last more than 4
years and end in 2011, but it is unfortunately not in our database.
We selected 519 out of a total of 909 education programs lasting
up to 1 year for the experimental group, in which unemployment
also began in 2007. The control group consists of individuals
enrolled in vocational education in 2007 who did not participate in
any of the active employment policy programs. The control group,
as defined, includes 37,082 individuals.

When studying the experimental group, we noticed an unusually
high percentage of unsuccessful completions. As shown in Table
1, only 56.8% of the participants successfully completed the
programs, approximately 9% interrupted the education, and
slightly over 32% completed it unsuccessfully (11.95% for
justifiable reasons, and 20.42% for unjustifiable reasons). We
suspect that the reason for such a high percentage of unsuccessful
completions is due to certain problematic target groups, such as
unemployed persons with health limitations and unemployed
persons over the age of 45 who probably have not received any
education for at least 20 years. Unsuccessful completions due to
justifiable reasons are probably a result of medical certificates, so
we assume that the percentage of people with health limitations in
the experimental group is significant. Figure 2 shows the success
rate for completions for the entire ALMP database (top figure) as
well as for formal education programs (bottom figure). The
ALMP database shows a 65% success rate for completions, taking
into account that approximately 12% of programs were still
ongoing at the beginning of the study, so there were no data on
their success rate. For formal education programs as a whole, the
success rate for completions is 42%, with approximately 20%
unsuccessful. Some programs were not yet completed when our
study ended.
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The results of calculations at the end of the years 2008, 2009, and
2010 are presented in Table 3 below. The calculations were
performed with R software [11]. The values for ATT are negative
and statistically significant in all three cases. In the short term,
negative results can be expected from education because this
program has a pronounced "locking-in" effect. In the long term,
some foreign studies show positive results, but the target group is
usually selected from all unemployed individuals. At the end of
2010, 67.24% of individuals in the experimental group were
removed from the US database, and there were 9.53% more such
individuals among those paired in the matching process (because
ATT is -0.0953), or 76.77%. At the end of 2009, 65.13% of the
experimental group were not among the registered unemployed,
and at the end of 2008, this proportion was the same at 67.24%.
The corresponding proportions for the matched control group are
obtained by subtracting ATT from the proportion for the
experimental group.

It should be noted that the calculation of ATT is biased because
we do not have data on the health status of the experimental and
control groups. To ensure unbiased calculation in the matching
method, all variables that affect both enrollment in the ALMP
program and the success of the program (i.e., removal from
registered unemployment) must be controlled. Unbiased
calculation could be achieved with data on some indicators of
health status, such as the number of visits to a doctor by an
individual in the observation period or expenditures from the
health insurance fund. Currently, the obtained ATT values are too
low because in the matching process, individuals with health
limitations in the control group should be paired with those who
also have health limitations. In any case, it would be good to
reconsider the rationale for some target groups, which contribute
to the high proportion of unsuccessful completions.

Figure 1: histogram for the length of formal education programs
that began in 2007 (in years)
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Table 2: Rate of completion of education for the experimental
group (in %)

No data 0.77
Sugcgssfully completed 56.84
activity

Interruption of activity - 6.94
justifiable reasons '
Interruption of activity - 231
unjustifiable reasons '
Unsuccessfully completed 11.95
- justifiable reasons '
Unsuccessfully completed 20.42
- unjustifiable reasons '
No entry for success rate 0.77

Figure 2: Rate of completion for the entire ALMP database
(upper image) and for formal education programs (lower image)
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Legend: 0: No data, 1: Successfully completed activity, 2:
Interruption of activity - justifiable reasons, 3: Interruption of
activity - unjustifiable reasons, 4: Unsuccessfully completed
activity - justifiable reasons, 5: Unsuccessfully completed activity
- unjustifiable reasons, 6: No entry for success rate.

Table 3: ATT calculations

At the At the At the

end of end of end of

2008 2009 2010
ATT -0,1089 | -0,11247 -0,0953
Al SE 0,0234 | 0,022817 0,0224
t-stat -4,6618 -4,9294 -4,2486
p-value 0,0000 0,0000 0,0000

Note: Al SE represents the standard error using the method developed by
Abadie and Imbens [1].

Formal education as an active labor market policy program has
been studied by other authors. Domadenik and Pastore [3] analyze
youth unemployment in two former transition economies,
Slovenia and Poland. The authors apply the multinomial logit
model and argue that tertiary education lowers the probability of
unemployment, especially for the young adults.

Juznik-Rotar ([5], summarized from Martin and Grubb, [10])
claims that empirical research that has investigated the
effectiveness of education active labor market policy programs
using a microeconometric approach has shown that such programs
have a very low positive impact on the likelihood of further
employment and potential earnings of program participants.
Therefore, state interventions must be appropriately designed if
we want to achieve greater employment opportunities for program
participants and greater cost-effectiveness. Kluzer [9], on the other
hand, estimates the effectiveness of active labor market policy
programs with a macroeconometric approach, namely with an
augmented matching function.

Caliendo and Schmidl [2] examine youth unemployment in
European countries that spend significant resources on active
labor market policy programs for the young unemployed.
According to the authors, a smaller part of training active labor
market policy programs are »preparatory programs that promote
the take-up of regular formal education, such as the continuation
of general schooling, or participation in apprenticeship-based
vocational education.«

5. Conclusion

Educational active labor market policy programs consist of
Formal education programs and Project-based learning for young
adults. These are typical attempts to reduce structural
unemployment, increase employability, and flexibility on the
supply side of the labor market. In the short term, the programs do
not reduce unemployment; the first program is characterized by a
high dropout rate or a high percentage of unsuccessful
completions enrolled in formal education, and reducing
unemployment is not the only goal of the project-based learning
program for young adults. We assume that the reason for such a
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high percentage of unsuccessful completions of formal education
is in some problematic target groups, such as unemployed persons
with health limitations and unemployed persons over 45 years of
age who have probably not been in education for at least 20 years.
Unsuccessful completions due to justifiable reasons are likely a
result of medical certificates, so we conclude that the percentage
of persons with health limitations in the experimental group is not
negligible. 1t would be wise to reconsider the relevance of certain
target groups, which is why this program has such a high
percentage of unsuccessful completions.
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MOJEJTUPOBAHUE ITPOHECCA NPOKATKHA TOJICTOI'O JIMCTA B BAJIKAX
PA3JIMYHOU KOHCTPYKIIMHU

SIMULATION OF THICK-SHEET ROLLING PROCESS IN ROLLS OF VARIOUS DESIGN

Evgeniy Panin’, Alexandr Arbuz?, Almas Yerzhanov!, Sergey Lezhnev?, Abdrakhman Naizabekov®, Dmitry Kuis*, Aibol Esbolat!

! Karaganda Industrial University, 30 Republic ave., Temirtau, 101400, Kazakhstan
2 Nazarbayev University, 53 Kabanbay Batyr ave., Astana, 010000, Kazakhstan
% Rudny industrial Institute, 38 50 let Oktyabrya str., Rudny, 115000, Kazakhstan
4 Belarusian State Technological University, 13a Sverdlova str., Minsk, 220006, Belarus
e-mail: cooper802@mail.ru

Abstract: This paper presents finite element modeling of thick-sheet rolling process in rolls of various design. Key feature of rolls was their
relief barrel design. Models of with different roll rotation speeds, different roll diameters, and different friction coefficients of the rolls were
considered. During comparative analysis, the shape change in the longitudinal and transverse directions and equivalent strain were
considered. The simulation results showed that asymmetry factor is the effective way to increase the metal processing. And relief barrel
design allows to avoid the workpiece bending in the vertical direction.
Keywords: ROLLING, RELIEF ROLLS, ASYMMETRY, SIMULATION, STRAIN STATE.

1. Beéeoenue

IloBelmieHne KkadecTBa METALIONPOAYKIMH B  IIpoIecce
00paboOTKN mJaBlIeHHMEM OBLIa M OCTaeTcs OJHOW W3 Hamboiiee
aKTyaJbHBIX ~ 3ajad  COBpeMeHHOH  wmmxkenepun.  Cpean
MHOTOYHCIICHHBIX croco6oB YIIydIIeHUS KadecTBa
MEeTaJUION3ICIuK  0co00e MeCTO 3aHUMalT crocodsl OMJI,
peanu3ylomyie MHTEHCUBHYIO IUIACTHYECKYyIo nedopMaruio. DTH
croco0Bl 00pabOTKH IaBIEHHEM HE MPOCTO YJIY4IIAIOT UCXOIHYIO
JUTYIO CTPYKTypy MeTauia OHM CIIOCOOHBI H3METBYHUTH
HCXOJHBIA pa3Mep 3epHa O MENKO3EpPHHUCTOrO COCTOSIHUS, YTO B
HUTOTE TPHAAeT MeTally 3HAYUTENbHBIA POCT MEXaHHYECKHX
XapakTepucTuk. Bce 370 TpeGyer momcka HOBBIX TEXHOJIOTHH H
CIIoco00B peaNn3aniy U BHEIPEHHS B COBPEMEHHOE IIPOU3BOACTBO
METaJUTONPOLYKIHN.

[TepcrieKTUBHBIM ~ HAINpPaBICHUEM SIBISIETCS  aCCHMETPUYHAsS
IpOKaTKa, MOJIy4yuBIIas CBOE pacnpocTpaHeHue B Haudaie 2000-x
rogoB. TONYKOM K 3TOMY SIBHJIOCH BBEICHHE B OJKCIUTyaTalHIO
pabounx KjieTel ¢ MHAMBUAyaIbHBIM NPUBOJOM BaJKOB. [IpakTuka
uccienoBaHus U IpuMeHeHHs mnpoueccoB All npu ropsueit u
XOJIOJHOHM TIPOKATKE JIFCTOB CBHJETEIBCTBYET O BO3MOXKHOCTH
YIPaBIEHHS TIPH 3TOM HMPAKTUIECKH BCEM CIEKTPOM ITapaMeTpOB
TIPOKATKH U CIY>KEOHBIX CBOMCTB JICTOB U 1ooc. [1].

AcUMMeTpHYHasi TIPOKATKa II03BOJISET MOHM3UTH YCHIIHE
MPOKaTKH M DHEPros3arpaThl Ha mporecc AedhopMalny, YMEHBIIUTh
OPOAOJBHYKO W TIONEPEYHYIO PA3HOTOJIIMHHOCTH, YJIYUIIHUTH
IJIOCKOCTHOCTh M ()OPMY IIOJIOCHI, IaeT BO3MOXKHOCTb ONEPAaTHBHO
YOpaBJIsAITb Ka4€CTBOM  ITOBEPXHOCTH, (bPI3PIKO-MeXaHI/I'~leCKI/IMl/I
CBOIfCTBaMU IpOKaTa.

Anamm3 (akTopoB, KOTOPEIE BIUAIOT Ha YIIMPEHHE, U CIOCOO0B
ACHMMETPHYHON IIPOKATKH ITOKA3all, YTO HAaHOOJIee panioHaIbHBIM
cmocobOM OIS WCCIENOBAHUS — BIMSHUS — PacCOTTIaCOBAHMS
CKOpOCTeH BaJKOB Ha YIIMPEHHE CO CTOPOHBI BEIYIIEro |
BEJJOMOT'O BaJIKOB SIBJISICTCSI CKOPOCTHAsi acuMMeTpusi. [IpumeHenue
CKOpOCTHOI‘/’l ACUMMETpUU  AAa€T BO3MOXHOCTbL PEryJiMpoBaTh
paccoriacoBaHHe CKOpPOCTEil BajJKOB B IIMPOKOM JHama3oHe
HETIOCPEACTBEHHO B TPOIEcCe MPOKATKHM, a TaKKe MO3BOJIET
HCTIONB30BaTh CHCTEMBI aBTOMATHUYECKOTO PETYINPOBaHUSL. [2]

Paznenenne mporeccoB IPOKaTKM HAa CHMMETPUYHBIE W
aCHMMETPHYHBIE HMeeT YCIOBHBIH xapakrtep. Hampumep, ecnm
MPOIeCC MPOKATKH HE HMMeeT MNPH3HAKOB HAMEPEHHO BHOCHMOIL
aCUMMETPHH, a BIMSHHE ACUMMETPUH HA YCIIOBUS TPOKATKU
HE3HAUUTENBHO U ONpPEAENEHO IOIMyCKaMHM TEXHOJIOTHHU, TO TaKOH
Ipolecc TPOKaTKM OTHOCAT K CHUMMeTpuuHbIM. Ecmm ke
ACHMMETPHS 33/1a€TCSI TAKUMH CIEIHAIEHBIMU TEXHOJIOTHIECKIMHU
IpueMaMy, Kak BpamieHHe pa0oduxX BaJKOB C Pa3INIHBIMA
OKPY)KHBIMH ~ CKOPOCTSIMH, TpHMEHEHHe pabodMx BaJKOB C
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HEOTMHAKOBBIMH JIHaMeTpaMHy, HaHECEHHe Ppa3IHYHOM
IIEPOXOBATOCTH Ha IOBEPXHOCTH BEPXHEr0 M HIDKHEro paboumx
BAJIKOB ¥ T.J., TO B 3THX CIIy4asX HPOLECC MPOKATKH OTHOCSAT K
acuMMeTpH4HBIM [3]. ABTOpHI paOoTHI [4] CUUTAIOT, YTO MPOKATKA
BCErJa acHMMETpHYHA, a Clyyall CHMMETPHUYHOIO Mpolecca
NPOKATKH €CTh WACAIN3alls PEANbHBIX YCIOBHIl. ACHMMETpHS
MOJKET OBITH IICJICHANIPABJICHHO BBEICHA JUIS YIYYIICHUS YCIOBHS
NPOTEKAaHWs TIIpollecca IMPOKATKH - 3TO IIO3BOJUT YHPaBILTH
(opmoii packara, yMEHBIIUTh YCHIHS NPOKATKH, MOJIYyYUTH Oojiee
BBICOKHE MEXaHMYECKHE CBOMCTBA M CHU3UTH 3aTPaThl SHEPrHU Ha
MPOU3BOJICTBE.

B  paborax [5-6] TmoOBBIIIEHWE ~ KadecTBa ~ MeTajUia
TOJICTOJIMCTOBO}! CTANM MPU HE3HAYMTEILHOM M3MEHEHUH Pa3MEpOB
MCXOJIHOM 3aroTOBKH JIOCTHI'aeTCS TEM, YTO IPOKAaTKa TOJICTBHIX
JIMCTOB OCYIIECTBISICTCS B BalKaX, BKIIIOYAIOIIME BEPXHUH U
HIDKHUH BaJIKH C peibe(HOH MOBEPXHOCTHIO B BHJE KOJBLEBBIX
NPOTOYEK, O0pa3ylomUX BBICTYNBI M BHAJWHBI TparelueBHIHON
¢dopMBI, yepeayromuecss Ipyr 3a APYroM HO Bcel JUTMHE OOYKH
BaJIKa C INMPHHON TPANELHEBUIHBIX BBICTYIOB MEHBIIE IIHPHHBI
TparnenueBUIHbIX BraAuH. OCHOBHAs ujes JAHHOTO M300peTeHHUs
3aKJIFOYAeTCs B CIOCOOHOCTH OCYIIECTBUTH AC(OPMAIUIO CABUra U
BO3MO)KHOCTH BBIPAaBHHBATh MPOKATaHHYIO 3arOTOBKY B TJIAJKHX
BaJIKaX MPU HE3HAYUTEIFHOM 00XKaTHH.

Heo0x0auM0 y4HUTHIBATE, YTO KPOME MOJIOKHTEIBHBIX CBOMCTB,
B TIpollecce TNPOKAaTKH AaCHMMETPHUYHBIM CIIOCOOOM, HMEIOTCS
TAKOKe OTPHUIATEIbHBIE SIBICHMS, 3aKIIOYalolIhecs B H3rHOe
MOJIOCHl BHE oyara Jedopmarvi, BO3MOXKHOCTh CYLIECTBOBAaHHS
CKOJIbXKEHHS B oyare ie)OpMaIlii. a TaK JKe ITOBBIILICHHAs Harpy3Ka
Ha NPHBOJBI NMPOKATHBIX CTaHOB. VICXOHs M3 3TOr0  MPOKaTKy
ACCHMETPHYHBIM CIIOCOO0M, HEOOXOAUMO TPOBOIHUTH IPH TaKHX
napameTpax, OpH  KOTOPHIX  BO3MOXXHO  MHHHMH3HPOBATH
oTpunaTenbHbie 3PQeKTh, aBTOpel [7-9] B cBoMX paboTax
OITMCBhIBAJIN NAHHBIC TEXHOJIOTHH.

2. OKcnepumenmanvHas Yacmo

JIns OLCHKM BIMSHUS IpeJIaraeMoi cxeMbl 1e()OpMHUPOBaHUS
Ha YpOBEHb INpPOpPabOTKH MeTaia OBUIO PENIeHO HCIIOIb30BATh
KOMIBIOTEPHOE MOJIETTHPOBAHUE METOJOM KOHEYHBIX 3JEMEHTOB
(MKD). MopenupoBanue poBOAMIOCHE B Tporpamme Deform v.12,
MOCTPOCHHUE TPEeXMEPHBIX TeOMETPUIECKHX Mozeneit
ocyiecTBisuIock B nporpamme Kommac-3D v.16.

JuameTp BaikoB ¢ penbedHONH MOBEPXHOCThIO MO OypTam
cocrapnser 200 mM, mmuHa Oouku 500 mMMm. Ckoc HPOTOYKH Ha
BBICTYIIaX M BHAJWHAX cocTaBisieT 45°. 3aroToBKa MpPEACTAaBISET
coboif scT mpsMoyroibHOH (opMer cedenneMm 10 x 400 MM n
mmHOoM 350 MM. IIpm STOM OBIIO pemieHO CMOAENMPOBATH
HPOKATKy C IUIOCKOCTBIO CHMMETPHH MO INUPHHE, T.€. B MOIENU
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mupuHa 3arotoBka Obuia paBHa 200 MM, KOTOpas 3epKalbHO
oTpaxkanack. B xadecTBe Marepuaina Ui 3aroTOBKH ObUIa BbIOpaHa
natrydp JI63, mpu 3TOM paHee OBUIO YCTaHOBJEHO, YTO JaHHAsS
TEXHOJIOTHS NPOKAaTKH B peNbe(HBIX BajKaxX BIIOJHE NPUTOAHA H
JUISL TIPOKAaTKU CpaBHUTENbHO MArkux craneid tuma Cr3. Ilpu
KOMITBIOTEDHOM ~ MOJICJIMPOBAaHUM  IIpoIlecca  HCIHOJIB30BAIUCH
CIIeTyIOINE TEXHOIOTHYECKUE ITapaMETPBL:

- MaTepHai 3ar0TOBKU OBUI ITOJTHOCTBHIO H30TPOITHEIM;

- IpOKaTka IPOBOAMIACH IIPU TEMIIEpaType OKpYKaromen
cpensl 20°C;

- TeMmIlepaTypa HarpeBa 3arOTOBKM IIepel INpPOKAaTKOW Oblia
pasHa 600°C;

- KOdpQUIHMEHT TemIoo0MeHa 3aroTOBKU C HHCTPYMEHTOM
coctapisut 5000 Bt/(M2+°C);

- KOG (HIMEHT TemIo00MeHa 3aroTOBKH C OKpY)XKaloIeH
cpenoit cocrapinsut 0,002 B1/(m2+°C);

- UL CO3JaHWsd MAaKCHMAaJIBHO JKECTKHX YCIIOBHH 3axBaTa
K03 GHULIUEHT TPEeHHs Ha KOHTAaKTE MeTaula C BaJKaMd ObLI
npuaatr 0,5 (4TO COOTBETCTBYET 3arpyOiIeHHOW MOBEPXHOCTH C
BBICOKMM YPOBHEM IIEPOXOBATOCTH);

- CKOPOCTH BpallleHns BepxHero Baika 60 pas/c.

Jlnst onpeneneHus ONTHMAIBHOW CKOPOCTH BpALIeHHs HIDKHETO
BaJIka OBUIO pEelIeHO CMOJEIMPOBATh 2 BapHaHTa aCHMMETPHUH: CO
ckopocThio BpamieHus 80 pan/c (rae KOIPPUIHUCHT aCHMMETPUH
paseH 1,3) u co ckopocThio BpanieHust 90 pan/c (tae KodpPuueHT
acuMMmerpun paseH 1,5). Taroke A7 CPaBHUTEIBHOTO aHAJM3a
OBUIM  TIOCTPOEHBI  JIONIOJIHUTENIBHBIC ~MOJENH  TPOKATKH B
penbedHbIe Bankax, Iie aCHMMETPHs OTCYTCTBYET M JIBE MOJICIHU
NPOKaTKH B TJAJAKUX BalKaX C YKa3aHHBIMH Kod(duuueHTaMu
ACHMMETpPHHU.

3. Pe3ynomamol u oocyscoenue

OOBIYHO TIPU PACCMOTPEHUH Je(HOPMUPOBAHHOTO COCTOSHHS
HCTIONB3YIOT IIO0Ka3aTeldb HHTEHCHBHOCTH Ae(OpMalnH, WIHM TaKk
Ha3bIBaEMYIO 3KBHBAJIICHTHYIO 1e(hOPMALIHIO.

Ha pucynkax 1-2 npeacTaBlieHBl Pe3yJbTaThl MOJACTHPOBAHUS
MPOKaTKH B TJIAJKHX BajJKaX C Pa3IMYHBIMH KOd(dHUIHEeHTaMI
ACHMMETPHHU M OTHOCUTENBHEIM oOxatreM 10%.

@)

0)

Puc. 1. Obwuii 6uo npoxamxku (a) u pacnpedenenue IKGUSATEHMHOU
depopmayuu (6) 8 21a0Kux 8ankax ¢ koIQpuyuenmom acummempuu 1,3

[Ipu mpoxarke ¢ BeICOKMM ypoBHeM acummerpuu 1,3 u 1,5
3aroTOBKAa M3rH0aeTcss B BEPTHKAIBHON IUIOCKOCTH, MPHYEM Yroi
n3ruba  yBeNMUMBaeTCs € HOBBILIGHHEM KO3 dHIHeHTa
acummetrpuu. Ilpu  3TOoM  pacmpeneneHue  SKBUBAJECHTHOMN
nedopMariii HOCUT HEpaBHOMEPHBIH XapaKTep — B 30HE KOHTaKTa ¢
BEPXHUM BaJIKOM €€ BeJMYHHA paBHa npumepHo 0,2; a Ha KOHTAaKTe
¢ Gonee OBICTPHIM HIKHHM BAJIKOM €€ BEJIMYWHA PAaBHA [IPUMEPHO
0,4 (mpn xoddpdunmente acummerpuu 1,3) u 0,52 (mpm
kod¢duieHTe acummeTpuu 1,5)

0)

Puc. 2. Obwuii 6ud npoxamku (a) u pacnpeoeieHue IKGUSAIEHMHOU
Odepopmayuu (6) 6 enadkux eanxkax ¢ kKoagpgpuyuenmom acummempuu 1,5

@)

6) et
Puc. 3. Obwuii 6ud npoxamku (a) u pacnpeoeieHue IKGUSALCHMHOU
Odeghopmayuu (6) 6 penvedpuvix sankax 6e3 acummempuu

Pesynbrartel MomenupoBaHUS MPOKATKH B PElIbe(HBIX BallKax
0e3 acuMMmeTpun (PUCYHOK 3) TIOKa3alW CYIIECTBCHHBIH POCT
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YPOBHSI 9KBHBaJIICHTHOH aedopmanuu 10 1,15-1,2 B 30HaX KOHTaKTa
MeTalmla €  KOJbLEBBIMH IpoToukamMd u g0 0,45 Ha
MPOTHBOINOJIOXHBIX 30HaX. Ha HaKIOHHBIX ydYacTKaX YpOBEHb
nepopmarmu Haxogutcss B mpenenax 0,3. 3arotoBka B JaHHOM
Cllydae BBIXOIMT M3 BAIKOB 0€3 MCKPHUBIICHUS, MOCKOJIBKY (akTop
ACHMMETPHHU OTCYTCTBYET.

IIpn BrIIOYEeHMH B JaHHYIO CXeMy (akTopa acHMMETPUH
(pucyHku 7-8) OBbUIO OTMEUEHa OJHA KIOUYEBas OCOOCHHOCTb.
Hecmotpss Ha [0CTaTOUYHO BBICOKMHM YpOBEHb aCHUMMETpPHH,
3aroTOBKa MOCHe BbIXoAa M3 ouara Jgedopmanuu pernbeHbIX
BaJIKOB ~ NPAaKTHYECKH HE  u3rubamach, COXpaHAs  CBOIO
TOPU3OHTANBHYIO  TPaeKTOpHI0  ABWXKeHus. Takoir  addexr

JAOCTUTAJICA 3a CUET MOJIy4aeMoro penLe(bH()ro CCYCHHUA 3aroTOBKH,
u  BIIaIUHBI

B KOTOpPOH 00pa3yeMble BBICTYIIBI
CBOEOOPA3HYIO POk pedep KEeCTKOCTH.

BBITIOJIHAINA

@)

p‘x - Effective (mm/mm)

F 134
147 l
1.00 J

0.838
0.670 I

0.502

0335
0.168 I

0.000

0) )

Puc. 4. Obwuii 6uo npoxamxku (a) u pacnpedenenue IKGUEATEHMHOU
Odepopmayuu (6) 6 penveduvix eanxax ¢ koapguyuenmom acummempuu 1,3

a)

0)

Puc. 5. Obwuii 6uod npoxamku (a) u pacnpeoeienue 3K8UBANECHMHOU
Odedpopmayuu (6) 6 penveduvix eanxkax ¢ Koapuyuenmom acummempuu 1,5
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ITpu 3TOM OBUIO YCTAHOBJICHO, YTO IOBBIIICHHE KOd]dHLIeHTa

aCUMMETPUM TPHUBOAUT K POCTY YPOBHA  SKBHBAJICHTHOH
pedopMalMy 1O BCEMY CEYEHHIO 3arotoBku. Tak, mpu
kodbduipenre  acummerpud 1,3 MakCHMalbHBIA  yPOBEHb

neopmarmu  coctaBua  1,3-1,34 Ha KOHTakTe C KOJBIIEBBIMHU
MPOTOYKAMH, B IPOTHBOIOJIOKHEIX 30HaX YPOBEHb nedopMarun
BeIpoc 110 0,65. IIpu 3TOM Ha HAKIOHHBIX Y4acTKax 30HBI NaJCHUS
nedopmarmu 10 0,3-0,35 cranu cymecTBeHHO MEHBIIIE.

IMpu ko3 duuuente acummerpuu 1,5 MakCHMalbHbIA YPOBEHb
nedopmaru  cocraBun 1,4-1,46 Ha KOHTakTe C KOJBLEBBIMH
HPOTOYKAMH, B HPOTUBOIOJOKHBIX 30HAX YPOBEHb Aedopmanuu
BbIpoc 110 0,7. TIpu 3TOM Ha HAKJIOHHBIX Y4acTKaX 30HBI IaJICHUS
nedopmarmu 10 0,3-0,35 npakTUUECKH OTCYTCTBYIOT.

Takum 00pa3oM OBUIO yCTaHOBJICHO, YTO BBeIeHHE (akTopa
aCHMMETPHH B CTAIMI0 TIPOKaTKd B peNbeHBIX  BaJKax
ONIaronpuATHO BIUSET Ha YPOBEHb IPOPAabOTKH AehOpPMHPYEMOTrO
Metayula. BernexctBue dero ObUIO pemieHO B JasbHEHIIeM
paccMaTpuBaTh MOJElb ¢ ko3 duuueHToM acummerpud 1,5.

Buieoowr

IIpoBeneHnbie  uccnemoBaHus ToOKazamd  3(pQeKTHBHOCTH
peanu3anuy KHHEMaTHYeCKOH aCHMMETPHH IIpU IPOKAaTKe B
penbedHBIX Bankax. [lyrem MoxenupoBanus B cpene Deform 6bui0
BBIIBJICHO, YTO JIa)Ke TIPH BEICOKOM YPOBHE aCHMMETPHH 3arOTOBKa
HOCJIE BBIXOZA U3 PEIbe(HBIX BAJIKOB MPAKTUYECKH He M3rubaercs,
COXpaHsAs CBOIO TOPU3OHTAJBbHYIO TPACKTOPHIO JABMXEHMs. Takoi
3¢ deKT mocTUraeTcs 3a c4eT pelbeHOro CeueHHs 3aroTOBKH, Il
oOpa3yeMble BBICTYIIBI M BIAAWHBI BBIIONHSIOT pPOJIb  pebep
JKECTKOCTH. YPOBEHb Ae(opMaIuy IpH 3TOM BO3PACcTaeT PUMEPHO
Ha 20% 1O CPaBHEHUIO C CUMMETPHYHO IIPOKATKON B perbehHBIX
BaJIKaXx.

Hannoe uccredosanue unancuposaroce Komumemom nayxu
Munucmepcmea  nayku u  evicuiezo obpazoeanus Pecnybnuku
Kaszaxcman (Tpanm Ne AP14869080).
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HCCJIEJOBAHHUE 3BOTIOINUHA MUKPOCTPYKTYPBI CTAJIU 45 IIPHA
JAE®OPMUPOBAHUNHU B BOUKAX PA3JIMYHBIX KOHCTPYKIUU,
PEAJIM3YIOIUX CABUI'OBYIO JE®@OPMALINIO

INVESTIGATION OF THE MICROSTRUCTURE EVOLUTION OF STEEL 45 DURING DEFORMATION IN
STRIKERS OF VARIOUS DESIGNS IMPLEMENTING SHEAR STRAIN

Andrey Tolkushkin®, Andrey Volokitin, Abdrakhman Naizabekov?, Irina Volokitina!, Evgeniy Panin?, Sergey Lezhnev', Oksana Maldina®

'Rudny Industrial Institute, Rudny, Kazakhstan
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Abstract: In this paper, a forging tool of a new design is proposed, which allows to implement shear and alternating strain in the entire
volume of the deformable workpiece with a smaller change in its initial dimensions. In order to confirm the effectiveness of the proposed new
forging tool in obtaining plate type blanks of the required quality, a laboratory experiment was conducted. During the laboratory
experiment, the forging of blanks of 45 steel was carried out in such forging tools as step-wedge-shaped strikers of two different variants
(proposed and previously known) and in step strikers. Analysis of the shape change of workpieces after forging and the microstructure
evolution of steel after two deformation cycles showed that the use of stepped wedge-shaped strikers with a wedge on the upper striker and a
wedge-shaped depression on the lower striker is more promising, since it allows to obtain a fine-grained structure in the metal with a

smaller change in the initial dimensions of the workpiece.

Keywords: SHEAR STRAIN, FORGING, STEP-WEDGE STRIKERS, STEP STRIKERS, MICROSTRUCTURE.

1. Beeoenue

Ilpn BBIOOpPE Ky3HEYHOrO MHCTPYMEHTa [UIsl TIPOBEICHHS
orepanuu nehopMHUPOBaHUS 3ar0TOBOK 1eaecoobpa3Ho
HCIIONB30BATh TAKyIH0 KOHCTPYKLHIO OOMKOB, KOTOpas IIO3BOJIHMT
peaH30BbIBaTh  AOCTATOYHO  XOPOUIYID  MPOPAaOOTKY  JIUTOH
CTPYKTYpHl MeETalyla TPH CHIKCHHBIX OHEprosarparax MM
MEHBLIEM KOJMYECTBE LHKIOB ACHOPMUPOBaHHSA. DTO IO3BOJIMT
CYIIECTBEHHO YBEJIMYHUTh CPOK CIYXOBI HHCTPYMEHTA, CHH3HT
pacxos HEOOXOIUMOW OSHEpPruH, YTO B HUTOre HACT OIIYTHUMBIH
skoHoMHYeckui addext. Kiaccuueckue mockue 60iku, HECMOTPS
Ha BCE elle IIMPOKOE  pAacHpOCTPaHEHHWEe Ha  MHOTHX
METaJUTPTHYECKUX TPEANPHUATUAX, YKE JABHO IOTEPSINH CBOIO
aKTyaJIbHOCTh, TaK Kak Je)OpMHUPOBAaHUE B TaKHX OOMKax sBIsSeTCS
KpaifHe 9JHeprosarpaTHbIM, IIOCKOJIBKY B [JaHHOM Cliydyae B
nehopMHUpyeMOM MeTajlie pa3BHUBAIOTCS B OCHOBHOM HOpPMAJIbHBIE
HaInpsDKEHHUs1 U TPAKTHYECKH OTCYTCTBYeT AeopMaius CIOBHTIa.
ITosTomMy pa3paboTKa HOBBIX TEXHOJIOTMH KOBKH, MU B YaCTHOCTH
HPOTSDKKH, KOTOPBIe OBl MO3BOJMJIM YBEIHYHUTH OO CABUTOBBIX
nedopmaryii, SBISIETCST aKTyalbHBIM HAlpaBlICHUEM pa3BHUTHS
Ky3HEYHOTO POHM3BO/ICTBA.

Ha naHHBIT MOMEHT M3BECTHO MHOXKECTBO WHCTPYMEHTOB IS
KOBKM [2-7], mo3BoNsIOIIMX B mpoiecce  aehOpMHUPOBAHUS
peann3oBEIBaTh, KaK CIBHTOBBIC, TaK W 3HAKONEPEMEHHBIE
nedopmarmu. OHM WMEIOT, KaKk CBOM NpPEUMYINECTBA, TaK H
HezpocTaTku. Ho Ha TaHHBII MOMEHT JI0 CHX TIOP HET COBEpPLICHHOTO
WIM XOTd OBl YHMBEPCAJbHOTO HWHCTPYMEHTa Ui KOBKH,
peanu3ylolero B mpouecce AepOpMUPOBAHHS CIBUTOBBIC H/WIIH
3HAKONEpPEMEHHbIE iedopMariu.

Tak, HampuMmep, W3BECTEH WHCTPYMEHT MJIS W3TOTOBICHHS
TIOKOBOK, CoOJiepKamuii GOMKHM CO CTyHeHYaThIMH W HAKIOHHBIMH
yJacTKaMH, BBINOJHEHHBIE C YIJIOM HAKJIOHAa K TOPHU30HTAIBLHOM
IUTOCKOCTH yJacTKa MEXTy CTyNeHSIMH He Oonee 45° W mupuHON
CTyneHH OonbIlel NPOTSHKEHHOCTH He MeHee 1,5 cymmapHoi
NPOTSDKEHHOCTH MEHBIIEH CTYNeHHM M HakJIoHHOro y4acTtka [8]. Ho
HEZ0CTaTKOM JJAHHOTO M3BECTHOTO MHCTPYMEHTa SBIISIETCS TO, YTO
HPH NPOTSIKKE 3arOTOBOK B CTYINEHYATHIX OOMKax Ul MOIyYeHUs
MEITKO3EPHHUCTOIl  CTPYKTyphl ~ MOKOBOK,  oOecrieunBaromei
HEOOXOIUMBIN YpOBEHb MEXaHHYECKUX CBOICTB JaHHBIX ITOKOBOK,
HEOOXOIUMO OCYIIECTBIATh HECKOJIBKO IPOXOAOB IPOTSIKKH B
CTYIeHYAThIX OOHMKaxX, YTO CHMXKAET NPOM3BOAUTENFHOCTh JAHHOTO
npolecca.

Tak jxe W3BECTEH MHCTPYMEHT JUIS M3TOTOBJICHHS IIOKOBOK,
cozieprKallni GOWKH CO CTyNEHYaThIMH M HAKIOHHBIMH y4aCTKaMH,
BBINIOJIHEHHBIE C YIJIOM HaKJIOHa K FOPH30HTAIBHOW INIOCKOCTH
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y4acTka MEXIy CTYNCHsAMH He Oosee 45° W UIMPUHOW CTyNECHU
Ooypiield  MPOTSDKEHHOCTH  He  MeHee 1,5  cymmapHOH
MPOTSXKEHHOCTH MEHBIIEH CTYINEHH M HAaKJIOHHOIO y4acTKa, IpH
STOM HAaKJIOHHBI y4yacTOK U MEHbIIAs CTYINEHb B IIOIEPEUHOM
CeUeHUE BBIONHEHbI B BUAE KinHa [9]. Ho maHHBIA HHCTpYMEHT
TaK K€ MMeeT HEeZOCTaTOK, KOTOPBIH 3aKII0YaeTcs B TOM, UTO IIPH
HNPOTSDKKE 3arOTOBOK B JAaHHOM MHCTPYMEHTE O0ecTeuuBaeTcs
MOTy4YeHHE MENKO3EPHUCTONH CTPYKTYPHI B HEOOXOAUMBII ypOBEHB
MEXaHUYECKUX CBOMCTB IOKOBOK 3a MEHBIEE KOJMUYECTBO
HNPOXO/IOB, HO TNpH OONbIIEM HW3MEHEHHH WCXOIHBIX pPa3MepoB
3arOTOBKH 110 CPAaBHEHHIO CO CTYIIEHYaThIMH OOHKaMu.

Ilepen HaMu ke cTOsa 3a7adya MOBBILIICHUS KayecTBa MeTajula
3arOTOBKM TIPH MEHBIIEM KOJIHYECTBE IPOXOJOB W MEHBIIEM
W3MEHEHUN WCXOJHBIX Pa3MEpOB 3aroTOBKH ITyTeM pealH3aliu
WHTCHCHBHBIX IUIACTHYECKHX Jedopmarmii Bo BceM oObeMe
neopMUPYEMOTo TeTa.

Puc. 1 Cmynenuamo-knunoguonvle 60uKu Ho80U Koncmpykyuu: 1 — eepxnuil
60ex; 2 — HudcHUll 60eK, 3 — MeHbUAas CIYNeHb ¢ KIUHOM 6epXHe2o 6ouKa, 4
— HAKIOHHBIL YHACMOK C KIUHOM 6epXneco OouKa; 5 — 6onvuas niockas
cmynenv 6epxneco 6otika; 6 — MeHbWAs CMYNeHb ¢ KIUHOBUOHOU GNAOUHOU
HUudICHe2o0 6OUKA; 7 — HAKIOHHbLL YYACMOK C KIUHOBUOHOU BNAOUHOU
HUdCHe20 60tliKa; 8 — bOnbULAs NIOCKAS CIYNEHb HUNCHE20 OOlIKA

JlanHas 3ajaya MOXKET ObITh pElIeHa 3a CYET peall3allui B
MaTepuajie 3aroTOBKH HHTCHCHBHOH IUIACTHYECKO#l aedopmannu
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MO CXEMe MpPOCTOH CIOBUI OJHOBPEMEHHO B MPOJONBPHOM U B
MONEPEYHOM  HampaBlEeHHAX. OTO  JOCTHraeTcs TeM, UTO
MUHCTPYMEHT JUI M3TOTOBJICHHS IIOKOBOK, COAEPXHUT OOiKku co
CTYNEHYaTHIMU U HAKJIOHHBIMH Y4acTKaMH, BBITIOITHEHHbIE C YIIIOM
HAKJIOHA K TOPU30HTAIBHON MJIOCKOCTH Y4acTKa MEXJy CTYHNCHIMU
He Oosiee 45° M MIMPUHOHW CTYNEHU OOJIBIIEH NPOTSHKEHHOCTH He
MeHee 1,5 cyMMapHOH MNpOTSIKEHHOCTM MEHBIIEH CTYIEHH U
HAKJIOHHOI'O y4acTKa, IIPU 3TOM HAKJIOHHBIM y4yacTOK M MEHbILIAs
CTYNIeHb BEpXHEro Ooika B IIONEPEYHOM CEUCHHUE BBIMONHEHBI B
BHJE KIMHA, a HWKHETO 0OHKa B BHJIE aHAJOTMYHOM KIMHOBUIHON
Braaunsl [10] (puc. 1).

2. Memoouxka nposedenus IKcnepumeHma u
UCCe008aAHUTL MUKDOCMPYKIYDbL

Jnst mpoBeneHust 1a0OPaTOPHOTO SKCIIEPUMEHTA 110 U3YIEHHIO
BIUSIHUSI HOBOW TEXHOJIOTMM KOBKHM IIOKOBOK B CTYIEHYaro-
KIMHOBUIHBIX OOHKax HOBOW KOHCTPYKIMH Ha 9BOJIOIHIO
MHUKPOCTPYKTYPHl ~ OBIIM  IIOATOTOBJICHEI  3arOTOBKH U3
yriepomuctoi cranu 45 pasmepamu hxbxl = 30x40x200 mm. [{nst
BOCCTAHOBJICHUSI HAYaJILHOI CTPYKTYpHI 3aTOTOBOK U3 cTaid 45 nx
nepen Ae(OPMHPOBAHUEM MOABEPTaINd HEMOJIHOMY OTXKHIY IIPH
temreparype 820°C ¢ Beiepskkoit 2 waca [11] B TpyO4aToii meun
CONPOTHBIICHHUSI.

Jnst mpoBemeHMS OKCIEPUMEHTa ObUIM TOATOTOBIEHBI B
CTYICHYATO-KIIMHOBbIE OOHKM HOBOH KOHCTPYKIHH C YIJIIOM
HakioHa 30° ¥ ¢ yIJIOM KJIMHA BEpXHETro OOHKa M KIMHOBHIHOM
BNAJAWHBl HIKHEro Ooiika paBHBIM 160°, CTymeHYaTO-KIMHOBBIC
0OMKN CTapoil KOHCTPYKIMM TaK e ¢ yrioM HakioHa 30° u ¢
YIJIOM KJIMHAa BEPXHEro M HIDKHEro 00ifkoB paBHBIM 160°,
CTyneH4aTsle 60MKH ¢ yriaom HakioHa 30°.

JebopMupoBanne 3aroToBOK B J1A0OPAaTOPHBIX — YCIOBHSX
MPOU3BOJAWIN Ha rujpaBiudeckoM npecce [II'M — 1500MI4.
JedopMupoBanue 3aroTOBOK OCYIIECTBISUIH CICIYIOIINM 00pa3oM.
3aroToBKU HarpeBajld JI0 TemIepaTypbl Hauana koBku 1200°C, a
3aTeM UX T[OJaBajli B CTYNCHYATO-KIMHOBBIE OOMKH HOBOU
KOHCTpyKimu [14] Ha TEpBYIO CTymeHb C KIHHOM Ha BEPXHEM
Oolike W KIMHOBHAHOM BHagWHON Ha HmkHeM Ooiike. Ilocme
o0XaThsl 3arOTOBKM HAa TEPBOM CTYIEHH OCYIIECTBIISUIM IOJAdy
3arOTOBKM Ha HAKJIOHHBIH y4acTOK W TaK >k€ MPOM3BOJMIN
obxarue. Ilocime uyero 3aroToBKy YKe MOJaBalM Ha BTOPYIO
IUIOCKYI0 CTyNeHb, Ha KOTOPOM MPOW3BOAMIN BBIIPSIMICHHE
AHHOW 3aroToBKH. TakuM 00pa3oM 3aroTOBKY IIOABEPralid
00’KaTHIO O BCEil IIHHe.

s
it

LY T

Puc. 2 Jlechopmupoganue 3a20mo6Ku 6 Cmynenyamo-KiuHOGUOHbIX OOUKAX
HOBOU KOHCMPYKYUU

Pasmepsl  1poae)OpMHUPOBAHHBIX ~ 3arOTOBOK — HOCIE  HX
HPOTSKKK 10 Beel utuHe coctaBiin bxhx1=24,9x42,4x227,3 mm,
YKOB IIpY 5TOM paBeH 1,14.
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Bropyto mapTHio 3aroToBOK IOJBEPIIIM JBYM HPOXOAaMm
nedopmupoBaHuss 0e3 KAHTOBKM 10 cxeMe JedopMHUpoBaHHs
MPEACTaBICHHON BhIlIe. YKOB IoOcie 2-X NPOXOAOB COCTABHI -
1,22

3aroToBKH TaKOro ke TUIOpa3Mepa ObUTH HpoaedopMUpOBaHEI
B CTYIICHYATO-KIMHOBUHBIX Oolikax crapoil koHcTpykuuu [10] u B
cryneHyarhix Ooiikax [9] ¢ aHAIOTHYHBIM KOJIMYECTBOM MPOXOJIOB,
YTO M B CTYNEHYATO-KJINHOBBIX OOHKaX HOBOW KOHCTPYKIIHH.

ITpu >TOM pa3Mepbl MpoAehOPMUPOBAHHBIX 3arOTOBOK IOCIE
UX HPOTSHKKU IO BCEH JUIMHE B CTYIEHYAaTO-KIMHOBUIHBIX OOHKax
crapoit KoHCTpyKImH coctaBuid bxhx1=24,1x42,7x233,2 MM, ykoB
npu 3ToM pasel 1,17. VkoB mocie 2-x mpoxoaoB coctaBui — 1,28.

Pa3mepsl  mpoaeOpMHUpPOBAHHBIX ~ 3arOTOBOK  IOCNIE  HX
HPOTSKKM MO BCEH JUIMHE B CTYNEHYAThIX OOMKAaX COCTAaBHIIM
bxhx1=25,2x42,2x225,7 mm, ykoB mpu 3ToM paseH 1,13. VkoB
mocJie 2-X MPOXOJ0B COCTaBHI - 1,2.

N3 Bcex mpoaeopMHUPOBAHHBIX 3ar0TOBOK OBLIA BBIPE3aHBI
TEMIUICTH B  MONEPEYHOM H IPOJAOJIBHOM  HAIpaBICHHSX.
HccnenoBanue MHUKPOCTPYKTYPHI BBINMONHSJIOCH Ha CIICHHANBHO
MOJArOTOBJICHHBIX MHKpouutidax. H3ydeHHe MHKPOCTPYKTYpBI
OCYILECTBIISUIOCH C TIOMOIIBIO ONTHYECKOH MUKPOCKOIIHH.

3. Odpabomka IKCnepuUMeHmaaIbHbIX OAHHDBIX

JlaHHbBIe, TOMYYCHHbIC IPH M3YYCHUH MHKPOCTPYKTYpPBI CTAJIH
45, mpuBeeHb! Ha PUCYHKE 3.

B HCXOOHOM COCTOSHHM JO9BTEKTOMIHAs CTallb IIepex
negopmupoBaHneM — MMeeT  (EpPPHUTO-TIEPIUTHYIO  CTPYKTYpY
COCTOSIILIIYIO U3 CPABHUTEIILHO KPYIHBIX JUISl CTAJN 3€PEH pa3MepoM
55,2 mkMm (puc. 3a).
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Puc 3 Muxpocmpyxkmypa cmanu mapku 45 a — ucxoonas cmpykmypa, 6,6 —
nocie 0ehoOpMUpoBars 8 CMyneHYamo-KiuHOBbIX OOUKAX HOBOU
KOHCmpYKYuuL; 2,0 - nocjie 0eopMupo8anus  CImyneH4amo-KiuHo8bIxX
OOUKaAxX cMapoil KOHCMPYKYUU; e, A — nociie 0eopmMuposanus 8
cmynenuamoix 6otikax; (0, 2, € - 6 BPOOOILHOM HANPABIEHUU, 8, O, JIC - 8
noONnepeuHoM HanpagieHuy)

AHanu3 MHKPOCTPYKTYpHI Tpoae(opMHUPOBaHHBIX 00pa3LoB
MOKa3ajJl, 4TO KOBKa B CTYNEHYaTO-KJIMHOBBIX OOWKax cTapoi
KOHCTPYKI[MM HPUBOJUT K 3HAYUTEIBHOMY H3MEIIBUCHHIO 3epHa,
CTPYKTypa paBHOMEpHA, KaKk B IPOAOJIBHOM, TaK W IIONEPEYHOM
CEUCHHUSX, CPEIHMII pa3Mep 3epeH IOocie JByX MPOXOIOB
cocrapmsier 17,3-17,6 mxm (puc. 3 1, a). MuKpOCTpyKTypa
XapaKTepU3yeTcs HaJIUYHeM KaK PEKPUCTAJUIM30BaHHBIX, TaK M
nedopMupoBaHHBIX 3epeH. ITocine KOBKH B CTYNEHYATO-KIMHOBBIX
0oiikaXx HOBOHW KOHCTPYKIMH IIOJYy4YEHHAsh CTPYKTypa sBISETCS
TaKKe MEJKO3EpHHUCTOH M OIHOPOIHOW, KaK B MPOJOIBHOM, TaK H
nomepeyHoM cedeHusix. CpenHuil pasMep 3epeH Hocie [IBYX
npoxogoB coctasmsier 18,1-18,3 mkm (puc. 3 6, B). Ilpm
neOPMUPOBAaHUHM B CTYNEHYATHIX OoiKkax HaOmomaercs camoe
cnaboe HW3MeNbYCHHE CTPYKTYPBI, MHKPOCTPYKTYypa COCTOHMT W3
6OJIBIIOTO KOJNMYECTBA PEKPHCTAIUIM30BAaHHBIX 3€PEH pPa3MepoM
27,3-27,6 mxMm. Ilocme nmedopmupoBaHus B OOHKax BceX Tpex
MopudUKanui  monydeHa — (eppUTO-TIepIUTHAsS  CTPYKTYypa,
NPaKTUYECKH BCe 3epHa (eppHuTa pparMeHTUPOBAHBI, YTO OTINYAET
UX OT ()eppHTa B CTPYKTYPE CTAN B HCXOTHOM COCTOSTHHH.

4. Bvieoont

B nmannOi1 paboTe Oba pa3paboTaHa HOBask TEXHOJIOTHS KOBKH
U MHCTPDYMEHT IJi €€ pealu3allid, B YacTHOCTH, CTYyIEHYaTo-
KIMHOBHJHbIE OOHKHM HOBOIl KOHCTPYKLHMHM, MMEIOIIHE KIUH Ha
HaKJIOHHOM Yy4YacTKe W MEHBIIEH CTyleHH BepxHero Ooika, H
QHAJIOTUYHYI0 KJIMHOBHIHYIO BIIQJMHY Ha HIKHeM Ooiike. U3
MPOBEACHHOTO CPaBHHUTENIBHOTO aHaIM3a pe3yJIbTaToB
MCCIIE0BaHUsI MUKPOCTPYKTYDBI NpU 1e(h)OPMHUPOBAHUH 3arOTOBOK
B CTYNEHYATBIX U CTYNEHYATO-KIMHOBBIX O0lKax (HOBOH M CTapoii
| , A . ' o A wus KOHCTPYKIIMH) MOXKHO CJIEeNaTh BBIBOA, YTO IIPU HCIOJIb30BaHUH
) : BCEX TpeX KOHCTPYKIMi O0o}koB HaOmomaeTcs paBHOMEpHAs
npopabOTKa MCXOAHOW CTPYKTYpBl MeTajla IO BCeMy 00beMy
nedopmupyemoii 3arotoBku. IIpu 3TOM HCMOIB30BaHUE JUIS KOBKU
3aroTOBOK M INOKOBOK THIIA IUIMT U IJIACTUH CTYINEHYATO-KIIMHOBBIX
OoiikoB B o00oux ciyuasx ofecriedMBaeT Bce-Taku Ooiee
MHTEHCHBHYIO NMPOPA0OTKY HCXOJHON CTPYKTYpBI METaJlIa 3a OAUH
IUKII. A c Y4€TOM TOI'0, YTO IIPpU HCIIOJIb30BAHWU CTYIIEHYATO-
KIMHOBBIX OOMKOB C KIMHOM Ha BEpXHEM Oolke M KIMHOBUIHOH
BIIaJIMHON Ha HIKHEM OOlKe IPOMCXONUT MEHblIee H3MEHEHHE
HCXOJHBIX Pa3MEPOB 3arOTOBKH 110 CPABHEHUIO C HCIOJIb30BAHUEM
CTYNEHYAaTO-KIMHOBUAHBIX OOMKOB ¢ KIMHOM Ha BEpXHEM H
HIDKHEM OOMKe M IPaKTUYECKH PAaBHOM H3MEHEHHMIO HCXOJHBIX
pa3MepoB NIpH KOBKE B CTyNEHYaThIX OoMKax, HCIOJIb30BaHUE
CTYNEHYAThIX KIMHOBUIHBIX OOHKOB HOBOH KOHCTpykuuM Oonee
HEPCIEKTUBHO I 10J1y4eHNs] HEe0OX0MMOT0 KayecTBa IIOKOBOK €
3a7laHHBIM YPOBHEM MEXaHHYECKUX CBOICTB IIPU MEHBIIEM YKOBE.
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cement concrete - mechanical and structural characteristics
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Abstract: In recent years, the use of internal crystallization chemical admixtures for concrete and mortar to increase their water-tightness
and other physical and mechanical characteristics has been of increasing importance in modern construction. These types of chemical
modifiers allow for the effective replacement of conventionally performed waterproofing works (membranes, rolls, brushed or sprayed
coatings, etc.) by purposefully improving the physical-mechanical characteristics of structural concretes, rendering them, to one degree or
another, impermeable to water or/and aggressive agents from different origins. In the specialized world market for such products there are
several leading competing companies - producers of internal-crystallization chemical admixtures, which have different activity in Bulgaria.

The new extended research on such several new types of those admixtures were reported and discussed. The complex mechanical and
structural tests are conducted and respective results are compared to predict the admixture’s efficiency of their ability to limit the ingress of
water into concrete and reinforced concrete sections, as well as their ability to increase the durability of concrete as the main structural

material.

Keywords: PORTLAND CEMENT CONCRETE AND MORTAR, INTERNAL CRYSTALLIZATION CHEMICAL ADMIXTURES, CONCRETE
WATERPROOFING, DTA, SEM, BET STRUCTURAL INVESTIGATIONS

1. Introduction

In recent years, the use of internal crystallization chemical
admixtures for concrete and mortar to increase their water-tightness
and other physical and mechanical characteristics has been of
increasing importance in modern construction. These types of
chemical modifiers allow for the effective replacement of
conventionally performed waterproofing works (membranes, rolls,
brushed or sprayed coatings, etc.) by purposefully improving the
physical-mechanical characteristics of structural concretes,
rendering them, to one degree or another, impermeable to water
or/and aggressive agents from different origins [1].

In the specialized world market for such products there are
several leading competing companies-producers of internal-
crystallization chemical admixtures, which have different activity in
Bulgaria.

Since 2017 and at the moment, a part of the author's scientific
interests are directed towards conducting specialized research for
the comprehensive characterization of many such admixtures, more
or less known on the Bulgarian market.

The admixtures, previously tested and compared are
KRYSTALINE Addl, KRYSTALINE Plus 2.5, PENETRON
Admix, XYPEX C1000 NF and BETOCRETE-CP-360-WP [2,3].

The present research is devoted to full-range testing and
comparing of couple of different crystallization admixtures -
KRYSTALINE Add1, Krystol Internal Membrane (KIM®), SIKA
WT-200P, MAPEI Indrocrete KR1000 and ADING Hydrofob
Crystal.

The purpose of the investigation is to assist all participants in
the construction investment process in understanding the nature,
specific characteristics and differences in the performance
(effectiveness) of different products in terms of their ability to limit
the ingress of water into concrete and reinforced concrete sections,
as well as their ability to increase the durability of concrete as a
main structural material.

2. Tests methods and comparative characteristics

The tests method used and all comparative characteristics are
equal to previous already published ones [2,3]. The mix design of
ordinary reference concrete (Table 1) was used to perform the
studies, with the mineral composition of the cement being presented
in Table 2.

40

For the purpose of comparative studies to the mix of reference
concrete (Table 1), the appropriate crystallization chemical
admixtures are incorporated in the dosage and according to the
technology prescribed by their manufacturer.

The homogenization of the fresh concrete is accomplished by
adding a metered amount of mixing water to obtain the same
workability as assessed by the slump measure. The chosen method
of comparison on the basis of "equal workability" of the concrete
mixture is directly related to the actual production conditions at the
construction site, where the "'workability™ factor is the key one to
the quality of the concrete works performance.

The  following  physical-mechanical ~and  structural
characteristics have been selected to compare the same age of the
fresh concrete and the hardened concrete:

= fresh concrete - water-cement ratio, consistency by slump test
(cm), change of consistency in time after homogenization, air
content (%);

= hardened concrete - compressive strength (MPa), splitting
tensile strength (MPa), the static modulus of elasticity
deformation (GPa), the depth of penetration of water under
pressure (mm), frost resistance under an accelerated method
(loss of mass change and the speed of ultrasound propagation) -
cycles, structural studies (low-temperature gas absorption (BET
method), differential thermal analysis (DTA), X-ray phase
analysis (RFA) and scanning electron microscopy (SEM);

= cement-sand mortar - capillary absorption.

Table 1: Concrete mix design.

3

No Materials Quantity, kg/m
1 Portland cement CEM 11 42,5 A-LL, 330
) Devnya Cement Plant, Bulgaria
2 River se'l'nd, fra_lctl_o”n 0-4 mm, 810
Quarry "Chepinzi
3 Crushed"stone, frz?'ctlon 4-11,2 mm, 1060
Quarry "Studena’
. 250
Mixing water for
= fresh concrete slump 13 cm (S3) (for reference
concrete)

Table 2 Mineral composition of the Portland cement used

Cement Specific Mineral composition,
type surface, % by mass
cmg
C:A CsS C,S C.AF
CEM II
425/ A-LL 3620 9,40 55,50 24,60 10,50
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3. Description of crystallization admixtures tested

The description and basic peculiarities of the admixtures tested
is given in Table 3. Their dosage rates are in accordance of the
respective manufacturers.

KRYSTALINE Addl has the advantage of being dosed in all
cases in constant quantities (1,0 kg/m®) regardless of the concrete
formulation of the concrete. The only requirement is cement content
above 300 kg/m?®,

Krystol Internal Membrane (KIM®), SIKA WT-200P, MAPEI
Indrocrete KR1000 and ADING Hydrofob Crystal are dosed
depending on the type and amount of cement used in the concrete
mix design, which determines the need for specific calculations and

non-constant costs in different projects.

Table 3 Product description and dosage rates

Dosage rates

decreases exothermic.
Self-healing cracks up to 0.5
mm wide.

(accordance
Product Description producer's
recommend-
dations)
Crystallizing waterproofing
admixture with catalytic
action to increase the water
KRYSTALINE | resistance and durability of 1,00 kg/m®
Addl concrete. (permanent,
Krystaline Slightly slows down the regardless of the
Technologies concrete setting and cement content)
SA, Spain hardening times and

Krystol Internal

Krystol Internal Membrane
(KIM®) is a chemical
admixture in dry powdered
form, effective in creating
waterproof concrete. It
enhances the hydration

6,60 kg/m®
(2% by weight of
cement,

Membrane process by intensifying and max 8 kg/m®
(KIM®) prolonging the hydration of | concrete)

the cementitious materials in

concrete. The admixture

delays the setting time of

concrete. Self-healing cracks

up to 0,5 mm wide.

SIKA WT-200P consists of

mixture of cements, amino | 3,50 kg/m®
SIKA WT- alcohols and fillers to | (for concrete with
200P, increase the water resistance | min cement
SIKA Limited, and  concrete  durability. | content 350 kg/m®
U.K. Some specific conditions can | and max water-

affect the setting time. Self- | cement ratio 0,45)

healing cracks enhancement.

Indrocrete KR1000 is a

mixture of active

components which, in
MAPEI presence of water, transform 6,6 kg/m®
Indrocrete the by-products of cement (1-3 kg/100 kg
KR1000, hydration into crystals cementitious
Italy reducing concrete porosity materials)

and micro-cracks.

Self-healing cracks up to 0,4

mm wide.
ADING Crystallizing waterproofing 3,50 kg/m?
Hydrofob admixture with hydrophobic (3-4 kg/m?®
Crystal, effect. concrete, min
North Self-healing — no data compressive class
Macedonia available.

C25/30)
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4. Results and discussion

The focus of this paper is to emphasize the significant
differences in respective mechanical and micro-structural
characteristics at 28-days of age. The first range of testing are
performed in accordance of all respective Bulgarian and EN
standards. The second one - by using of advanced direct physics
methods - low-temperature gas absorption (BET method),
differential thermal analysis (DTA), X-ray phase analysis (RFA)
and scanning electron microscopy (SEM).

4.1. Mechanical tests

All results are presented in Table 4. The characteristics of the
hardened concrete with equal workability of the fresh concrete
show significant advantages of crystallization admixtures
KRYSTALINE Addl over Krystol Internal Membrane (KIM®),
SIKA WT-200P, Indrocrete KR1000 and Hydrofob Crystal -
compressive, tensile splitting strength and modulus of elastic
deformation increasing, a reduced depth of water penetration under
pressure and significantly higher frost resistance.

Table 4 Mechanical characteristics

COMPOSITIONS TESTED (at equal workability)
CHARAC- Ref. KRYS- KIM®, SIKA Indrocre Hydro-
TERISTICS concrete TALINE Kryton WT-200 te fob
without Add1 6,6 kg/m® P 6,6 kg/m® Crystal
admixtur 1,0 3,5 kg/m® 3,5kg/m®
e kg/m?®
Volume
density
(mean),
kg/m? 2330 2320 2330 2320 2330 2310
Compressive
strength,
(mean), MPa 27,30 38,10 32,00 32,30 32,70 30,80
compared
to reference
concrete, % 0 +39,56 +17,21 +18,32 +9,78 +12,82
Tensile
splitting
strength,
(mean), MPa 2,28 2,78 2,69 2,61 2,71 2,58
Compared
to reference
concrete, % 0 +21,93 +17,98 +14,47 +18,96 +13,16
Static elastic
modulus,GPa 27,6 30,1 29,0 29,1 29,4 28,3
compared
to reference
concrete, % 0 +9,1 +4,7 +5,4 +6,1 +2,2
Depth of
water
penetration
under 36 10 20 21 16 17
pressure, mm
compared
to reference 0 -360 -180 -171 -225 -212
concrete, %
Freeze-thaw
resistance,
weight lost
up to 2%:
- %, after
2 cycles,
(Crrost 75); 1,82 0,42 1,03 1,08 0,77 1,03
- %, after (passed) (passed) (passed) (passed) (passed) (passed)
3cycles 25 0,92 1,60 1,56 1,13 1,94
(Cirox100); (passed) (passed) (passed) (passed) (passed)
- %, after 1,79 2,13 2,19 2,04 2,46
4 cycles (passed)
(Cirox150); 2,03
- %, after
5 cycles
(Crro200)

4.2. Low temperature gas absorption (BET- method)

Gas adsorption is a modern method of characterizing porous
materials. In the case of physical gas adsorption, inert gas (most
commonly nitrogen) is adsorbed on the surface of a solid material.
Based on the amount of adsorbed gas and the corresponding gas
pressure, so-called an Arizona thermal adsorption curve from which
basic parameters of the pore structure of materials can be
determined.
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The results are presented in Table 5 and Figures 1-6.

Table 5 Micro-pore structure characteristics

STRUCTURE CHARACTERISTICS

Specific Total Pore size
CONCRETE TESTED surface pore distribution
of pore volume, by diameter,
structure, | Vt,cm®g | Da, nm
SBET, m2/g
Reference concrete — 61 013 88
without admixture ' '
KRYSTALINE Addl 35 0,07 7,5
Krystol Internal Membrane
(KIM®) 44 0,09 8,3
SIKA WT-200P 50 0,11 9,1
MAPEI Indrocrete
KR1000 55 0,09 6,3
ADING Hydrofob Crystal 54 0,10 7,4

“olume, cn3ig

Fig. 1 Total pore volume -
Reference concrete (VO) vs. KRYSTALINE Add1 (V2)

olume, cm3/g
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02 04 0.6 08 1,0
p/p0

Fig. 2 Total pore volume -

Reference concrete (VO0) vs. Krystol Internal Membrane (KIM®) (V3)

Volume, cm3/g

—Vo
——V4)
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Fig. 3 Total pore volume -

Reference concrete (V0) vs. SIKA WT — 200P (V4)

“olume, cm3ig
1

Fig. 4 Total pore volume -
Reference concrete (VO) vs. MAPEI Indrocrete (V5)
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Fig. 5 Total pore volume -
Reference concrete (V0) vs Hydrofob Crystal (V6)

0,14

0,13
0,12 411 01
01 0,09 0,09
0,08 0,07
0,06
0,04
0,02

Krystaline Add1
Krystol Internal Membrane = SIKA WT-200P
MAPEI Indrocrete KR1000 = ADING Hydrofob Crystal

m Reference concrete

Fig. 6 Total micro-pore volume, cm®/g

With the same workability of the fresh concrete, the
crystallization admixture KRYSTALINE Addl form a fine-
dispersed cement stone structure in the concrete with a significantly
reduced total micro pore volume, compared to the concrete with the
participation of Krystol Internal Membrane (KIM®), SIKA WT-
200P, Indrocrete KR1000 and Hydrofob Crystal.

4.2. Differential-thermal analysis (DTA)
The results are presented in Table 6 and Figures 7-12.

Differential thermal analysis (DTA) is a method that belongs to
the set of direct physical methods for the study of crystalline
structure in silicate composites. It is based on the characteristic
feature of the hydrated formations in the cement stone to dehydrate
in a precisely defined temperature range. The corresponding
dehydration is accompanied by a characteristic thermal effect that
alters the heat balance of the system. The monitoring of the
respective endo- and exo-effects allows one to judge the phase
transformations identified by the release of chemically bound water.
Knowing the reference for the individual silicate formations and
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temperatures of the phase transition, one can directly judge the
presence and the indicative amount of the corresponding compound.

Table 6 Structure characteristics

BASIC STRUCTURE
COMPOSITIONS

CONCRETE TESTED Portlandite Crystals C-S-H,

Ca(OH),, rel.% Calcite CaCOg,

rel.%

Reference concrete (K "0")
without admixture 2,311 9,108
KRYSTALINE Addl 1,600 11,089
Krystol Internal Membrane
(KIM®) 1,939 9,866
SIKA WT-200P 2,183 9,391
MAPEI Indrocrete
KR1000 2,016 10,953
ADING Hydrofob Crystal 2,238 9,403

Fig. 10 DTA - SIKA WT-200P

Fig.11 DTA - MAPEI Indrocrete KR1000

Fig. 7 DTA - Reference concrete

Fig. 9 DTA- Krystol Internal Membrane (KIM®)

With the same workability of the fresh concrete, the
crystallization admixtures KRYSTALINE Add1 form a waterproof
crystalline structure with a predominant involvement of CSH-type
high-alkalinity hydrate formations (main carriers of high
mechanical properties of the composite), compared to concrete with
Krystol Internal Membrane (KIM®), SIKA WT-200P, Indrocrete
KR1000 and Hydrofob Crystal.
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Fig. 12 DTA - ADING Hydrofob Crystal

4.3. Scanning Electron Microscopy (SEM)
The results are presented in Photos 1-6.

Scanning electron microscopy (SEM) is performed using a
high magnification electron microscope (up to 10,000 times),
resulting in visual data on the shape and size of individual sub-
microscopic crystals, their growth, decomposition and destruction
processes, and this base passed is sued for past chemical
interactions in solution and solid phase, incl. to seal the structure.

In support of the demonstrated significant advantages with
respect to the basic physics-mechanical properties of the
crystallization additive KRYSTALINE Addl over Krystol Internal
Membrane (KIM®), SIKA WT-200P, Indrocrete KR1000 and
Hydrofob Crystal, are the results obtained by using modern direct
physics-chemical methods. They show that the concrete with
KRYSTALINE Addl form a denser waterproof crystalline structure
with a dominant participation of high-alkalinity C-S-H hydrate
formations, bearing high mechanical performance of the composite.




Innovations 2023

20kY. X§0000 Sum
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Photo 1 Reference concrete
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X5,000  Spm

Photo 4 SIKA WT-200P

X5,000  Spm 10 34 SEI

Photo 5 MAPEI Indrocrete KR1000
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Photo 6 ADING Hydrofob Crystal

5.Conclusions

The above comprehensive comparative analysis for the
evaluation of the basic physical-mechanical and structural
characteristics of the fresh and hardened concrete with 5 types of
internal crystallization chemical admixtures entering the Bulgarian
construction market, objectively presents the characteristics of the
compared products.

In accordance with the stated goal, this report is able to assist
the participants in the investment construction process (investors,
designers, contractors, project managers and supervisors), in
situation of an informed choice, to evaluate the complex advantages
of KRYSTALINE Addl vs. Krystol Internal Membrane (KIM®),
SIKA WT-200P, Indrocrete KR1000 and Hydrofob Crystal.

Concretes with the participation of KRYSTALINE Add1 (with
a constant dosage rate of 1,0 kg/m®), ensure the impermeability and
safe water-tightness of the concrete cross section, even under water
pressure, without the need for additional waterproofing activities of
various types - brushed and sprayed coatings, coiled and membrane
conventional systems. At the same time, such concrete has
increased frost-resistance and durability without the need for
accompanying repair and restoration work.

By all tested parameters, concrete with KRYSTALINE Addl
outperformed with Krystol Internal Membrane (KIM®), SIKA WT-
200P, Indrocrete KR1000 and Hydrofob Crystal.
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Abstract: Recycled plastics find more and more applications. In addition to recycled bulky products, the number and type of products also
being used in polymer -mineral composites based on recycled PE and PP. One of the paving products sought by investors are traditional
concrete blocks. However, they have their drawbacks, they are heavy, so their transport, logistics must meet stricter requirements, are
products that are not very resistant to cracking as a result of impact, are fragile. Mineral-polymer products are the solution to such
problems. Innovative compositions for their processing are a polymer - mineral mixture, containing mainly recycled material and mineral
fillers (sand, ceramic waste dust). They are therefore products made of waste materials from recycling, recyclates and flakes of polymer
materials.

The technology for producing the polymer - mineral composition is based on the extrusion and compression molding technology of the
compositions obtained. Polymer compositions are secondary materials, after recycling in the form of recyclates, flakes, and waste plastics,
mineral fillers, that is waste ceramic dust, sand as well as activating substances (dyes, plasticizers, adhesion compatibilizers, polymer-
mineral wetting agents). As a result, plastic waste and ceramic waste that cannot be recycled will be effectively processed.
The sprinklers were made of various polymer materials (PP, HDPE) as well as characterized by different shape of working elements and a
variable degree of contamination with mineral sludge. The research on the structure of manufactured materials and melt flow rate are
presented. The influence of the type of material and mineral deposits on the process ability of the tested polymer-mineral compositions was

determined.

Keywords: RECYCLED PLASTICS, POLYMER SANDS COMPOSITES, POLYMER PROCESSING, PROPERTIES OF COMPOSITES

1. Introduction

Material recycling of polymeric plastics makes it possible to
achieve measurable savings, as well as their management, this
applies to more and more plastic waste that otherwise must be
landfilled. There is a need to produce compositions and products
that have the performance characteristics of porous polymeric
materials and the performance characteristics of mineral material
products [1-5], which will be characterized by the visual effect of a
porous structure, high mechanical strength, impact strength and
hardness, low abrasiveness, high weather resistance and low
manufacturing cost [1, 4-6]. In addition, for environmental reasons,
there is a need to use post-production and post-consumer waste of
polymer plastics, mineral post-production waste such as fly ash and
ceramic waste, which occurs in large quantities [5, 6-12]. The
mineral filler in the produced composition is, for example, silica fly
ash which is a by-product of coal combustion, shredded ceramic
waste which is post-production waste, construction quartz sand.

Fig. 1 Main components of polymer - mineral composition; recycled
polymer plastic and mineral waste, example

A product that can be made from plastic waste with a few tens of
% addition of mineral compounds are polymer-mineral
compositions, which, when processed by extrusion, can be used to
produce garden architectural elements (bench slats, balcony panels,
outdoor floor profiles), replacing concrete, ceramic, cast and vibro-
pressed products [13-20]. Polymer compositions can be made from
recycled plastic, after recycling in the form of recyclates, flakes,
and waste plastics, mineral fillers, that is, waste industrial dust,
ceramic waste or sand. As a result, plastic waste and mineral,
ceramic waste, which so far cannot be reused, will be efficiently
processed to create new products [14, 20, 21-25].

The expected performance characteristics of the polymer-mineral
composition products are as follows:

- manufactured from recycled waste plastics,

- shape, dimensions do not differ from concrete products,

- have a smooth or textured surface,

- are not subject to mechanical damage, do not break, do not crack,

- are as much as about 30% lighter than traditional products,

- are characterized by very low hygroscopicity, ease of cleaning,

- are resistant to oils, greases, acid compounds,

- are characterized by complete frost resistance, up to -70°C,

- have a variety of colors, uniform color throughout the mass of the
product [4, 6, 10, 13, 22].

The essence of the material produced is a polymer-mineral
composition for the manufacture of building and garden architecture
products by extrusion and pressing, mainly sections such as bench
slats, balcony panels, outdoor floor panels, paving blocks, paving
slabs and others [23-31].

The purpose of the work is to determine the possibility of
recycling and reuse of plastic waste containing several tens of
percent mineral waste. The scope of work includes the study of the
recyclability of polymer recyclate, using the Melt Flow Rate (MFR)
method and the processing of polymer-mineral recyclate in the
extrusion process. The scope of work also includes structural
studies of the morphology of the produced polymer-mineral
composites [30-37].

2. Materials and methods

Recycled plastics find more and more applications. In addition to
recycled bulky products, the number and type of products also
being used in polymer sands composites based on recycled PE and
PP. One of the paving products sought by investors are traditional
concrete blocks. However, they have their drawbacks, they are
heavy, so their transport, logistics must meet stricter requirements,
are products that are not very resistant to cracking as a result of
impact, are fragile. Polymer - mineral products are the solution to
such problems. Innovative compositions for their processing are a
mineral-polymer mixture, containing mainly recycled material and
mineral fillers (sand, ceramic waste dust). They are therefore
products made of waste materials from recycling, recyclates and
flakes of polymer materials.
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The process water cooling sprinklers found in this type of cooling
equipment have very large dimensions of 300x300x2400 mm. They
are mainly made of PP, HDPE and PVC, and so far have not
undergone any recovery and recycling processes leading to the
manufacture of products from these materials. The waste panels are
composed of about 5-20% plastics, and strongly associated sludge,
primarily mineral, in amounts ranging from about 80 to 95% by
weight. So far, in practice, used sprinkler parts are a huge amount of
about 50 thousand tons per year, and in Poland alone, are not
subjected to any recovery and recycling processes. This means that
every year thousands of tons of plastic waste from the overhaul of
cooling towers and fan coolers end up in landfills or are deposited
in disused mines and will decompose emitting CO, and other toxic
substances into the atmosphere for the next 100 years.

Fig. 2 View of used cooling tower sprinklers used in processability studies
of polymer - mineral composites.

Four types of cooling tower sprinklers were used in the conducted
research immediately after disassembly from cooling towers. These
are sprinklers made of HDPE and PP. The sprinkler samples used
differ primarily in the degree of mineral contamination, resulting
from the use of the sprinkler in question. This includes the way it is
used, the cooling conditions, the type and quality of the cooling
medium. This translates, in effect, into the amount and type of
organic contamination in the tested sprinklers.

3. Results and Discussion

The technology for producing the polymer - mineral composi-
tion is based on the extrusion and compression molding technology
of the compositions obtained. Polymer compositions are secondary
materials, after recycling in the form of recyclates, flakes, and waste
plastics, mineral fillers, that is waste ceramic dust, sand as well as
activating substances (dyes, plasticizers, adhesion compatibilizers,
polymer-mineral wetting agents). As a result, plastic waste and
ceramic waste that cannot be recycled will be effectively processed.

Fig. 3 The appearance of the shredder blades and the made polymer-
mineral recyclate.
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The samples were subjected to a knife grinding process in a

single shaft XC-GP 230 from Xiencheng, with a drive power of 4.0
kW. A sieve with a hole size of 5.95 mm was used.
Fig. 3 shows an example of the samples to be subjected to grinding.
The sprinklers were made of various polymer materials (PP, HDPE)
as well as characterized by different shape of working elements and
a variable degree of contamination with mineral sludge.

Fig. 4 Appearance of particulate refresher plates and mineral sludge for the
production of polymer - mineral composites.

The polymer processing was carried out with the use of a
single-screw extruder, type W-25 with the screw diameter of D=25
mm. The plasticizing unit was equipped with four heating zones.
The process line was composed of the extrusion coating head,
vacuum calibrator, the cooling bath and the remaining process line
components.

The extrusion head used in the conducted research, is used for
extruding a section in the form of a strip has a width - 15.5 mm,
while the height of the nozzle is 2.0 mm. The extrusion head has
two heating zones and corresponding two ring heaters mounted on
the head body. The laboratory extrusion line for poring sections also
includes a cooling bath, with a length of 1740 mm, a width of 220
mm and a depth of 200 mm. A belt extraction system was also used
in the study, designed to transport the extrudate using a 100 mm
wide, 2000 mm long belt.

Fig. 5 Experimental investigations of the possibilities of effective
production, by plasticizing with extrusion, of new polymer - mineral
compositions.

The process of extrusion of HDPE and PP recyclates was realized
with the developed and set conditions, set in the extrusion process
line. They are as follows: the temperature of the heating zones of
the plasticizing system, respectively: 160, 170, 180 and 190 °C;
head temperature in the heating zones 190 °C. The set screw speed
was changed in the range of 0.83+1.66 s-1 (50+100 rpm). The
temperature of the coolant in the cooling bath, determined by a
temperature sensor, was in the range of 16+19 °C.

The Melt Flow Rate (MFR) is a measure of the ease of flow of
the melt of a thermoplastic polymer. It is defined as the mass of
polymer, in grams, flowing in ten minutes through a capillary of a
specific diameter and length by a pressure applied via prescribed
alternative  gravimetric weights for alternative prescribed
temperatures. The method is described in the similar standards
ASTM D1238 and 1SO 1133. MFI tests were carried out on the test
stand equipped with a Ceast weight plastometer type 6542.00 with
additional equipment and a laboratory balance.
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Fig. 6 View of
samples.

MFI instrument, Ceast 6542.0 and selected measurement

The results of tests of the melt flow rate of recyclates, produced
from cooling tower sprinklers, are characterized by MFR values
ranging from 0.10 to 1.69 g/10 min. Such a wide range of MFR is
mainly due to the content of mineral deposits deposited on the
plastic.
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MFR, g/10 min

02

01

1 2 3 4

Composition, HDPE

Fig. 7 Block diagrams illustrating the dependence of MFI on contents of
polymer compositions with HDPE.

il

MFR, g/10 min

1 2 3 4

Composition, PP

Fig. 8 Block diagrams illustrating the dependence of MFI on contents of
polymer compositions with PP.

Samples of untreated recyclate, had in their composition a
significant amount of crushed sludge, bound to flakes and in loose
form, which affected their lower processability. The determined
values of the melt flow rate indicate the possibility of their further
processing by extrusion and injection molding.

The investigation and analysis of the porous structure of the
produced parts were conducted using an confocal microscope, type
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Nikon Eclipse LV100ND and copyright position of image analysis
of structure. The morphology shows that the plastic-mineral
structure is present throughout the cross-section. No solid outer
layer is visible, with no mineral filler content. The resulting
structure is characterized by the variable position of the mineral
filler in the polymeric material. This is due to the type and amount
of mineral waste in the shredded sprinklers.

Fig. 9 Fragment of the cross section
HDPE, test samples 1 and 2.

et - LR

Fig. 10 Fragment of the cross section of the polymer compositions with with
HDPE, test samples 3 and 4.

Fig. 11 Fragment of the cross section of the polymer compositions with PP,
test samples 1 and 2.

Fig. 12 Fragment of the cross section of the polymer compositions with PP,
test samples 3 and 4.

Microscopic examination of the morphology showed a significant
difference in the structure of the different compositions. The
precipitate visible on the surface of the sprinklers has a significantly
lighter hue. Compositions 3-4 have a visible yellow glow, which is
the residue of the precipitate. . All compositions were characterized
by heterogeneity in the distribution of sediments and irregularity in
their dimensions. In addition, in the studied compositions, mineral
sediments form agglomerative clusters distributed irregularly on the
surface.
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4, Conclusions

The packaged design of shredders, in which thin-walled,
interconnected plastic elements are separated by voids containing
air or varying amounts of solidified mineral sludge, causes
difficulties in the shredding process and requires the development
of both the appropriate geometry of the working elements of the
shredding system and the selection of tool materials and their
surface treatment. The heterogeneity of the shredded waste and the
variable content of impurities can adversely affect the stability of
the shredding and purification processes and result in difficulties in
selecting appropriate process parameters.

The trials and tests carried out will enable the preparation of a
prototype sample batch of recyclates purified and with different
contents of mineral fraction derived from sprinkler sludge, bound to
plastic and obtained during separation of shredding and waste
treatment products, to be scheduled for subsequent stages of testing.

The results of tests of the melt flow rate of recyclates, produced
from cooling tower sprinklers, are characterized by MFR values
ranging from 0.10 to 1.69 g/10 min. Such a wide range of MFR is
mainly due to the content of mineral deposits deposited on the
plastic.

Microscopic examination of the morphology showed a significant
difference in the structure of the polymer compositions. The
precipitate visible on the surface of the sprinklers has a significantly
lighter hue. Above that, the amount of type and amount of mineral
precipitate is different in each case. AIll compositions were
characterized by inhomogeneity of distributed precipitates and
irregularity of their dimensions, especially visible in composition 1.
In addition, in the case of composition 4, the precipitates form
agglomerative clusters distributed irregularly on the surface of the
produced test samples.
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Ce0,-Zr0O, Multi-layer Cubic Coatings Obtained by Sol-Gel Technology
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Abstract: A solution was synthesized in a system ZrO,-CeO, by sol-gel synthesis and deposited by the immersion method. The pretreated
Nb substrate was treated with sulfuric acid and absolute alcohol solutions. Layering was in three stages. The sample was heat treated at
500°C. The obtained results are characterized by XRD, XPS, CEM analyzes.

Key words: SOL-GEL, DIP-COATING, ZRO,-CEO,, XRD, CEM

1. Introduction

In the last few decades, intensive work has been done on the
synthesis of layers and bulk materials (hybrid, composite) from
Zr0O,-Al,03 by the sol-gel method. A number of valuable qualities
of the obtained compounds and materials have been established,
such as: very good mechanical properties including resistance to
wear, high chemical and thermal resistance, inertness to various
corrosive environments, very good adhesion to various supports and
sub-layers - inorganic, organic and composite inorganic - organic.
[1-11]. The use of sol-gel technology allows to obtain uniform
homogeneous thin films (at the molecular level) at much lower
temperatures and in a shorter time than conventional solid-phase
methods. Through this method, compounds with very good optical
properties are also obtained. The sol-gel method allows the effective
combination with other methods such as hydrothermal production,
co-precipitation, combustion, etc. [6,10]. The mentioned qualities
make it possible for the ZrO,-Al,0; samples obtained by sol-gel
technology to be used on an industrial scale as well. It should be
emphasized that the ZrO,-Al,O3 system is effectively studied both
from an applied and from a scientific point of view regarding the
production of layers, as well as for composite bulk materials. For
the synthesis of the thin films, the following were used: inorganic,
organic and mixed inorganic - organic starting substances such as
organic precursors predominate [1-11]. Vitanov and al. pay special
attention to the formation of amorphous phases in zirconium oxide -
aluminum oxide under the influence of the promoting effect of
Al,O;. The authors synthesized thin films by the sol-gel method
using the dipping technique. Combined organic-inorganic
precursors were successfully used to deposit the layers of ZrO,-
Al,O3, which have very good dielectric properties and allow them
to be used at relatively high temperatures [1,2]. Of particular
interest are the results obtained by Malkai et al. for new composite
materials in the ZrO,-Al,0; system — The authors synthesized
tetragonal ZrO, stabilized as a result of the promoting effect of
Al,O;. The obtained zirconium dioxide is stable even after
annealing at 1450°C [3]. Asl obtains ZrO, and ZrO, — Al,O3 thin
layers which it deposits on aluminum alloy AA 2024. It uses
inorganic and organic precursors establishing the very good anti-
corrosion properties of the layers[4]. Hao used a sol-gel method to
obtain composite membranes based on ZrO,-Al203 at a zirconium
dioxide molar content of 50%. The authors found that upon
tempering in the range 700-1100°C, tetragonal ZrO, is formed
without the presence of other phases. Both inorganic and organic
precursors have been used [5]. Nouri synthesized ZrO, — Al,O3
composite nano powders from organic starting materials without
using stabilizing substances, finding that at 20% molar content of
Al,O; and annealing at 1100°C, only a tetragonal phase of ZrO, is
obtained in the absence of a monoclinic phase. Annealing from
500°C Leads to the formation of an intermediate amorphous phase
[6]. Wasim obtained bio-nano-structured composites by annealing
at 1000°C by stabilizing ZrO, by adding 4%YCls. The resulting
composite is 15 — 25 nm in size. The influence of heating was
investigated and it was found that even at 1000°C the obtained
tetragonal zirconium dioxide does not undergo phase changes [7].
X.Zhang synthesizes crack-free ZrO,-Al,O; materials by sol-gel
method and immersion technique. The authors used isothermal and
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cyclic oxidation of coated and uncoated TiAl-based alloy samples
(annealed at 1000°C). Coatings have been found to reduce the
oxidation rate of alloys and increase their resistance to applied
cyclic oxidation.[8] Kikkawa synthesized by burning ZrO, — Al,O4
material using inorganic precursors and found that at temperatures
below 1000°C tetragonal ZrO, with dimensions of 17nm is formed
[9]. W.Zhang obtained from inorganic precursors an amorphous sol
using 1 day aging at 20°C [10].

Current research is aimed at the synthesis and deposition of thin
films of the ZrO,-CeO, system on a pure niobium substrate and the
characterization of the obtained results.

2. Experimental part.

Zirconium oxochloride ZrOCl,.8H,0 was dissolved in absolute
alcohol used to prepare a 0.1M solution by the sol-gel method. It is
dissolved in HNOs in a certain stoichiometric ratio. Ce(NO3)3.6H,0
dissolved in isopropanol to a 0.4M solution was also used as a
precursor. The Nb substrate was previously cleaned in H,SO, and
absolute alcohol. Dip into the solution and withdraw at a constant
speed of 3 cm/min. Immersion takes place in three stages. The first
stage is the deposition of seven layers in the ZrOCl,.8H,0 solution.
The second stage is the deposition of 3 layers in a solution of
Ce(NO3)3.6H,0. The third stage is mixing the two solutions into
one common and again depositing three layers. After each
deposition, the sample is dried at 120°C. Thermal treatment is at
500°C with a delay of 2 hours.

3. Results and discussions

X-ray analysis was performed with CuKa-radiation (Philips PW
1050 apparatus). XPS analysis was used to characterize the
electronic structure of the films and SEM analysis (Philips 515
apparatus used) was used to determine the morphology of the
sample.
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Fig. 1 X-ray analysis of the specimen

X-ray phase analysis data (Fig. 1) show that nanocrystalline
phases are formed after isothermal heating. Figure 1 shows the
oxides of ZrO,, Nb,Os, a mixture of Ce0,-ZrO,, and also the
intermetallic Zry,; Nbg7o. At 18.5°% 19° 20 a cubic ZrO, phase is
observed. No monoclinic zirconium oxochloride phase is contained

XPS analysis
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XPS (fig.2) measurements were performed with an
electron spectrometerAXIS Supra (Kratos Analytical Ltd.),using a
monochromatic AlKa X-ray source with a photon energy of 1486.6
eV and a surface charge neutralization system. The binding energy
(BE) was determined with an accuracy of £0.1 eV using the Cls
line at 284.6 eV (of adsorbed hydrocarbons) as a reference. The
chemical composition of the films was determined based on the
areas and binding energies of the photoelectron peaks.Kthe
concentrations of the various chemical elements (in atomic %) were
calculated by normalizing the areas of the photoelectron peaks to
their relative sensitivity factors.

Fig. 2 XPS analysis of the sample

XPS analysis of the sample confirmed the result of the X-ray
analysis. CeO, and ZrO, peaks were found. Binding energies for Zr
3d — 182.2 and 184.5 eV are characteristic of ZrO, and of Ce3d —
about 885 eV characteristic of CeO,. The obtained niobium spectra
are from the substrate (sample) on which the sol-gel films were
deposited.

CEM analysis
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Fig. 3. SEM image of the surface of the deposited sol-gel layer

Figure 3 shows the morphology of the coated sample from a
layer with a fine-grained structure. This fine layer is uniform and
dense over the entire surface of the sample.
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"Fig. 4. Scanning electron microscopy of the sample

SEM images of ZrO,-CeO, thin films are shown in Figure 4.
The Zr-Ce atomic ratio is determined to be 5.79:3.50. The main
spectra of the individual elements of the layer (O, Zr, Ce and Ta)
are observed, and the last spectrum is very likely to be of Nb
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overlapping the spectrum of tantalum, since the starting sample is
only of niobium.

4. Conclusion:

The sol-gel method has been successfully used both for
obtaining layers and for synthesizing bulk materials from ZrO, —
CeOs. 3 steps were used to apply the layers by dipping. Successful
application to the substrate and sub-layers depends on the
appropriate concentration. The results were characterized by XRD
XPS and CEM analyses. The presence of a Zr-Ce layer was
established by X-ray analysis. XPS and CEM analyzes confirm
these results. ZrO, — CeO; samples are also very promising for
applications at high temperatures, as they have high corrosion
resistance, wear resistance and high fire resistance.
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Investigation of an appropriate marl raw material for the production
of innovative ceramic beehives
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Abstract: An observation of the current state of the beekeeping industry and the prevailing main problems was carried out. The prospects for
increasing the efficiency and functional capabilities of the bee farms were analyzed. According to the long-term research activity, a
technological regulation was contrived for producing innovative ceramic hives. The development is superior to the existing standard
beehives made of other materials, in terms of complex operational indicators. The phase composition and technical characteristics of
obtained samples of marl raw material (from Bulgarian deposits) were investigated, potentially applicable for the production of various

modifications of ceramic collapsible hives.
Keywords: MARL RAW MATERIAL, CERAMIC BEEHIVE

1. Introduction

The existing standard collapsible hives (wooden, plastic,
polystyrene, polyurethane) are characterized by a relatively limited
shelf life, depreciation and aging of the material during operation
and practically complete unreliability in fire conditions. On the
other hand, collapsible (frame) hives allow the application of highly
productive methods for obtaining quality bee products [1-3].

At the same time, in rarer cases, the limited use of primitive
indestructible hives made of flammable and combustible organic
materials (mainly of plant origin) and untreated thermally natural
clays continues [1,3]. Immovably fixed honeycombs and the limited
functionality of the hive structure do not allow effective control of
the life cycle of the bee family, and when extracting the apian
product, it is impossible to apply centrifugation, and there is a risk
to the integrity of the bee colony. Relatively low yields, limited
purity of bee products [4], unreliability in prolonged contact with
water environment, and fires are characteristic of non-sortable
hives.

The individual types of beehives that have become widespread
represent, at varying degrees, a potential environment for the
development of mites, fungi, and other biologically active crops
with adverse effects [2,4].

An opportunity to overcome some essential problems and
increase the efficiency of beekeeping is the creation of new hive
models [5-10] with improved functionality. The comparison of the
research carried out in different thematic aspects allows the
achievement of an adequate technological solution [11-22].

Based on a conducted study, a conceptual model and
construction documentation of an innovative collapsible hive
consisting of ceramic construction elements with air thermal
insulation chambers have been prepared. A technological
regulation suitable for the production of experimental prototypes
from technical ceramics under laboratory and semi-industrial
conditions is developed [5]. The application of the technological
capabilities of ceramic production allows the production of non-
flammable and non-combustible waterproof products with a long
service life in the conditions of cyclical daily and seasonal climatic
factors [5,10].

At the same time, the used classic collapsible structure of the
hives [10] allows active control of the development of bee families,
the application of modern economic methods to obtain high yields
of bee products, and the use of standard equipment (centrifuges,
etc.).

The development provides a favorable living environment for
the natural growth of bee families and reduces the risk of the
development of fungal and other potentially dangerous
microbiological cultures [5,10].

The high resistance of ceramic materials allows the
implementation of varied sanitary treatments [10]. For instance, if a
hive has to be decontamination and settles with new bee families, it
is possible to apply heat treatment. Such processing is inadmissible
and destructive for other hive types (wooden, plastic, etc.).
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The produced prototypes possess superior complex functional
characteristics compared to the existing traditional beehives and
represent a competitive alternative [6-9].

During the task development, a need for suitable raw materials
(from accessible deposits on the territory of the country) appeared
to organize a profitable production activity.

The present report aims to investigate the characteristics of
obtained samples of marl raw material, potentially applicable for the
development of compositions and the preparation of molding
slurries for the production of various modifications of ceramic
beehives. The technological approach used for the preparation of
the experimental prototypes is fully considered with the silicate
industry conditions. The technology could be applied to the
realization of a production process in enterprises of the branch
based on available standard equipment and additional equipment of
a separate specialized production section.

2. Experimental procedures

The direction of the conducted research corresponds with the
specific technological regime for the production of a complete set of
ceramic structural elements (planes and profiles). A necessary
prerequisite for further development, according to a detailed
technological regulation, is the selection of suitable raw materials,
allowing the implementation of a productive production process
with standard available equipment through the possibilities of
classical ceramic technology.

In manufacturing, marl raw materials have been used for a
limited range of construction-ceramic products (such as tiles, bricks,
etc.) for many years. Occasionally, marl clay is considered an
alternative to replacing certain traditional materials of faience and
porcelain production.

For the study purposes, samples of marl raw material from a
batch mined from a random local section of the Polski Trambesh
deposit, Veliko Tarnovo district, Bulgaria, were provided.

The preparation of the experimental samples was carried out
using standard laboratory equipment: precision scale "KERN" RSV
200-2, standard scale up to 10 kg, porcelain ball mill with a working
volume of 50 L (rotational speed about 260 rev/min), agate mortar,
set of standard sieves, spatula, laboratory dryer "Astel",
programmable muffle kiln "LM-312.11" (Veb Electro bad
Frankenhausen), programmable periodic chamber furnace with
support of a homogeneous temperature field and the working area
of 900x600x250 mm, etc.

The laboratory analysis used a Bruker D8 Advance
diffractometer (Cu K-alpha radiation, CynxEye solid-state detector),
STAPT1600 TG-DTA/DSC apparatus (in an inert gas environment,
temperature range 20+1300°C, heating rate 10°C/min., crucibles
type S (Ptl0%/Pt-Rh), multipurpose transmission electron
microscope JEOL JEM 2100 (fig. 1), modernized machine for
carrying out tensile, compressive, and bending strength tests
"Amsler"” (at a loading rate of 0.2 up to 0.8 mm/s).


mailto:rosbul@abv.bg

Innovations 2023

Fig. 1. Multipurpose transmission electron microscope JEOL JEM 2100.

In the interpretation of part of the obtained results, the existing
available information arrays of the Crystallography Open Database
and specialized Digital Micrograph software were used.

3. Results and Discussion

The presence of vaterite, quartz, calcite, feldspar, illite, and
kaolinite was recorded during the X-ray phase analysis (XRD) of a
powdered sample of the provided raw material (marl). The presence
of the mineral vaterite, a natural polymorphic modification of
calcium carbonate CaCOs, also designated as pu-CaCOs, can be
considered a specific characteristic of the studied batch of marl. The
chemical and grain-metric composition of the marl raw material
was investigated (tables 1 and 2).

Table 1. Chemical composition of the marl raw material.

Composition Quantity, mass.%
Sio, 39,26
CaO 18,93
Al,O4 12,14
Fe,03 4,36
MgO 2,23
K;0 1,7
NazO 1,2
TiO, 0,36
MnO 0,14
P>0s 0,12
3H 19,56

Table 2. Established grain-metric composition of the studied specimen.

Grain size distribution wt.%
Fraction under 0,005 43
Fraction between 0,005 - 0,05 46
Fraction over 0,05 11

Indexing of the obtained diffraction pattern (fig. 2) of a
powdered nano-sized sample, after the drying process, from the
initial composition of the studied raw material was performed.

> - ] 2
s 3
4

5

=

s

Fig. 2. Selected area electron diffraction (SAED) of the raw material.
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The composition and characteristics of the marl raw material
vary according to the specifics of the specific local area of the
deposit. The experimental results obtained through various research
methods present the characteristics of the specific sample, which is
only a part of the total amount of raw material provided.

Powdered samples of the initial raw material were given for
investigation by thermochemical methods. DTA curve revealed a
characteristic end effect determined by the thermal decomposition
of the carbonate phases, mainly calcium carbonate CaCO; to CaO
and CO..

The registered mass loss of the raw material is comparable to
the results obtained from the chemical analysis. The melting
interval was found to start with the formation of small amounts of
liquid phase at about 1000°C. Figure 3 presents the experimental
results of the laboratory DSC-TG analysis of the starting material.

DSC /(mW/mg) < 1G %

100

0.0

100 600

Temperature /°C

200 800 1000 1200

Fig. 3. DSC-TG analysis of the studied raw material (marl) originating from
the Polski Trambesh deposit.

The stated properties characterize the studied raw material as
potentially applicable for the production of ceramic products by
using classic silicate production methods. At the same time, due to
the specificity of the marl raw materials and the specific
requirements for the properties of the synthesized materials, there is
a need to introduce additional components and modifiers when
preparing the compositions intended for production purposes. This
allows for the correction of the technical indicators of the masses
and an increase in the performance characteristics of the final
products. The introduction of appropriate additional components
lowers the tendency of patterns to deform, affects the firing interval,
increases the fire resistance of the products, and changes the ratio of
oxides in the compositions. However, with the addition of the
modifiers, it is a need to change the heat treatment mode.

Based on the studied marl raw material, compositions were
developed that are applicable for molding experimental samples
(table 3).

Table 3. Prescription compositions of molding masses.

Raw materials Composition, wt.%
S1 S2 | S3 S4
Marl, Polski Trambesh deposit 60 50 | 40 35
Shamotte from the marl, fraction <200 um | 20 25 | 30 35
Washed kaolin 20 15 | 20 5
Powder fraction quartz glass (<50 pm) - 10 | 10 -
Powder fraction waste glass (<50 pm) - - - 25

During previous laboratory investigations for the production of
preliminary  experimental samples by applying different
technological approaches, it was determined that for development
purposes, the most expedient method for molding the structural
details is slip casting. This approach allows for complex-shaped
hollow specimen production and provides high productivity through
high-speed casting methods in manufacturing conditions (e.g.,
through the stand and conveyor casting). Measuring of the
individual raw materials (according to the formula composition) and
joint wet grinding and homogenization were carried out. Aqueous
colloid-dispersed systems (casting masses / shlickers) with moisture
content of about 60% were prepared (table 4.).
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Table 4. Characteristics of the prepared casting masses (shlickers).

Properties S1 S2 S3 S4
Liter weight [g/I] 1486 |1483 |1484 |1496
Viscosity [Pa.s] 2,23 221 |2,25 |2,27
Dry matter in the slurry [kg/I] 0,72 |0,74 (0,77 |0,81
Sieve residue in the sieve 0,063 | 0,07 |0,11 |0,14 |0,27
mm [g/l]

During the research, it was found that the viscosity of the
prepared shlickers was similar, and the dry matter content varied
within certain limits. The most significant sieve residue on a sieve
of 0.063 mm was obtained in composition S4, which is determined
by the content of the powder fraction of waste glass (household
glass waste).

According to the achieved DTA data of the marl raw material
and the specifics of the added components, an adequate mode of
heat treatment of the molded samples was reached.

The prepared semi-finished products are subjected to free
drying for 3 to 5 days and in a dryer in a temperature range from
100 to 130°C for 24 hours to a residual humidity of 7-8%. The
obtained samples were subjected to further heat treatment (in an
oxidizing environment at a homogeneous temperature field in a
programmable chamber kiln) at a set speed of increasing the
temperature values of 5°C/min and applied isothermal retention at
200°C (40 min), 600°C (30 min ), 700°C (30 min), 830°C (30 min)
and maximum firing temperatures (for individual experiments)
1000, 1100, 1150°C+5°C (for 50 min). When cooling the test
bodies, a rate of decrease in temperature values of 5°C/min and
isothermal retention at 700 and 600°C (for 30 min) were applied.
The characteristics (table 5) of the experimental samples obtained at
different values of heat treatment were investigated.

The higher content of calcium carbonate CaCO; lowers the
viscosity of the mass during sintering vitrified and reduces the high-
temperature synthesis interval. At the same time, the increased
CaCO; content contributes to a higher porosity of the patterns due
to the release of carbon dioxide during the thermal decomposition
of the carbonate. Due to a larger quantity of melt formation, the
briefest time interval and the lowest sintering temperature values
were found for samples obtained from composition S1.

Table 5. Established experimental results in the study of experimental
samples prepared from different compositions and subjected to heat
treatment up to 1150°C.

M | T max,°C Firing Water absorption, Apparent

Heat shrinkage, % density
treatment %

S1 1000 6,7 124 1,73
1100 74 3,0 181
1150 8,2 0,3 1,92

S2 1000 5,9 10,6 1,71
1100 6,4 1,8 1,83
1150 7,6 0,2 1,94

S3 1000 34 7,3 1,75
1100 4,6 0,05 1,83
1150 5,3 0,02 1,96

S4 1000 4,2 9,7 1,78
1100 53 0,06 1,86
1150 6,1 0,03 1,95

The presence of anorthite, wollastonite, diopside, and quartz
was recorded during the X-ray phase analysis (XRD) of the
obtained experimental samples after high-temperature thermal
treatment.

In terms of studying the mechanical properties of the obtained
materials, experimental specimens from the developed
compositions were produced. The determined strength indicators
(table 6) of pressure and bending increase with an increase in the
heat treatment temperature of the experimental samples.
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Table 6. Values of compressive and bending strength of the samples
obtained from different compositions and subjected to heat treatment up to
1150°C.

Indicators S1 S2 S3 S4 T max, °C
Heat

treatment
Compressive | 95 110 150 130 1000
strength, 120 140 180 170 1100
MPa 140 165 240 190 1150
Bending 30 40 45 40 1000
strength, 40 55 65 60 1100
MPa 55 65 80 75 1150

The experimentally observed optimum composition S3
(developed based on the studied raw material) was applied in the
laboratory conditions during the implementation of the entire
process for the production of the structural details. According to the
technological characteristics of the used casting masses (shlickers),
an original set of experimental gypsum molds was used for molding
the samples. The shrinkage values of the samples during drying,
heating, and high-temperature heat treatment were determined. The
prepared slurry was cast into the assembled molds, and after the
required time of about 50-60 min, the residual liquid phase was
removed by pouring. After an additional continuance (from 2 to 3
hours), the obtained patterns are removed from the casting forms by
dissembling. The samples are subjected to drying, heating, and
high-temperature heat treatment according to the developed
technological regime. The presence of technological flaws is not
optical observed in the finished structural items. The designed
tolerances (of the molding equipment) allow the unobstructed
mount of the separate ceramic elements during the assembly of the
prototype.

4. Conclusions

The possibilities for effectively increasing the production
resources of bee farms have been analyzed. An original ceramic
collapsible beehive was designed with improved complex
functional indicators.

The main innovative contribution of the development is the
application of long-lasting, highly resistant ceramic structural
elements with the presence of heat-insulating air cavities. A
technological regulation is developed for the production of an entire
set of structural items made of technical ceramics. Slip casting as a
forming process is used, and a special mode of high-temperature
treatment is implemented.

The provision of accessible raw materials with appropriate
technological properties is of significant interest to the cost-
effective production of ceramic hives.

According to study purposes, samples of marl raw material
from a random local section of the Polski Trambesh deposit were
provided.

On the basis of the provided marl raw material and other
components, a series of compositions were developed and casting
masses (shlickers) with different technological characteristics were
prepared.

The phase composition and physicomechanical characteristics
of experimental samples prepared under different technological
conditions were investigated. In terms of the obtained experimental
data, an accurate heat treatment mode was developed.

With the use of the selected molding slip in laboratory
conditions, a complete technological cycle was carried out for the
production of a set of structural details and the assembly of an
experimental prototype.

During the laboratory analysis, it was established that the
technical characteristics of the studied marl raw material correspond
to the set goals of the development.
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On Transfer Functions Limitations to Active Vehicle Suspension

Katerina Hyniova
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Czech Technical University in Prague, Prague, Czech Republic
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Abstract: It is often assumed that if practical difficulties are neglected, active suspension systems could produce in principle arbitrary ideal
behavior. This paper presents the factorization approach that is taken to derive limitations of achievable frequency responses to active vehicle
suspension systems in terms of invariant frequency points and restricted rate of decay at high frequencies. The factorization approach enables
the determination of complete sets of such constraints on various transfer functions from the load and road disturbances for typical choices of
measured outputs and then chooses the optimal vector of the measurements from the point of view of the widest class of the achievable frequency
responses. Using a simple linear two-degree-of-freedom car suspension model, it will be shown that even using complete state feedback and
in the case in which the system is controllable in the control theory sense, there are still limitations to suspension performance in the fully
active state.

Keywords: VEHICLE, ACTIVE SUSPENSION, CONTROL, LIMITATIONS, PARAMETRIZATION

1. Introduction involves also an adequate force generated by a spring and a damper
' of the passive suspension system.

Two major performance requirements of suspension are to
improve ride and handling quality when random road and load
disturbances from the environment act upon running vehicles.

Automotive suspensions are designed to provide good vibration

On the base of the Youla-Kucera parametrization [2], [3],
complete sets of limitations were derived for transfer functions from
the road disturbance input only (load f(t) is absent i.e. f(t)=0):

insulation of the passengers and to maintain adequate adherence of 1 _ [ "

the wheel for braking, accelerating, and handling i.e., the purpose of Haw(s) [Zr(s) F=0 (to the sprung mass position) @

active suspensions in terms of performance is to improve both these 2e(5)—Z4(5) ) )

conflicting requirements. H2,(s) = [W]f . (to the suspension deflection) (2)
In this paper the factorization approach taken to derive 5 Zu(S)-2,(5) .

limitations of achievable frequency responses for active vehicle Hzy(s) = [W (to the tyre deflection) 3

suspension systems is discussed. It is shown that limitations derived f=0

for a traditional one-quarter-car model (Fig.1) in the frequency and analogically, for the load disturbance input f(t) transfer

domain arise in the form of invariant frequency points and restricted functions can be derived for various choices of measured outputs

rate of decay at zero and infinite frequencies. even for full state feedback.

Youla-Kucera factorization approach to feedback system
stability is shown in [2], [3] to derive achievable dynamic responses
for active suspension systems of vehicles. Complete sets of Consider the standard feedback configuration shown in Fig.2,
constraints on various transfer functions from the road and load
disturbance inputs were derived for typical choices of measured
outputs [3].

2. Comprime Factorization

W > G 4 )

\ 4

LA

u

K

Fig. 2 Standard feedback configuration

where w is the exogenous input, typically consisting of disturbances
ROAD and sensor noises, u is control signal, z represents output to be
controlled, and y is measured output. In general, u, w, y, and z are

. vector-val ignals.
Fig. 1 One-quarter-car model ector-valued signals

Assume, the transfer matrices G(s) and K(s) are real-rational and
proper: G represents a generalized plant, the fixed part of the system,
and K is the controller [4]. Partition G(s) as:

The approach was illustrated for the one-quarter-car model
shown in Fig.1, where:
u(t)  control input (active suspension force) [N]

my weight of the unsprung mass (wheel) [kg] G11(5)  Gi2(5)

ms  weight of the sprung mass supported by each wheel and CO =609 Grls) @
taken as equal to a quarter of the total body mass [kg] . . . .

ke stiffness of the tyre [N/m] Then Fig.2 stands for the following algebraic equations:

z(t)  road displacement (road disturbance) [m] Z(s) = Gy, (S)W(S) + Gy (s)U(s) (5)

zs(t)  displacement of the sprung mass [m]

2u(t)  displacement of the unsprung mass [m] Y (s) = Goa(SIW(S) + G2 (s)U(s) (6)

f(t) load disturbance [N]
Note, that if the one-quarter-car model contains also a traditional
passive suspension system then the active suspension force u(t)

U(s) = K(s)Y(s) 0]
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Manipulating the equations listed above, the following transfer
function Ta(s) from w to z as a linear-fractional transformation of
K(s) can be derived:

Tow(8) = G11(5) + G12(S)K (S = Go2(8)K ()] 1G4 (s) =
= G11(5) + G2 (S — K(5)G2 ()] 7K (5)G21 () ®)

It is shown in [1] that the set of all proper real-rational matrices
K(s) stabilizing G(s) is parametrized by a free parameter Q(s) € RH,,
as follows:

K(@s)=1[Y(s)-M (S)Q(S)][)lf (8) =NE©)QRE] ™ =
= [X() = QN ()] [T (s) — Q(s)M(s)]

where:

)

M(s), N(s),X(s),Y(s) € RH,,, and
M(s),N(s),X(s),¥(s) € RH, can be found by comprime
factorization approach of Gz2(s):

G2(s) = N(s)M™*(s) = M~ (s)N(s) (10)
X(is) -Y|mMes) YY)
[—N(s) M(s) ] [N(s) X)) =1 (1)

Substituting the equation (9) into (8) we obtain the transfer matrix
Tzw(s) from w to z in terms of the free parameter Q(s) € RH,,:

Tw(s) =
=G11(8) + G12(S)M(S)[7(S) - Q(S)MSS)]GH(S) =
= G11(8) + G12()[Y(5) = M(5)Q(S)IM(5)G1(s) 12

As the parameter Q(s) varies over the set of all stable proper
functions, the equation (12) parametrizes all achievable transfer
functions Tzw(s).

If it is assumed that the tyre does not leave the ground, for the
one-quarter car model (Fig.1), the linear differential equations of

motion are:
mgZs=u—f (13)
zy) (14)

where zu and zs are measured from the static equilibrium position.

myZy = —u+ke(z, —

First, let the load disturbance is absent (f=0). Adding equations
(13) and (14), we obtain the invariant eq. (15):

) (15)

that is independent on the suspension force u. The following transfer
functions from road disturbances will be investigated:

mgZs + myZz, = ki(z,

sprung mass position  Hsp(s) = Zs(s)/Z-(s) (16)
suspension deflection  Hgp(s) = [Zs(s) — Zy(8)1/Z(s) a7
tyre deflection Hpp(s) = [Zy(s) — Z,(5)]/Z-(s) (18)

3. Invariant Properties

Manipulating the equation (15), the following invariant identities
can be derived:

[(my +mg)s® + ke]Hsp(s) — [mys® + keJHsp(s) = k¢ (19)
msszHSP(S) + [musz + kt]HTD(S) = _TnuSz (20)
[(my +mg)s® + ke ]Hrp(s) + mes®Hgp(s) = (21)

=—(my + mS)SZ

It is obvious from (19) and (20) that the sprung mass position
transfer function Hsp(s) has an invariant “tyre-hop” frequency at

wy =+ k¢/my,  Where:

HSP(S)/s=jw1= —my /mg (22)
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Similarly, from (16) and (18), the suspension deflection transfer
function Hsp(s) has an invariant “rattle-space” frequency at

= Jk;/(m, + m) and:
HSD(S)/s:jwzz

Finally, from (20) and (21), the tyre deflection transfer function
Hrp(s) does not have any invariant frequency point except w; = 0,
where:

Wy

_(1 + mu/ms) (23)

HTD(S)/s=ja)3= 0 (24)

At invariant frequencies w1, w2, and ws the values of the
corresponding transfer functions are fixed and cannot be influenced
by the free parameter Q(s) € RH,, (eq. (1)) of the stabilizing
controller K(s).

4. Transfer Functions Limitations

In the next, consider the standard block diagram shown in Fig.2.
As an example, consider:

W=z, 2=2s Yy = [2y,2Zs — Zy, Zy — 2T
Then:
G11(s) G12(5)]
G(s) = =
©) L G21(5)  Ga2(s)
o .
I[ sk =S |
m 52+k[ mys2+k;
| —k¢ (mu+ms)s +k¢ | (25)
mys2+k; mss2 (mu52+kt) |
—mys?
mys2+k; mu52+k[ J

The limitations of all achievable closed-loop transfer functions
T,w(s) = Hgp(s) are derived from the right and left comprime
factorization of G22(s), i.e.:

[ —oms®
pa(s)
o = (my + mg)s? + k; [ms s2(mys? +kt)]
2" Pa(s) pa(s)
—mgs?  wie
pa(s)
N(s)
mgs mgs? 0
p2(S) p2(s)
=| o mums® —mk ,,ffﬁﬁs (26)
p2(s) p2(s) pz(S)
-1 0 s
p2(S) __ p2(s) N(s)
M 1

where p2(s) and pa4(s) are Hurwitz polynomials of degree 2 and 4,
respectively. Then:

Hgp(s) = B _
= G11(5) + G2 (SIM(S)[V () = Q)M ()]G4 () =
_Skt
ke [+t 0r () (@7)
mus
whereQ" (s) = [273],0(5) = [0:() Q2(s) Q3(s)].

It follows from (27) that thanks to the term s?Hsp(s) bounded for
large s:

lims?Hgp(s) < o (28)
S—0
the resulting rate of decay is of second degree:
Hgp(5)/som= 0(s™) (29)
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s(mys?+ky) . .
o has two imaginary
axis zeros - at s=0 and s = jw; = j/k;/m,- which can not be
canceled by the denominator of Q*(s) € RH,,. With respect to (27)
and the Bezout identity (11) it follows, that:

It is obvious from (27) that the term

1 _Skt
Hgp(8)/s=0= — Y(S) ke |/s=0=
pa(s) m,s?
__ ke _
= TG Y2(8)/s=0=1 (30)
and similarly:
1 —sk;
HSP(S)/s=jw1= _my(s) ke /s:jw1=
Da mys?
= _mu/ms (31)

This result endorses (25).

Thanks to the first order of the imaginary axis zero at s=0, the
first derivative of the transfer function Hsp(s) does not have any
similar restrictions at this point. Expressions (29), (30) and (31)
create the complete set of limitations which any admissible transfer
function Hsp(s) € RH,, must satisfy. Another words, if any complex
transfer function satisfies the mentioned limitations, there exists a
stabilizing controller K(s) so that T, (s) = Hgp(s). It does not
depend on what variables are chosen as the measured output - the
limitations always arise in the form of invariant frequency points as
was shown in paragraph 3 and in the form of restricted rate of decay
at infinite frequencies as shown in (29).

Complete sets of limitations for the transfer functions Hsp(s) and
Hrp(s) can be similarly carried out from the corresponding transfer
functions G(s) or using (26), (27), (28) and the corresponding
invariant equation stated above (19), (20), and (21). This way the
following complete sets of limitations can be derived:

Hsp(8)/so0=0(s7%) (32)
Hgp(5)/s=0= 0, Hgsp(8)/s-0= 0(s) (33)
Hep(8)/s=juw,= — (1 + %), where

Wy = ke /(my +my) (34)
Hrp(8)/so=—1+ O(S_Z) (35)
Hrp(8)/s=0= 0,
Hrp(5)/sm0= —(my + mg)s?/k, + 0(s>) (36)

Note, that even though it is desirable to prevent amplitudes of the
frequency responses Hsp(s), Hsp(s), and Hyp(s) being too large in
any frequency domain, a brief analysis of the expressions (29) - (36)
enables to find out that the investigated transfer functions must have
modulus strictly grater that one at some frequencies what indicates
the fact that the road disturbance signal is amplified at these
mentioned frequencies.

The same approach can be used to derive limitations for other
transfer functions and various choices of the measured outputs.

It has been shown that the limitations always arise in the form of
invariant frequency points (for example w, = f% for HY, (jwy),

k¢
my+myg

w, = for HZ,(jw,) and w; = 0 for H3, (jws)) and in

the form of restricted rate of decay at frequencies tending to zero and
infinity.

As an example, the complete sets of constraints for transfer
functions H},,(s), H2,(s) and H3, (s), when suspension deflection
and suspension deflection velocity are measured, is as follows

[21.[3]:

HL0(5)/so00= 0(s™3) (infinite frequency constraint),
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H}(8)/s0=1+0(s?) (zero frequency constraint),

ki

. m.
Hi,(wy) = —o foroy = 78,

and analogically:
szw(s)/s—moz
szw(s)/s—m: 0(52)
, N k
Hiw(joz) = =(L+ 52 forw, = [,
and:

Hz3w(s)/s—>oo= -1+

- %s‘z + 0(s~3) (infinity frequency constraint),

(zero frequency constraint),

%s‘z +0(s™3) (infinity freq. constraint),

u+ 'S
H3,(5)/sm0= — T 2 4 o5y

(zero freg. constraint),

It is often assumed that if practical difficulties are neglected,
active systems can in principle produce arbitrary ideal behavior. This
paper presents the factorization approach that is taken to derive
limitations of achievable frequency responses for active vehicle
suspension systems in terms of invariant frequency points and
restricted rate of decay at high frequencies.

In control law design for active suspension system of vehicles it
is demanded to prevent magnitudes of the road and load frequency
responses from being too large. There are some frequency points and
frequency ranges where the transfer functions have modulus strictly
greater than one i.e., where road and load disturbance amplification
occur. On the base of the Bode integral, it can be shown that the
transfer functions must be greater in modulus to at least the same
extend that it is less than one, when measured in terms of the area on
a Bode magnitude plot [1], [2] [3]. In such a case, there is a possibility
to shift frequency ranges where disturbance amplification occurs to a
more proper frequency range or to make magnitudes lower spreading
the frequency range.

5. Bode Integral Theorem

To analyze results given above , it is useful to make a short
review of some relevant ideas and definitions of sensitivity theory.

It is well known that the Bode sensitivity theory can formally be
extended to the characterization of the transfer function F(s) with
respect to the transfer function G(s), called the variable component.
Suppose that G(s) is a transfer function of the controlled plant and
K(s) is a transfer function of the feedback controller. Then the Bode
sensitivity function of the closed loop with the transfer function:

G(s)

F) = Seorm N
is defined as
__0logF(s,G(s)) __ 1 _ 1
S(S) T 0logG(s)  14G()K(s)  1+L(s) (38)

Where L(s)=G(s)K(s) is open-loop transfer function. As the open-
loop (i.e., the control chain) sensitivity function So(s)is equal to one
in the whole frequency range, the sensitivity function S(s) can serve
as a criterion for comparison of the sensitivity of the control loop with
any control chain containing the same plant. For frequencies w, at
which [SGw)|<I, the parameter sensitivity of the control loop is
larger than that of the open control chain i.e., the parameter
sensitivity is increased by introducing feedback. To show this in
terms of the Nyquist locus suppose the Nyquist locus of the open loop
L(jw) as shown in Fig. 3.
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[ Im{L(o)}

0

L)) /o Re{L(jco)}:

*

(0]
Nyquist locus L(jo)

1

Fig. 2 Sensitivity evaluation from Nyquist diagram

The vector from point (-1, 0j) to point ®" represents the
denominator of the closed loop sensitivity function S¢je”).

Thus:

Qjw*=1+Ljw") (39)

This implies:
ISGw)l = 1@ (40)

From Fig. 3, we can therefore make the following observations.
For those frequencies at which the locus L(jw) cuts the unit circle
centered at -1, the sensitivities of the closed-loop and open-loop
systems are the same. For all frequencies w<w1 at which the locus
LGw) lies outside the unit circle, |S((jw )| <I holds and the closed-
loop system is less sensitive than the open-loop system. For all
frequencies w>w1 at which the locus L(jw) lies inside the unit circle,
|S((Gew )| >1 holds and the closed-loop system is more sensitive than
the open-loop system. For a control system L(jw) which has at least
two more poles than zeros, there always exists a frequency w1 such
that:

[S((iew )| >1 for w>w1 (41)

i.e. , there exist frequencies at which the feedback control system is
more sensitive than the uncontrolled one- The frequency range w<w1
for which |S((jw )| <I holds, can be influenced in a wide range by a
proper choice of the transfer function K(jw). This fact has been
already recognized by Bode and expressed by the following theorem.

Theorem 1. (Bode integral theorem): If the transfer function
L(s) of the open loop does not contain poles and 1+L(s) does not
contain zeros in the right half of the s-plane and if the number of poles
of L(s) exceeds the number of zeros at least by 2 then the following
equality holds:

Jy logll + L(jw)ldw = — [," log|S(jw)|dw = 0 (42)

In words: For a stable control system with a pole excess of at least 2

, the logarithm of the magnitude of the sensitivity function is on
average equal to zero. This means that if the logarithmic Bode
diagram S(jw) is drawn, the area enclosed with 0 dB line for the
region |S(Gw )| > 1 is exactly the same as that for the region
|S((jw )|<1 . For frequency w1 at which |S(je )| =1 can be specified
by a suitably chosen transfer function K(s) of the controller.

Bode original result was valid only for open-loop stable
systems and was generalized by Freudenberg and Looze [1] for
systems with unstable open loops as:

Theorem 2. (Generalized Bode integral theorem): Assume that
the open-loop transfer function L(s) possesses finitely many open
right half-plane poles {p;:i=1,...,n n € N}, Re(p)>0
including multiplicities. In addition, assume that:
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lim sup RIL(s)|=0

(43)
R0 |s|2R,Re(s)20

Then, if the closed loop is stable the sensitivity function must
satisfy:

Jy loglS(jw) dw =m X, Re(p;) (44)

The proof of this theorem is given by Freudenberg and Looze in [1].

6. Analysis of the Complete Sets of Limitations

In context with transfer functions H(s) of the one-quarter-car
model given in Section 1, the generalized Bode integral theorem can
be modified as follows:

Theorem 3. Let RH,, is a set of rational transfer functions that
are stable (their poles lie in the open right half-plane) and proper (the
numerator polynomial degree of these functions is less than or equal
to the denominator polynomial degree). Let H(s) belongsto RH,, and
satisfies H(S)/so= —1+ 0(s7?). Let{z;,i=1,..,n n€ N}are
zeros of H(s) with Re(z;) > 0. Then:

Jy loglH(jw)| dw =m ¥, Re(z)

In control law design, it is desirable to prevent amplitudes of the
dynamic responses H},(s), HZ,(s) and H3,(s) from being too
large.

(45)

A brief examination of the results stated in Section 1 shows that
the suspension deflection transfer function HZ,(s) has modulus

i ( HZ,(jw,) =

my+mg
—(1+%)), i.e. an amplification greater than one occurs at

strictly grater than one for w, =

frequency w2. This amplification can be made less only and only by
adjusting the ratio of the unsprung and sprung masses. From the
result:

k
ng(s)/saoo: -1+

t -2 -3
S +0(s™?) (46)
it is evident, that |H3,, (jw)| must tend to one from above as w tends
to oo and it turns out that |H3, (jw)|cannot be made less than or
equal to one at all frequencies. Since the right-hand side of (45) is
non-negative then it is not possible for |H3, (jw)]| to be less than or
equal to one at all frequencies since that would make the left-hand
side of the eq. (34) negative. It has been shown in [3], that no matter
what signals are used for feedback, the tyre deflection transfer
function must amplify road disturbances at some frequencies. As
shown in [3], this fact is valid even for full state feedback used in the
control loop.

A similar theorem is valid for transfer functions where

H(s) = 1+ 0(s?).

Theorem 2. Let H(s) belongs to RH,, and satisfies H(s)/s.0=
=14 0(s?). Let{z;,i=1,..,n n€ N} are zeros of H(s) with
Re(z;) > 0. Then:

J‘(;n long(jw)li_‘: =37 Re(z;)

=Lzl

(47)

Similarly to the consequences of  Theorem 1, the result
HL,(s)/s-0= 1+ 0(s?) from Section 1 is the case when |H}, (jw)|
cannot be less than or equal to one at all frequencies since that would
make the left-hand side of (47) negative. Again, this fact is valid
even when full state feedback is introduced in the control loop [3].

In such cases that were mentioned above, designers have the only
possibility to shift the frequencies where amplifications occur to
more proper frequency ranges or to spread the ranges where
amplifications occur making the amplification lower. The positive
area of the Bode magnitude plot i.e., the area where |H(jw)] is
greater than one (is grater to at least the same extent as the negative
area where |H(jw)| is less than one) by choosing a proper feedback
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controller. Analogically, similar results can be derived for arbitrarily
chosen measurements and for any load disturbances.

7. Results

Using a simple linear two-degree of freedom car suspension model
in Fig.1, it was shown that there are still some limitations to
suspension performance even in the fully active state. It has been
shown in the paper that there are some frequency points and
frequency ranges where the transfer functions have modulus strictly
greater than one i.e., where road and load disturbance amplification
occur. On the base of the Bode integral theorems, it has been shown
that the transfer functions must be greater in modulus to at least the
same extent that is less than one when measured in terms of the area
on a Bode magnitude plot. In such a case, there is a possibility to shift
frequency ranges where disturbance amplification occurs to a more
proper frequency range or to make magnitudes lower spreading the
frequency range. A survey of transfer function limitations for all
possible measured outputs in the active automotive suspension
system are explained in [3].
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Abstract: The present work deals with the analysis of the influence of internal forces and moments on the nozzle of the main boiler of a steam
boiler used in the waste incineration industry. The analysis is carried out analytically by performing calculations using standards, and later
numerically using finite element method software. As results of the analyses, equivalent von Mises stresses, displacements and buckling

eigenvalues are obtained and compared with analytical solutions.

Keywords: STEAM BOILER, DOWNCOMER, NOZZLE, FINITE ELEMENT ANALYSIS

1. Introduction

A steam boiler is an object in which the heat energy obtained by
the combustion of organic fuels is transferred by means of heating
surfaces to the liquid that evaporates in it and whose vapor is
superheated to a certain temperature. [1]

Steam boilers are an integral part of many plants, including
waste-to-energy (WTE) plants. Boilers for waste-to-energy plants
are usually water tube boilers and usually have four passes: three
vertical radiant passes and one convective pass. The first of the
radiant passes is integrated into the furnace as an afterburner
chamber. The convective pass, which houses the evaporators,
superheaters, and economizers, can be vertical or horizontal. [2]

Boilers for waste systems are drum boilers, characterized by a
drum. The drum is a large high-pressure cylinder of water located in
the upper part of the boiler that physically separates the evaporation
of the water from the superheating of the steam. The water
circulates naturally over the downcomers and up through the
evaporator tubes because the evaporated water (steam) has a lower
density than the water in the downcomers. [3]

It is very important to ensure the safe operation of steam
boilers, and standard calculations and inspections of all parts of the
boiler object are required to verify and confirm safety. This also
applies to the downcomers of the WTE boiler under consideration,
the structure of which is shown in Figure 1.

—* 'Live’ steam to turbine

o

Superheaters

NN

Saturated
steam

Boiler feedwater
et et

Flue gas
treatment

lWas!e

v
4th pass: superheating
and water preheating

{economizer)

Passes 1-3:
evaporation

Water-cooled
evaporator walls

Fig. 1 Four-pass WTE boiler [3]

2. Problem description

To ensure safe operation of the steam boiler, the parts of the
steam boiler and its supporting structure must be designed and
tested using existing standards, and other means, including finite
element analysis where required and applicable. Steam boiler
downcomers are common and important parts of steam boilers used
in the waste incineration industry, and they are connected to the
drum of the steam boiler through nozzles. Therefore, safe operation
of the above parts must be ensured.
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The main focus was on the study of the influence of internal
forces and moments on the nozzle of the main downcomer (Figure
2), which together with other loads and boundary conditions act on
the mentioned component, in order to analyze its stability. This
influence was analyzed analytically using the European standards.
A 3D model of the structural part was created and the numerical
calculation was also performed in Abaqus CAE. [4]

NOZZLE

36
3

Fig. 2 Downcomers of a steam boiler drum [5]

3. Analytical calculation using EN 13445-3

In general, the standard EN 12952-3 [6]: 'Water-tube boilers
and auxiliary installations - Part 3: Design and calculation for
pressure parts of the boiler” is used for water-tube steam boilers, i.e.
also for drums. However, this standard assumes in its chapter
8.3.2.1, which considers openings, including nozzles of downpipes,
that external forces and moments acting on the nozzle are
insignificant. If this is not the case, EN 13445 should be used to
calculate and evaluate the resulting stresses.

Therefore, the third part of this standard, EN 13445-3 [7]:
‘Unfired pressure vessels - Part 3: Design', is used for this
calculation.

In addition to this standard, the following standards are also
used: EN 10028-2 [8]: 'Flat products made of steels for pressure
vessels - Part 2: Unalloyed and alloyed steels with specified
properties at elevated temperatures™ and EN 10216-2 [9]: 'Seamless
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steel tubes for pressure vessels - Technical delivery conditions -
Part 2: Unalloyed and alloyed steel tubes with specified properties
at elevated temperatures”.

Figure 2 shows the boiler drum with all its downcomers. As
shown in the figure, the main downcomer bears the designation
3NO1. The input data were determined in accordance with EN
13480 [10] and presented in the form of calculation results of the
internal forces and moments at the nozzle of the main downcomer
(Table 1).

Table 1 Calculation results of downcomers according to the EN

13480
Displacement, mm Force, kN Moment, KN-m
Node Wy Wy W, Q« Qy Q. My My M,
3N01 - 12,6 | -9,6 |-204| -2,1 |-29,4| 50,4 | 103,6 | 52,3
3N02 - |-126| -96 |-204 | 2,1 |-29,4|-50,4 | 103,6 | 52,3

Section 16.5 of EN 13445-3 provides a method for the design of
a cylindrical shell with a nozzle subjected to local loads and internal
pressure. In this calculation, the standard has been worked through
its subsections. The sequence is as follows:

1. Calculation of allowable stresses of shell material and nozzle
material,

2. Calculation of the conditions of applicability,

3. Calculation of maximum allowable individual loads (allowable
pressure, allowable axial nozzle load, allowable circumferential
and longitudinal moments),

4. Calculation of the combination of external loads and internal
pressure (individual load ratios, interaction of all loads),

5. Calculation of stress ranges and their combination and

6. Calculation of nozzle longitudinal stresses (maximum
longitudinal tensile stress, longitudinal stability of the nozzle).

[7]

All calculations meet the conditions from the standard and are
presented in related investigation [11] and due to the scope of the
analytical calculation are not shown here.

4. Numerical analysis

For finite element method (FEM) analysis, a 3D model of the
considered part of construction of a steam boiler was modelled in
Abaqus CAE. Dimensions of model are obtained from technical
documentation as well as loads, constraints and boundary
conditions from previous investigation. [5]

Due to symmetry only one half of the drum shell geometry has
been modelled: half of cylindrical shell with diameter of 2130 mm,
one support (with saddle) and one nozzle of main downcomer.
Model of geometry has been modelled as a 3D-shell model (Figure
3).

The material properties of the steels 15NiCuMoNb5-6-4 and
16Mo3 required for the finite element analysis are determined for
the calculation temperature of 303°C according to EN 10216-2, for
the required wall thickness by means of linear interpolation and fed
into the material model. The material properties for
15NiCuMoNDb5-6-4 are: E = 182,98 GPa, Ry, = 354,2 MPa, v = 0,3
and for 16Mo3 the material properties are: E = 182,98 GPa, Ry, =
172,2 MPa and v =0,3.

Analyzed part of construction of a steam boiler drum consists
not only of material of shell and nozzle, but also of material of
pipelines inside the drum. Inner pipelines and isolation material are
omitted in this analysis to simplify to the model, but an added
material has been introduced in order to take into account influence
of the additional materials as well as water inside the structure.
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Reinforcement

Support

Downcomer

Fig. 3 3D-shell model used for finite element analysis

Beside material, in this modulus, sections of supporting
construction have been defined as well as section thickness. Along
with defining general step, a linear perturbation step was required in
order to perform buckling analysis. Using interaction modulus
contacts and constraints were defined as well (Tie Constraint, Rigid
Body constraint). Construction was loaded with provided load
(forces and moments, friction forces, acceleration of gravity,
pressure) and boundary conditions (movement restriction in x and z
direction, symmetry). Model is meshed with coarse mesh with size
of elements of 25 mm. Finer mesh is defined on the nozzle where
shell meets the downcomer (Figure 4).

Fig. 4 3D-shell model used for finite element analysis

Shell element type has been used for whole construction.
Results convergence has been conducted in order to check proper
sizing of defined mesh to meet required accuracy. At the end,
results in form of stresses, displacements and buckling eigenvalues
have been obtained.

5. Results and discussion

An analysis of the influence of forces and moments on the
connection of the main downcomer also considers dealing with the
main drum parts under pressure.

After conducted finite element analysis described in previous
chapter, equivalent von Mises stress distribution is obtained (Figure
5). It can be noted that the maximum stress occurs on the drum, i.e.
exactly on the connection of the main downcomer with its value of
498,73 MPa.
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Fig. 5 Distribution of equivalent von Mises stress on pressure parts
of drum construction in MPa

According to EN 13445-3, ANNEX 3, part C.7.3, the maximum
stress is the range of equivalent stresses resulting from the changes
in primary and secondary stresses (Aoeq)p.q. By definition, primary
stresses are those stresses that satisfy the equilibrium laws of the
given loads (pressure, forces and moments). Thus, they are caused
by internal forces and moments required to balance external forces
and moments.

Secondary stresses are stresses that are a consequence of
constraints due to geometric discontinuities, the use of materials
with different modulus of elasticity under the action of external
loads, or constraints due to different thermal expansions. Therefore,
they cause internal forces and moments required to satisfy the
specified constraints.

The range of equivalent stresses resulting from the primary and
secondary stresses, i.e., those that balance the external forces and
moments and those that satisfy the specified limitations, is the
maximum stress determined by the finite element analysis. This
combination of stresses gives (Aoeq)e+q Stress defined in [7] with
value of (Aoeg)r:q = 498,73 MPa. According to [7] this stress cannot
exceed triple value of allowable stress obtained by reducing yield
load with safety factor, which is fulfilled in this situation.

Distribution of equivalent von Mises stress on the support is
shown on Figure 6. It can be noted that maximum equivalent stress
is lower than allowable stress of (116,47 MPa). Allowed von Mises
equivalent stress on the support is obtained via yield strength and
safety factor 1,5.

Fig. 6 Distribution of equivalent von Mises stress in drum support
in MPa

Total displacements due to load, self-weight and pressure are
presented on Figure 7 where can be noted that maximum value of
displacement is under 4 mm.

As result of the buckling analysis obtained using finite elements
so-called eigenvalue (“Eigen Value”) is obtained. It represents the
buckling factor. This factor is a value that indicates by how many
times the load must be increased to cause buckling. In this case, this
value is -1,79 (Figure 8). Therefore, the condition that absolute
value of buckling factor must be greater than one is fulfilled.
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Fig. 7 Distribution of total displacement in mm

Fig. 8 Distribution of Eigenvalue in buckling analysis

This means that there is no risk of buckling due to the action of
the internal forces and moments, gravity and pressure load on the
connection of the main downcomer pipes. Buckling would only
occur if the load were increased by 1,79 times. A negative value
occurs for vessels under pressure and indicates that buckling would
occur if the pressure acted in the opposite direction, i.e., if the
vessel was subjected to excessive external pressure, i.e., vacuum.

6. Conclusion

After the analytical and numerical analysis of the critical parts
in steam boiler construction, the connection of the steam boiler
drum with the main downcomer is analyzed analytically using the
existing standards and numerically using the finite element method.

Using the whole finite element model of the steam boiler, loads,
internal forces and moments are determined and later used as
boundary conditions and loads for the shell 3D finite element model
of the connection between the drum and the main downcomer.

According to the performed analysis, it can be concluded that
the stresses occurring in the expected operation of the critical parts
of the steam boiler structure are within the allowable values for the
steam boiler drum and the supporting structure.

A local stress concentration occurred at the connection between
the drum and the downcomer. This stress intensity does not exceed
the maximum stress defined in the standard EN 13445-3, ANNEX
3, part C.7.3.

Finally, a buckling analysis of the shell model of the drum-
downcomer connection with support was performed. This analysis
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has shown that there is no risk of buckling due to the action of
internal forces and moments, gravity and compressive load on the
connection of the main pipes of the downcomer.
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Stress and stability calculation of the third pass module of the steam boiler during lifting
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Abstract: This paper presents the calculation of the stress and stability of a third-cycle module of a steam boiler during the lifting process. A
steam boiler is a key element of a cogeneration plant, so all calculations are performed according to prescribed standards. Before the
numerical analysis of the steam boiler, the characteristics, components and function of the boiler are described, as well as the required
standards. The 3D model of the boiler was created using the Abaqus/CAE 2016 program package according to the manufacturer's technical
documentation. Using the finite element method, the stresses and stability during lifting of the boiler from the horizontal and vertical
positions were calculated and presented. It was found that when lifting from a horizontal position, the structural stress values of the main
elements do not exceed the allowable values. On the other hand, when lifting from a vertical position, the stresses exceed the allowable
values. In this case, the connection point between the lug and the profile was checked and analytically dimensioned. The obtained values of
the stability analysis of the boiler module are satisfactorily defined and there is no risk of buckling in both cases of lifting. The boiler
conforms with the standard and fulfils the requirements handed over to the engineer.

Keywords: STEAM BOILER, STRESS, STABILITY, FINITE ELEMENT METHOD

1. Introduction 2. Problem description

In a conventional context, a steam boiler is a closed vessel and The lifting and positioning of the boiler to a certain height is
it allows the transfer of combustion heat to the working medium done with an overhead crane using trusses, pulleys and ropes. A
until it is boiling and becomes steam. It could be stated that a steam truck with a trailer is positioned under the lifted boiler, which is
boiler is an exchanger of heat between water and fire. It is the part lowered onto the trailer and transported to the cogeneration plant
of a steam generated power plant process that and as a result construction site. The process is shown in Figure 1.
produces the heat. That generated steam can then be utilized to pass
the heat to a process that and transforms it to work [1].

The main components of a cogeneration plant are: Steam
Boiler, Steam Turbine and Electricity Generator. Fuel and air are
supplied to the steam boiler to produce high pressure steam through
the combustion process. The high-pressure steam is fed into the
steam turbine, where the expansion of the steam converts some of
the heat energy into mechanical energy of rotor rotation. The rotor
of the electric generator is attached to the steam turbine rotor, and
the mechanical energy is converted into electricity. Depending on
the needs, the steam exiting the turbine is used for technological
processes or for heating. If the thermal energy of the output steam is
not fully used, it is directed to the condenser and released to the
ambient air or water. The energy efficiency of this type of
equipment ranges from 0,7 to 0,8 [2].

A cogeneration plant that uses biomass as a fuel source
becomes more environmentally friendly by using waste materials
from the wood industry and more competitive in the marketplace by
having a more acceptable price and locally available fuel sourcing
[3-7]. In the following chapters, the characteristics, components,
and functions of combined heat and power plants and steam boilers
are described in more detail. The calculation of the stresses and
stability of the module of the third pass of the steam boiler during
lifting is performed using the Abaqus/CAE 2016 program package.
The cases of lifting from the horizontal and vertical position are
considered, all stages of the analysis are described in detail. It is
essential for a designer to engineer and calculate a steam boiler that
provides security, durability and usability to the customer.
Completing that task requires a great understanding of the design
specifications, especially geometry of the pressure vessel, which has
to be reviewed to abide with the standards for the design [8]. For
that reason, various studies have been conducted and performed to
describe the design and calculations of steam boilers [9-12].

Fig. 1 Steam boiler module transport

At the construction site, the boiler module must be lifted from
the trailer and installed in a supporting steel structure (Figure 2).
The boiler is lifted by two cranes, and its rotation is performed in
the air. The supporting steel structure is a spatial metal structure
used for fastening, supporting and suspending heating surfaces,
walls, smoke ducts, piping and other elements belonging to the
boiler. Due to significant thermal expansions, the structure is a very
responsible part of the boiler. The design of the steel structure
depends on the steam boiler, because the design solutions of boilers
can be very different.

This paper presents the results of the stress and stability
calculation of the third pass module of the boiler during the lift. The
3D model of the steam boiler was designed using the Abaqus/CAE
2016 program package [13] based on the technical documentation
of company Puro Dakovi¢ Termoenergetska Postrojenja d.o.o. [14].
Using the finite element method, the stresses and stability in the
course of lifting the boiler from the horizontal and vertical positions
were calculated and described.
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Fig. 2 Supporting steel structure

The steel support structure consists of the main columns
mounted on concrete foundations and steel feet. The main columns
are connected by cross beams, and the areas between them are filled
with auxiliary frames and struts. They are most commonly used for
supporting brackets for studs and sheet metal boiler formwork. In
this paper, two cases of lifting are considered: from a horizontal and
a vertical position.

Lifting from a horizontal position is done in such a way that the
first crane is connected to the first lifting beam, lifting beam 1 is
attached with ropes to the auxiliary lifting beam, which is connected
to lugs no. 1 and 2. The second crane is connected to the second
lifting beam, two pulleys are connected to beam 2, a rope is passed
through them and attached to lugs no. 3 and 5 and no. 4 and 6
respectively. In this way, the load is evenly distributed to all four
lugs, as can be seen in Figure 3. The first and the second crane
simultaneously lift the boiler module to the required height in
relation to the trailer. After that, the first crane maintains the
position reached, while the second crane continues its rotation to the
final vertical position.

Hook of the second
crane
T

Hook of the first
crane

Fig. 3 The display of lifting the module from the horizontal position

After the boiler module is rotated to the vertical position, it is
lifted and inserted into the supporting structure. Figure 4 shows the
process of fixing the boiler module to the cranes, its lifting, rotation
and insertion into the supporting steel structure.
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Fig. 4 Attaching the boiler module to cranes, its lifting, rotation and
placement in the load-bearing steel structure.

3. Numerical analysis of the boiler module

The boiler module is bounded by the back and side walls of the
first, second, and third boiler passages. The 3D model shown in
Figure 5 was created using Abaqus software [13]. The geometric
model is discretized mainly with finite shell elements. Around the
walls of the boiler module, there are bandages enclosed in a support
ring, which help to stiffen the membrane walls (defined as an
orthotropic plates) to maintain stability during lifting and placement
of the module. Supporting profiles and bandages are defined by
beam elements to which the required properties are assigned. The
3D model was created according to the technical documentation
[14].

HE-M 200

IPE 400

HE-M 200
#

L 13

HE-A200 | ‘ l!\ £

Fig. 5 Display of loading profiles and bandages

The numerical calculation of the boiler module is performed for
the cases of lifting from horizontal and from vertical position. The
first step is to create and define the properties of all materials used.
The material 16Mo3 is applied to the side and rear walls of the
passage, bandages, supporting profiles and chamber. The material
S235JR+N / S355J2+N is defined for lugs and reinforcements, the
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yield strengths of the mentioned materials are defined by standards
[15-17], as shown in Table 1.

Table 1 Properties of defined materials [15-17]

Material (Thickness, t, mm| Yield strength, Ry ,, MPa Norm
t<16 280
16Mo3 ot=d0 =0 EN 10216
t<16 275 EN
16Mo3 16<t<40 270 10028-2
t<16 235 EN
23RN 1 40 225 10025-2
t<16 335 EN
SIVIN 10 345 10025-2

The membrane wall of a steam boiler can be approximated by
an equivalent orthotropic plate that has the same elastic properties
as a true membrane wall. Using Kirchhoff-Love shell theory, the
constitutive equation of an equivalent orthotropic plate can be
written:

)

Where ¢ is the vector of internal forces, D is the elasticity
matrix, ¢ is the deformation vector. The matrix expression (1)
represents the six constitutive equations of the membrane wall as a
structurally orthotropic plate or an equivalent orthotropic plate,
which connect the internal forces with the corresponding
deformations. The next step of the numerical calculation is to define
the stiffness matrix for each wall (back wall and side walls of the
first, second and third pass).

cg=D-¢€

To obtain the desired results, the model is assigned the material
properties of the above-mentioned materials. For lifting from the
horizontal position, a global model is created using a coarse mesh
with a finite element mesh size of 40 mm, and an element size of 5
mm is specified at the locations of the structural elements that are
important for the lifting conditions. Four boundary conditions are
applied. The first boundary condition is located on lug no. 1, with
restricted x-direction. The second boundary condition applies to the
lug No. 2, with restricted x-direction. The third boundary condition
is on lug no.3, with both the x and y directions constrained. The
fourth boundary condition is applied to lug no. 4, with both the x
and y directions constrained. For lifting from the vertical position, a
global model is also created with a coarse mesh, but with a finite
element mesh size of 50 mm. An element size of 5 mm is specified
at the locations of the structural elements that are important for the
lifting conditions. The same boundary conditions apply as for lifting
from the horizontal position. Figure 6 shows the model with a fine
mesh of the lug.

Fig. 6 Model with fine mesh of the lug

4. Results analysis

All material and test pressure data previously given were used
to obtain results for lifting from horizontal and vertical positions.
The stresses that occur at the top of the module when lifted from a
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horizontal position are shown in Figure 7. The maximum stress
according to von Mises is 98 MPa.

Fig. 7 Distribution of the equivalent von Mises stress in conditions
of lifting from a horizontal position

The stresses occurring in the lower part of the boiler module are
highest in the area of lugs 1 and 2, more precisely near lug 2, where
the maximum stress according to von Mises is 125 MPa (Figure 8).
The highest stress according to von Mises is at lugs 1 and 2, it is 43
MPa and is shown in Figure 9.

Fig. 8 Distribution of the equivalent von Mises stress of the lower
part of the module

S, Mises

Envelope (max abs)
(Avg: 75%)
43
39
36
32
= MAX 43
3 MPa
15
11
8
4
1

Max: 43
Elem: PART-1-
Node: 206733

Fig. 9 Distribution of the equivalent von Mises stress of the lugs 1
and 2

The calculation of the stress on the structure in the conditions of
lifting from a horizontal position was carried out under the load of
its own weight. The yield strength of the lug material is Ry, = 225
MPa [17], the safety factor is equal to Sg = 1,35 and the dynamic
factor is equal to Sg, = 1,2 [18]. According to the given data, the
allowable stress is:

Ryo2 225
SpSagin 1,35-1,2

Oa =

= 138,8 MPa )

Since the maximum stress is 125 MPa, it does not exceed the
allowable values, and it is not necessary to analytically check the
joint between the lug and the profile HEM 200.

The stresses that occur on the upper part of the module when it
is lifted from a vertical position are shown in Figure 10. The
maximum stress according to von Mises is 217 MPa at the junction
of the lug no. 6 and the profile HEM 200. The highest stress
according to von Mises is at the lugs 1 and 2, it is 43 MPa and is
shown in Figure 11.
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MAX. 217

Fig. 10 Distribution of the equivalent von Mises stress in conditions
of lifting from a vertical position

S, Mises

Envelope (max abs)
(Avg: 75%)

Max 156
MPa

Max: 156
Elem: PART-1-1.592362
Node: 518174

Fig. 11 Distribution of the equivalent von Mises stress of the HEM
profile

The stress calculation of the structure under the conditions of
lifting from a vertical position was carried out under the load of its
own weight. Yield strength, safety factor and dynamic factor have
the same values as in the case of lifting from a horizontal position.
Since the highest stress occurs in the lugs, which are made of the
same material, the allowable stress is equal to 138,8 MPa like in
expression 2. Since the highest stress is 217 MPa, which exceeds
the allowable values, it is necessary to check the connection point
between the lug and the profile and dimension the lug. With this
analytical calculation, the link plate, whose maximum stress is 105
MPa, is sized so that it does not exceed the allowable value and
meets the prescribed condition.

4. Conclusions

This paper presents the results of stress and stability calculation
of the third pass module of the steam boiler during the lift. The
cases of lifting from a horizontal and vertical position are
considered, and the work was carried out according to the technical
documentation of the company PP TEP. In the work, the module is
tested as described in the standard. Based on the obtained results of
the numerical analysis, an analytical calculation of the lug was
performed. The numerical analysis of the problem was performed
using the Abaqus/CAE 2016 program package. The stress and
stability results during lifting of the boiler module in two cases are
presented.

It was found that when lifting from a horizontal position, the
stress values of the structurally important elements do not exceed
the allowable values and it is not necessary to analytically check the
location of the connection of the lug and the profile. On the other
hand, when lifting from a vertical position, the stresses occur in the
upper part of the module, i.e. at the point of connection of lug no. 6
and the profile HE -M 200, exceed the permissible values. In this
case, the position of the connection between the lug and the profile
was checked and the required lug was analytically dimensioned.
The boiler module conforms with the standard and fulfils the
requirements handed over to the engineer in the construction of
steam boilers.
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WCCJEIOBAHME BJIUSHUSA PEXKUMOB KOMBUHUPOBAHHOM
TEPMOMEXAHHUYECKON OFPABOTKHA HA MUKPOCTPYKTYPY
3KOHOMHOJETUPOBAHHOM CTAJIM 5XB2C

INVESTIGATION OF THE EFFECT OF COMBINED THERMOMECHANICAL PROCESSING MODES ON
THE MICROSTRUCTURE OF ECONOMY-ALLOYED STEEL 5KHV2S
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Abstract: Until now, an urgent task for the machine-building industry is to replace expensive high-alloy steel grades with cheaper
economically alloyed grades, but not inferior to high-alloy ones in mechanical and operational properties. This work is devoted to the study
of the influence of various modes of combined thermomechanical processing technology, including forging in a tool that implements
alternating deformations in metal, as well as thermal or thermochemical processing, on the evolution of the microstructure of economically
alloyed steel grade 5KHV2S. The conducted studies allowed us to prove that the proposed modes of combined thermomechanical processing
contributed to a qualitative improvement of the microstructure compared to samples not subjected to pre-forging in a new forging tool that
implements alternating deformations in metal. And first of all, this was expressed in obtaining a finer-grained and uniform structure, both in
the surface layer and in the base. At the same time, the thickness of the modified layers was up to 1.5 mm after cementation, up to 0.6 mm

after nitrocementation.
Keywords: THERMOMECHANICAL PROCESSING,
MICROSTRUCTURE, ECONOMICALLY ALLOYED STEEL.

1. Beeoenue

Tepmomexannyeckass 00pabOTKa  JIETMPOBAHHBIX  CTaJIeH
SIBJIETCSl 00s3aTeNbHOI TEeXHOJOrHYecKoi onepanueid 06paboTKH
pa3NMYHBIX  3arOTOBOK HpH  (GOPMHPOBAHHU CTPYKTYpHl B
MeTalion3ienusax. M3MenbyeHHe U TEKCTYpUPOBAHHE 3€peH
TBEpPJOrO0  pacTBOpa B  COBOKYMHOCTH C  HalpaBJICHHBIM
(dbopMoHM3MEHEHHEM  TIO3BOJIICT  CYILECTBEHHO YIy4IINTh
MEXaHHYECKHEe W OKCIUIyaTal[MOHHBIC IIOKA3aTeNll Pa3MYHBIX
neranei mamuH. Kak npaBuiio, KoBka, 00eCreynBaeT MOATOTOBKY
MHKPOCTPYKTYPBl K TOCHenyromeil TepMuueckoil 00paboTke
XPOMHUCTBIX M APYTHX CTallel, cofepxkalux KapOunooopasyromme
aneMeHThl. IHTeHCHBHOCTE MPOPabOTKH CTPYKTYPHI NPH KOBKE, a
Taroke 00paboTKa MOKOBKU U 3aTOTOBOK B COCTOSIHMM ayCTEHUTHOM
CTPYKTYPBI, IPETOCTABISET BOZMOKHOCTD JUIi KOMOMHUPOBAHHOTO
HCTIONB30BaHUsl COOCTBEHHO Tropsueil 00pabOTKH JaBIeHHEM B
COBOKYITHOCTH C TEepMHYECKOH OOpaboOTKOil i1 MOMydeHUs

CTPYKTYpHl ~MeTaliga C  YIyJIIEHHBIMH  XapaKTePHCTHKAMH.
IlosTomMy pa3paboTka HOBBIX TEXHOJOTHH KOMOWHHPOBAHHOM
TEpMOMEXaHUUECKOH 00paboTku 3aroTOBOK u3

OKOHOMHOJIETUPOBAHHBIX CTaJ'lel\/'I, ABJIACTCA aKTyaJTbHOﬁ Hay4YHO-
TEXHUYECKOH 3aaucH.

OCHOBHOI Lie/IbI0 IaHHBIX HCCIENOBAaHMUI SBIISETCS U3ydeHUE
BIMSHHS  pa3pabOTaHHOM  KOMOWHHPOBAaHHOI  TEXHOJOTHH
TEpMOMEXaHHYeCKoil ~ 00paboTKy, BKIIOYAlOmed KOBKY B
HHCTPYMEHTE, pealu3yloleM B MeTaule 3HaKoIepeMEHHbIe
nedopmaryy, a Taxke TEPMUYECKYIO MM K€ TEePMOXHMHUYECKYIO
00paboTKy, Ha 3BOJIIOLIUIO MHKPOCTPYKTYPBI
SKOHOMHOJIETUPOBaHHOM Mapku ctanu SXB2C.

Ha nepBom sTame naHHBIX HMcclienoBaHMii Oblia pa3zpaboraHa
HOBas TEXHOJIOTHUA KOBKH 3aroToBOK B UHCTPYMEHTE,
peanu3ylomeM B MeTajlule 3HaKolepeMeHHble aedopmanuu [1] u
HCCIEZIOBAHO BIMSIHUSL JAHHOM TEXHOJOTMH Ha OBOJIOIHIO
MHUKPOCTPYKTYPHl M H3MCHCHHE MEXAaHHMYECKUX CBONCTB CTalH
mapku 5XB2C [2-4].

Ha BTopoM »3Tame ObLIM MHPEIUIONKEHBI CIETYIOIINE PEKUMBI
TEPMHUUECKOH M TepMOXMMHUECKOoW o0paboTku cramun SXB2C,
paHee TOABEPrHYTOH KOBKE B HHCTPYMEHTE, DPEalH3yIolieM B
MeTaJljle 3HaKONepeMeHHbIe Ae(opMaLnH.

FORGING,
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HARDENING, CEMENTATION, NITROCEMENTATION,

1) Tepmuyeckast 00paboTKa: 3aKajka oT Temeparypsl 880°C B
Macje ¢ TOCIEAYIOIIUM OTIycKoM mpu Temmepatype 200°C (1-i
pexum) u 500°C (2-it pexum).

2) TepmoxumMuueckast oopadoTka:

2.1) nemeHranus B TBepAoM kapGropuzarope (920°C, 8 u 12
4acoB) + 3akayika oT Temmeparypsl 880°C B Maciie ¢ OCIEAYOIUM
ormyckoM npu temrneparype 200°C u 500°C;

2.2)  HUTpOUEMEHTalMsi B  TBEpPIOM  KapOropuzaTope
MoudupoBanHoM kapbamuaom (880°C, 6 u 8 "acoB) + 3akanka
ot temneparypsl 880°C B Macie ¢ MOCIEAYIOMNM OTITYCKOM TIPH
temneparype 200°C u 500°C.

ViMeHHO BTOpOMY STally MCCIEJOBAaHUI M MOCBSIIEHA JaHHAs
paboTa. Xo4ercs OTMETHTb, 4TO JUIsl MPOBEICHHS CPAaBHUTEIBHOTO
aHanu3a IapaulellbHO € TIPOBEJCHHEM  TEPMHYECKOH U
TepMOXHUMHUYECKOi 00padoTku ctanu 5SXB2C, paHee moaBeprHyTOH
KOBKE B HHCTPYMEHTE, PEaTn3yIOIIeM B METalIe 3HaAKOIIepEeMEHHBIE
negopManuy, MO aHAJOTHYHBIM pEeKAMaM ObUla TPOBEICHA
TepMHUYECKass W TepMOXUMHUUeckas obOpaborka cramu SXB2C,
noaBepruyToit oTkury npu temmneparype 700°C ¢ Beipepxkoit 40

MUHYT [5].

2. 3Kcnepumeumaﬂbuaﬂ uacmo

OKcrnepuMeHTalbHbIE HCCleI0BaHus TPOBOJMIIN Ha
nmabopaTopHoi 6a3e PyQHEHCKOro HMHIYCTPHAIBHOTO HMHCTHTYTA
(Kazaxcran) u Benopycckoro rocyJapcTBEHHOTO
TexHoJorndeckoro yHuBepcurera (Bemapyce). Jlns  HarpeBa
o6pasioB ucnonp3oBanu Mydensusie mean SNOL 30/1300 LSFO1.
HarpeB He mojBepraeMbIX yIMpOYHEHHIO 00pa3IoB, OCYIIECTBIISUIN
B KOHTEHHEPAX C YYI'YHHOW CTPY’KKOH M I'€pMETHYHBIM 3aTBOPOM
MEXJy KPBIIIKON M KOPITycOM. 3aMOK 3achINali MEITKO3EPHUCTHIM
KBapIeBbIM TeckoM. IIpu TpoBeJeHHM 3aKalku KOHTEHHep
U3BIIEKAIN U3 MIEYH U Cpasy Mocje OTKPHITHs 00pa3iibl Ha MOJBECKE
U3BIEKAIN U3 CTPYXKKM M MOMELanu B 3akajodHoe macio. Ilpu
HPOBEACHUN YNPOYHSIOMEH 00paboTKH, OCYIIECTBISIEMOH [0
3aKalKy, pealu3oBalM ABa BapuaHra. Ilo mepBoMmy mnpoBonunu
HayTJIepOXKMBaHME B  KOHTeHHepax C  MOJU(UINPOBAHHBIM
yriekuciaeiM OapueM apeBecHbIM yrieM. Ilocie ero oxoHYaHHUS
KOHTEHHEPhl OXJIAKIAIM BMECTE C II€YbI0, a 3aTeM IPOBOJIUIU
HarpeB MOJl 3aKaJKy B KOHTEHHEpe C 4YyryHHOW cTpyxkoi. Ilo
BTOPOMY BAapUAaHTy BBICOKOTEMIIEPATYPHYIO HHUTPOLEMEHTALUIO



Innovations 2023

TIPOBONITH B KOHTelHepe c JIPEBECHBIM yriem,
Moau(UIMPOBAaHHBIM ~ MoueBHHOW. IlockombKy —Temmeparypa
HACBIICHNS COBMajaNa ¢ TEMIIepaTypoil Harpesa IMoj 3aKaiuky, TO
€e MpOBENCHHWE OCYLIECTBISUIA IYTEeM  HEMOCPEICTBEHHOTO
H3BJICUCHUS TTOJBECKH C OOpasnamMu M3 KOHTEiHepa C YIieM H
MOTPY)KEHHST B 3aKaJloyHOEe Macio. Bo Bcex ciydasx B KadecTBe
3aKJIOYHOW CpeIpl HCIIONB30BAH IOJUMEPHYI0 KOMITO3HIHIO
«TEPMOBUT-M». Takum  oOpasoMm, U1 TPOBEACHUS
Metatorpapudeckux — uccrnenoBanuit  cranmu  5XB2C  Gbuia
MmojydeHa cepus o0Opa3loB, I[OIBEPTHYTHIX TEPMHUUYECKOH H
TEPMOXUMHUYECKOH 00pabOTKe Ha pa3IMYHbIX PEKUMAX.

Jnst  m3ydeHHss MHKPOCTPYKTYPhI M3 BCeX 00pasloB Ha
OTpPE3HOM CTaHKe IS BIakHO# abpa3uBHoii pesku BRILLANT 230
ATM ObpUH BBIpE3aHbl TEMIUTETHI M MTOJTOTOBICHB MUKPOUIUTH(EI
Ha moipoBaibHO-TIITH(oBaTbHOM cTanke SAPFIR 520. s
BBEISIBIICHHSI MUKPOCTPYKTYPHI HCIIOJIB30BAJICS YHHBEPCAIBHBIN JUIS
JKENEe30yTIIePOIUCTHIX CIUIaBOB TpaBuTelb: 4 % HNO3 B aTmiioBoM
CIUpTe.

3. Pe3ynomamul u oocyrcoenue

AHanmM3 3BOJIOLMH  MHKPOCTPYKTYpHl OBUI TIPOBEIEH C
MPUMEHEHHEM MeTaJUIOrpaM4ecKoro KOMILIEKCa, BKIIFOYAIOIIErO
cBeroBoil Mukpockon MU-1, nudposyto kamepy Nikon Colorpix-
4300 c (doToamanTepom. Pesynbratsl HCCIIeIOBaHUS
MHKPOCTPYKTYPbl ~HCCIICIyEeMbIX O0Opa3lloB IpEJCTAaBICHB Ha
pucynkax 1-4.

o e . ’ 3
Puc. 1. Muxpocmpyxmypa cmanu SXB2C nocne omoicuea (a), u kogxu (6);
x1000

a - kosxka, sakanxa 880 °C + omnyck 200 °C; 6 -xosxa, 3axanxa 880 °C +
omnyck 500 °C; 6 -omoscue, 3akanxa 880 °C + omnyck 200 °C; 2 - omorcue,
saxanka 880 °C + omnyck 500 °C
Puc. 2. Muxpocmpyxmypa cmanu 5XB2C nocie mepmuueckoii 0bpabomxu;
x1000

»
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12 yacos + omnyck 200 °C; 6 - omorcue, yemenmayus 8 uacog + omnyck 200
C; 2 - omorcue,
yemenmayusa 12 yacos + omnyck 200 °C
Puc. 3. Mukpocmpyxkmypa cmanu 5XB2C nocie mepmoxumuyeckou
obpabomxu 1; x1000

2
a - KogKa, Humpoyemenmayus 6 yacos, sakaika 880 °C + omnyck 200 °C;
60- Koeka, numpoyemenmayus 8 wacos, saxanxa 880 °C + omnycx 200 °C;

6 - omoicue, Humpoyemenmayus 6 yacos, saxanka 880 °C + omnyck 200 °C;

2 - omarcue, Humpoyemenmayus 8 yacos, 3axkaika 880 °C + omnyck 200 °C

Puc. 4. Muxpocmpyxmypa cmanu SXB2C nocie mepmoxumuyeckou
obpabomxu 2; x1000

Pesynprate
00pa3IoB MOJIyYCHHBIX KOBKOW B MHCTPYMEHTE, PEIN3YIOIIEM B

HCCICI0BaHUA HUCXOIHBIX

MHKPOCTPYKTYPBI

MeTajule  3HaKolepeMeHHble jaepopmanuu (pucyHok 1, 6)
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MOKa3bIBAIOT  JOIBTEKTOMIHYIO CTPYKTYpPY C TIPHCYTCTBHEM
TEKCTYPUPOBAaHHOCTH B  HAIMpPABICHUH IPOTSKKUA  3arOTOBKH,
BBIP2)KEHHON HAJIMYMEM BBITSIHYTHIX CBETJIBIX 30H Ha MOBEPXHOCTU
Mukporumda. B To Bpems kak 00pasibl, HE NMOABEPTHYTHIE KOBKE
(pucyHOK 1, a) HaNIPaBJICHHOCTH CTPYKTYPHI HE HMEIOT.
CpaBHHTEIBHBII aHAIN3 MUKPOCTPYKTYPHI HCXOAHBIX 00pa3IoB
(pucynok 1) moKaszam TOJOXKUTENBHOE BIHSHHE KOBKE B
HHCTPYMEHTE, pealu3yloleM B MeTaule 3HaKOIepeMEHHBIC
nedopmarvy, KOTOPOE BBIPA3UIIOCh B W3MENTbYEHHHM M OOJNbIIEH
PaBHOMEPHOCTH CTPYKTYPHBIX COCTAaBIAIOMIMX, YTO TaKUM Ke
00pa3oM OTpa3WOCh W Ha CTPYKTYPHOM COCTOSHHH OOpasIoB,
MOJBEPIHYTHIX  YIPOUHSIOMCH TEPMHUYECKOW (PUCYHOK 2) W
TEPMOXUMHUECKOH 00paboTke (pUCYHKH 3-4), 4TO B CBOKO 0YEpe/b

JIOJDKHO ~ TIOJIOKUTENBHO CKa3aThCsl M HA  KOMILUIEKCE HX
MEXaHNYECKUX CBOMCTB. DTO 0OYCIIOBIEHO TEM, YTO H3MeIbYCeHHE
n  Oomee  paBHOMEPHOE  pacmpenelicHHe CTPYKTYPHBIX
COCTABIIOIUX IO CEYEHHI0O KOBAaHOM 3aroTOBKU YJIydIlIaeT
OUHAMUKY  (a30BbIX  MpPEBpaIlleHUWid  OpH  MOCIEeIYIOIIeH
TEepMHUUECKO 0O6paboTKe.

AHanmu3  pe3ynbTaToOB  MCCIEJOBAHUS ~ MUKPOCTPYKTYPBHI

obpasnoB ctamun SXB2C mocne TepMOXMMHYECKOTO YIPOYHEHUS
MOKa3bIBaeT, YTO Ha MOBEPXHOCTH oOpasyrorcs Iud(dy3noHHEIE

CIIOM, COCTOSIIME W3 3a9BTEKTOMIHOH 30HBI  HOCTENCHHO
nepexosIleil K OcHOBE.
HccenenoBanusamMu YCTaHOBIICHO, 4TO JUTUTEIBHOCTD

TepMoaAn((Y3HOHHOTO HACBHIINICHHS HE3HAYMTENBHO IMOBIMIA Ha
obmyro rnyOuHy MomuduuupoBaHHOro cios. [lpu  sTOM
neMeHTanus obecreumwna Aup¢Gy3u0 Ha HECKOJIBKO OONBLIYIO
rIyOMHY 4eM HUTpoueMeHTauus. TonmuHa MOAUGHUIMPOBAHHBIX
clI0eB cocTaBuia 1o 1,5 MM mociie nemMenrtamnuu, 10 0,6 MM mocie
HHUTPOLIEMEHTAIINH.

OTIenbHOTO BHUMaHMS — 3aCIy)KHBAalOT  MOP(OJIOTHUECKUE
NPU3HAKY NepepacipeeeH s HMIUIAaHTHPYEMBIX aTOMOB yIiepoja
B oOpa3max, IeMeHTalus KOTOpPHIX uiniack 8 dacoB. s obemx
nmapTiid 00pa3loB Kak Ui OTOMOKEHHBIX, TaK M JUIS MOJBEPIHYTHIX
KOBKE, 3aMETHO BBIP)KCHHAS JIOKaJIN3alHsl KapOUIHBIX BKIIOYCHHUIT
1o TpaHuIaM 3epeH (pucyHkd 3, a u 3, B). [Ipu sTOM cTpyKTYypa
KapOuaHOM (as3pl coxpaHseT 000COOIEHHYI0 pPa3pO3HEHHOCTh
OTZENBHBIX 3ePeH, PEAKO OTINYAIOUIUXCS OT TI00YyIIpHON (HOPMBI.
CrulomHas ceTka IpakTHYecKH He obOpasyercs. [loxoxas
Moposorus BBISIBIISICTCS u nocine HPOBE/ICHUS
BBICOKOTEMIIEPATYPHOI HUTPOLIEMEHTALlMH B TEYEHHE 8-MH 4YacoB.
TIpu 3TOM yBeIMYEHUE BBIIEPKKH TPU LEMEHTALUH 10 12-TH 4acoB
CHIDKaeT YpOBEHb IOTPaHMYHO-3e€peHHON JmKBauu. OO0beM
KapOumHOM (a3sl pacmnpeneneH Oojee paBHOMEPHO Ha OTHOM U TOM
)K€ PAacCTOSHHUU OT MOBEPXHOCTH M YOBIBAET IO Mepe yriyOJeHUs.
B o0pasmax moaBeprHyThIX HUTPOLIEMEHTAMH 00paTHAs CHTYalus
— OoJiee paBHOMEPHYIO CTPYKTYPY MMeEET CJOH, chOpMHUPOBAHHBIM
HpH 6-TH 4acOBOM yrpoyHeHHuu. [Ipu 5TOM OCHOBHBIE CTPYKTYPHBIE
COCTaBJISIIOLIHE 3epHa TBEPAOTO pAcTBOPa, OTIMYAIOTCS
MPU3HAKaMH, KOTOPBIE MPUCYIIH MIPeBapUTENBbHOIT 00padoTke.

Boieoowt

CpaBHHTENBHBII ~ aHAMN3  MHUKPOCTPYKTYpHl  00OpasIioB,
MTOABEPTHYTHIX HOBBIM pexuMam KOMOMHUPOBaHHOU
TEePMOMEXaHUYECKOil 00paboTKM, TOKa3al, 4TO pa3pabOTaHHBIE
TEXHOJIOTMH  CIIOCOOCTBOBAJIM  KaYeCTBEHHOMY  YIJIYHIICHHUIO
MHKPOCTPYKTYPBI 110 CPaBHEHHIO ¢ 00pa3LiaMyl, He HOABEPrHYTHIMU
NpeBapUTENbHOIl KOBKE B HOBOM Ky3HEYHOM HHCTPYMEHTE,
peann3ylomeM B MeTale 3HAKONepeMeHHbIe aedopMarn. ITo
BBIPA3HJIOCH B MOJIy4CHUH GOJiee MEIKO3EPHHCTOW U PaBHOMEPHOIT
CTPYKTYPBI, KaK B IIOBEPXHOCTHOM CJIO€, TaK B OCHOBE Marepuaia
(ueHTpasnpHas 4YacTb M HpoMexyTouHas). [Ipu 3ToM TonmMHA
MOIM(DHULIMPOBAHHBIX CJIOEB cocTaBwia 10 1,5 MM  mocie
HeMeHTanu, 10 0,6 MM rociie HUTPOLEMEHTalU .

Hannoe uccnedosanue unancuposarocy Komumemom nayku
Munucmepcmea nayku u evicwezo obpasoséanus Pecnybnuku
Kaszaxcman (Tpanm Ne  AP09259236).
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A new high-quality dynamic identification structure for im parameters

Daniela Perdukova®”, Pavol Fedor!, Marek Fedor?
Technical University of Kosice, Slovakia®
*daniela.perdukova@tuke.sk

Abstract: In the presented work a new identification method of difficult measured internal quantities of IM, such as components of magnetic
flux vector and electromagnetic torque, is proposed. Commonly measurable quantities of IM like stator currents, stator voltage frequency
and mechanical angular speed are used for identification to determine a feedback effect of the rotor flux vector on vector of stator currents
of IM. Stability of the identification structure is guaranteed by position of roots of characteristic equation of its linear transfer function.
Results obtained from simulation in MATLAB measurements confirm quality, effectivity, feasibility, and robustness of the proposed

identification method.

Keywords: INDUCTION MOTOR, MOTOR TORQUE, MAGNETIC FLUX, IDENTIFICATION METHOD, MOTION CONTROL

1. Introduction

In industrial practice, induction motors (IMs) are used both for
conventional and high-performance applications. From the control
point of view, the control of IMs brings difficulties, because it
requires more complicated actuators and generally more complex
control algorithms like field orientation control (FOC) [1], direct
torque control (DTC) [2], model predictive control (MPC) [3] and
model reference adaptive control (MRAC) [4]. For high quality
control algorithms, it is necessary to identify motor parameters and
internal quantities that are changed during operation of the electric
drive system, for example due to temperature fluctuations or
magnetic flux saturation.

For the high-quality dynamic control of 1M, it is necessary to
know the motor basic static parameters during its operation.
Additionally, it is important to identify the basic internal quantities
of the machine, such as the rotor magnetic fluxes and motor internal
electrical torque on the rotor shaft. As the direct measurement of
these quantities is rather difficult and often impossible, the
instantaneous values of these quantities can be obtained indirectly,
using various more or less complex identification methods.

The identification of the parameters, magnetic fluxes and torque
of IM is often applied to a specific type of motor control in order to
improve drive dynamics, or to eliminate the angular speed sensor.
Improving the identification of IM magnetic fluxes based on a
neural network, and thus improving the control at DTC (direct
torque control), is described in [5]. Accurate identification of the IM
parameters and magnetic fluxes for subsequent control by genetic
algorithms using a reduced-order robust observer can be found in
the [6].

This paper proposes a new high-quality dynamic identification
structure for IM based on its mathematical model and allowing to
identify rotor magnetic fluxes and IM electromagnetic torque
simultaneously with an on-line adaptation of the rotor resistance.
There is an identification method based on determining a feedback
effect of the rotor flux vector on the vector of stator currents. The
method requires only the knowledge of measurable quantities of
IM, such as its stator currents and mechanical angular speed. The
identification structure for identifying the rotor feedback influence
on the stator of IM is simple and linear. Its stability is guaranteed by
position of roots of the characteristic equation of its transfer
function. It preserves the same properties within the whole range of
angular of IM speeds. It also withstands any changes of rotor
resistance. Achieved results confirming the efficiency and the
quality of the proposed identification method were verified by the
simulation measurements.

2. Mathematical Model of Induction Motor

Generally, an IM model consists of a system of five nonlinear
first-order differential equations that cannot be solved analytically.
When selecting the stator current and rotor flux for the model state
variables one can describe the induction motor by the following
equations:
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diqy
1 .
|[di1[), —wy @1 —Kpw; —Kponn [l'lx] Ky O
A [_|Twr @0 Kpwgn,  —Kpwg ||ty 0 Kiptix
[ | May, MO —Wy w2 |l¢zx | + 0 0 [uly] @
de 0 @, - w, 0
lldllJZle 7 @2 g 2y 0
dt
M . . dw
n, Z (llJZX liy — wa llx) - Tload = ] dtm (2)

In this model, the particular motor quantities (the stator current
vector iy and the rotor flux vector y,) are expressed by their
components in the reference frame x-y rotating synchronously with
the stator field vector by the angular frequency ;.

The notation of the IM parameters motor and their values used
for simulation are given in the Table 1 in the Appendix. The
parameters in (1) and (2) can be determined from the motor
parameters by simple recalculation according to the following
formulas:

K =3 (Lo +7252) ©)
Kiz = =2 (Lo + Loz + %)_1 4
wo = K1 [Rl + (24—2)2 Rz] (5)
M=2L, Q)
wy =7 ™
Ly =2(Lgy + Lyn) ®)

The block diagram of the IM corresponding to equations (1) -
(2) with the parameters adjusted according to the above equations
(3) — (8) is shown in Fig. 1.

fl_v

?’Zy

T

Fig. 1 Block diagram of IM



Innovations 2023

The dynamics of motor quantities (components of stator
currents and rotor fluxes, and angular speed) after motor connection
to the stator voltage U; =40V with the angular frequency
@, =28.03rad/s., obtained by digital simulation in
MATLAB/Simulink program is shown in Fig. 2.

Fig. 3 Block diagrams for determining variables a,and a,

Let’s suppose that for the induction motor with known
instantaneous values of the stator input quantities U; a @, the stator
current components iy, iz, and the mechanical angular speed @y, can
be measured. The instantaneous feedback value of the stator current
component i, from the first line of equation (1) is:

0 05 1 15 2 25 Ay = KlZ(wglPZX + (‘)mnpry) (9)

Time (Seconds)

and similarly, for the stator current component iy, it is:

ay = K1z (wglp2y - Wn nplpr) (10)

For a high-quality dynamic identification of the variables a, and
a,, the following identification structures have been designed

(Fig. 4).

a)

11x

0 0.5 1 15 2 25 1 F1xM
Time (Seconds) ™ s+
b) current loop
reference model i1z
30 1
@ a)
'g 25
£ 20 ity
&~
_- 15
= 10
S r :
5 ~ eyl 1 11yM g eily
>
OO s+
0.5 1 1.5 2 25
Time (Seconds) current loop
reference model i1y
c)
Fig. 2 Dynamic responses of the induction motor: b)

a) stator currents; b) rotor fluxes; c) mechanical angular speed and torque . L .
Fig. 4 The identification structures of the rotor feedback influence on stator,

At verification of properties by numerical simulation it is  for the variables: a) as*; b) a,*
assumed, that the IM operates under scalar control and for the
supply voltage U; and frequency «; the known ratio U;/@; = const.
is kept. In this case, the x-component of the voltage u,, can be
considered identical to the magnitude of the stator voltage Uy, i.e.
Ul = Ugy.

Fig. 4a shows the identification structure for identification of
the component a, (the identified value is denoted by an asterisk)
which presents a structure with the reference model for the stator
current circuit. In this reference model the same input signal is fed,
like the one affecting the stator current component i,,. The feedback
e .- . effect of the rotor flux on this stator current component is identified

3. Identification Structure Design from deviation of the measured current iy, and its predicted value

The presented idea of the identification of difficult measurable i1xv Obtained from the reference mo_del. This de_v_iation is processed
internal quantities of the IM (the rotor flux vector components and ~ bY @ Pl controller whose output a,* is set (identified) to the a, value
electromagnetic torque) is based on the identification of the  Of the motor. The Laplace transfer function of the linear circuit is:
feedback effect of the rotor flux vector on the stator current vector.

The identification of the feedback effect of the rotor flux is . Kpx S+Kix

commonly completed based on the induced voltage, which is either F(s) = ax(s) — S —

equal to zero at zero speed or is insignificant at low speeds [7]. i1x(s) 1+KPX SHKix _ 1

However, the considered feedback effect of the rotor flux also S stw, (11)
reflects itself on the stator current components equally within the

entire speed range of IM. This fact was used in the design of the B prSZ + (pr wp + Kix)s + Kix wo

presented identification method. This influence upon the variable a, - 52+ (Kpx + w0)s + Kiy

is shown in the block diagram (Fig. 1), indicated by a thicker line

starting from the quantities 1, Yoy and w,, . The circuit stability and its dynamics can be easily adjusted by

) ) ) ) suitable choice of the proportional component gain where we have

The same is valid for the variable a,. For a clarity, the  chosen the values Ko = Kpy =10 and the integration component
corresponding block diagrams are shown separately in Fig. 3. gain Ki, = K;, = 11870 based on required position of poles of the
transfer function (11). The identification structure in Fig. 4a is a

linear one and therefore its stability is guaranteed by negative real

parts of the transfer function poles in the equation (11). This is
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obviously ensured, because all terms of the characteristic

polynomial are positive.

Analogically, an identification structure for identification of the
component a, has also been designed (Fig. 4b) with analogical
considerations and similar results like in the previous case. The
properties of the designed identification structures were verified by
digital simulation (Fig. 5).

1500

1000

ax, ax*

500

0

15 2 25

Time (Seconds)

a)

1500

. ayt

1000

ay

500

15 2

25
Time (Seconds)

b)

Fig. 5 Quality of identification of the variables:
a) a,*; b)a*

The figure shows time waveforms of the actual internal
variables a, and a, obtained from the IM model, as well as their
identified time courses a,* and a,*. From the courses it is clear that
the proposed identification structures have excellent dynamic
properties while being principally stable. Due to accuracy of sensed
currents and voltages, which usually are sized percentually, the
deviations between real and identified values can be considered to
be negligible especially in dynamic states, because in the steady
state these deviations (a, - a,* and a, - a,*) are zero.

4. Identification of Rotor Fluxes and Torque of IM

If the signals a,* and a,* at the output of the identification
scheme in Fig. 4 are already known, then the rotor flux components
can be estimated using the following equations:

wgax Wm

-1 a4y
Yax —Ku( wital ) (12)
wgay+wnax
l/)2y K12 w!2)+wrzn ) (13)

The quality of the rotor flux components identification in
comparison with their actual values obtained by simulation follows
up from the time courses shown in Fig. 6.

Q 05 1

1.5 2 25

Time (Seconds)

a)
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2 25
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b)

Fig. 6 Comparison of identified and actual components
of IM rotor fluxes a) ¥y ; b) ¥y

From the figure there follows that the course of the measured
rotor flux vector components almost coincide with their identified
time courses. The largest deviation in the dynamic state occurs
approximately at time t = 0.15 s, and its value is less than 4%. This
precision is fully satisfactory for use in any practical control
applications. In the steady state, the deviation between measured
and identified components of the flux vector is zero, which
corresponds to the zero identification deviation of the variables (ay -
a*) and (ay - a,*) in Fig. 5.

If the individual components of the rotor flux are identified, the
motor electromagnetic torque can be determined on the basis of
equation (2) as follows:

Mn . .
= Tp (l/);x liy — 1/)§y llx)

The identified electromagnetic torque waveform obtained by
numerical simulation based on equation (14) is shown in Fig. 7. Its
time course confirms the quality of identification both in steady and
dynamic states. In the steady state, the identification deviation of
the torque (T — T*) is equal to zero again. The largest identification
error in the dynamic state occurs in time t = 0.15 s and it represents
approximately 3% of the maximum waveform range of the
electromagnetic torque of IM. What concerns the maximum torque,
three times nominal torque is considered here (equal to 60 Nm in
the analyzed case).

(14)

0 05 1

25
Time (Seconds)

Fig. 7 Comparison of the identified electromagnetic torque T* and the
actual torque T of the induction motor

5. Verification Results for Various Operating
States

In following the properties of the rotor flux and torque
identification method are verified by simulation for various
operating states.

Let’s suppose that IM operating under scalar control is supplied
by the voltage U; (where U; =uy,) and is loaded stepwise by the
load torque Tjoqq- FOr this reason, quasi random step changes of the
input voltage U; on the stator of the motor and a step change of its
load torque T\,qq Were simulated as is illustrated in Fig. 8.
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1 [V], @x[s-1], Tiwd[Nm]

14 16 18 20

Time (Seconds)

Fig. 8 Waveforms of the motor input quantities: voltage U;, and load torque
Tiead together with the course of parameter ay

In time t=3s, a torque jump of Tj,,g =5 Nm is applied to the
motor. The stator voltage U; and supply frequency jumps «, are
generated randomly in two-second time intervals, under maintaining
the relationship Ui/, = const. This operation can be considered as
the worst case for identifying the rotor resistance, as the in praxis,
its step change is not realistic one.

Figure 8 shows the gradual improvement of the identification of
the quality of the rotor flux components and motor electromagnetic
torque identification, when taking into account the adaptation of the
parameter «y, (presenting the inverse value of the rotor resistance
R,).

The induction motor starts its operation from non-excited state
and at starting, during the magnetic flux generation the
identification error is the largest one. After the motor has been
excited the error lies practically within the range + 1% of the actual
value both in static and dynamic states of the identified quantities,
like it follows from the time courses in Fig. 9.
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Fig. 9 Identification of the rotor flux vector components
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6 Conclusion

In this paper, we have proposed an original method of a high
quality identification of rotor fluxes and electromagnetic torque of
induction motor (IM). It is based on identification of rotor feedback
influence on stator currents with adaptation of rotor resistance. For
its operation the method utilizes commonly available measurable
quantities of IM: stator currents and mechanical angular rotor speed.
The identification structure for identifying the rotor feedback
influence on the stator IM is linear and its stability is guaranteed by
position of roots of the characteristic equation of its transfer
function.

The quality and efficiency of the proposed identification
method was firstly verified by digital simulation in the MATLAB /
Simulink program. The results from numerical simulation (Fig. 5 —
Fig. 7) show that the proposed method identifies at sufficient
accuracy the feedback effect of the rotor flux vector on the stator
current vector of the motor in steady and dynamic states. Based on
these identified variables it is further possible to calculate
components of internal rotor magnetic flux and electromagnetic
torque. The accuracy of identification of these quantities depends on
value of the IM rotor resistance expressed by the parameter wj,
which is generally not known precisely and varies during operation
(e.g. due to temperature change).

The identified internal quantities of the motor, such as the
individual components of its rotor flux and the electromagnetic
torque can be used for various commonly used methods of dynamic
drive control like scalar control, different types of vector control
and direct torque control of the induction motor.
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bending for roller levelling application
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Abstract: Roller levelling is a technological process of metal forming, used to minimize the flatness of sheet blanks and reduce the level of
residual stresses. When levelling, the workpiece is subjected to cyclic alternating bending with decreasing amplitude. The report presents an
experimental testing set-up designed and used to determine the mechanical response of sheet steel blanks under different loading modes. The
equipment is described and the first results are presented.

Keywords: LEVELLING PROCESS, LEVELLING FORCE, BENDING TEST

1. Introduction

Sheet blanks are widely used in industrial production. For their
cutting, laser and plasma cutting is often used. After that, sheet
blanks often have insufficient geometric accuracy (flatness). To
improve the geometric accuracy of sheet blanks various methods
can be used, including roller levelling.

Roller levelling is a technological process of metal forming,
used to minimize the flatness of sheet blanks and reduce the level of
residual stresses. When levelling, the workpiece is subjected to

cyclic alternating bending with decreasing amplitude. In this case, These provide a moment-free support, while the sheet strip 3 is
the penetration depth of deformation should be at least 0.7 of the allowed to slip freely in the axial direction. The punch 2 in the
thickness of the workpiece [1]. middle was moved with a prescribed displacement. The distance

between the end supports 1 was 150 mm, and the width of the sheet

When levelling due to the presence of cyclic loading, there are  qin \was 10 to 60 mm. During the test the punch force and punch
conditions in the process that both hinder the levelling process displacement were recorded.

(hardening) and facilitate it (the Bauschinger effect). All this can

give rather large differences in the results of calculations performed Technical parameters are shown in table 1.
Ey dlﬁzﬁrer&t metdhods. Tfo tobtaln retlr:ab(lje resulti clit fls nectt_essa;y to Table 1: Experimental equipment technical parameters.
now the dependance of stress on the degree of deformation for a Power supply 220V, 50 Hz
given material. Power of installed engines, KW 11
The existing experience of the world's leading manufacturers of Maimum samplle Ilengt:]" mm 200
process equipment (ARKU, KOHLER, etc.) shows the feasibility of Ilt/l/lml_n:nunl:]sanr:]p Ie er?g:h, mm 166(?
using multi-roll levelers both for straightening piece sheet parts and aximum sampre Widtn,
. . . L . Minimum sample width, mm 10
for integrating levelers into existing and planned automated lines - -
£ h . £ oi h lanks of . P Maximum sample thickness, mm 8
or the production of piece sheet blanks of a wide range for Minimum sample thickness, mm 1

_machin_e-building,_ petrochemical, aerospace and other branches of The bending test of the material is carried out as follows. The
industrial production. metal sheet strip 3 to be tested is placed between the rolls. After

Multi-roll levelers are used for cold straightening of steel sheet  that, the movable punch 2 perform successive vertical movements
blanks and blanks of non-ferrous alloys up to 50 mm thickandupto ~ (according to the arrow in Fig. 2) of a given amplitude with
5000 mm wide. Hot straightening of steel sheet blanks is carried out  registration of the speed and force.

at temperatures of 500-700 °C, mainly immediately after leaving the Force measurements were carried out using a bridge circuit
working stand of the rolling mill. Sheets with a thickness of over 40 (Fig. 3)
- 50 mm are usually straightened in a cold state under presses. e

2. Experimental set-up 350 Om 3 kOm

Three point bending test is a convenient experiment for
determining the parameters for sheet metals under conditions of Y
complex alternating loading. The test-up is illustrated in Fig. 1. 45V

Qv
360 Om 3 KOM

Fig. 3 Bridge circuit.

Strain gauges BA350-100AA(11)-BX30 with a nominal
resistance of 350 £ 0.2 Ohm and a gain of 2.11 £+ 1% were used.
Standard 360 Ohm and 3 kOhm resistors were used.

Fig. 1 Experimental set-up used in the three point bending test.

To convert electrical quantities into force values, a preliminary
calibration of the bridge circuit was carried out at two points. For
] ] ) ) calibration, an HBM RTNC3/15T sensor with a HBM WE2108M
Especially the design of the end support should be noticed (Fig. 2). meter was used. The accuracy of the HBM RTNC3/15T sensor is
within 17.5 N.
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3. Conclusion

The article presents the design of an experimental testing set-up
for obtaining the dependence of stress on the degree of deformation
under various loading conditions, in particular, under alternating
cyclic loading. This is necessary to obtain accurate results in
calculations or computer simulations.
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Determining the quality of renovation layers using laser technology
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Abstract: The paper presents the results of research aimed at determining the quality of renovation layers using laser technology. In order to
repair and renovate shaped parts of molds for casting aluminum alloys under high pressure, samples of experimental welds were prepared
on the base material quality 1.2343 (Dievar). The renovation layers were created using additional materials Dievar, UTP A 7002 and NIFIL
NiCu7 res. NiCu7 with Dievar combination. The microstructures on the cross-sections of the deposits were checked using the light
microscopy technique. The technique of scanning electron microscopy and semi-quantitative EDX microanalyses were analyzed distribution
of alloys in deposits. The microhardness of the deposits was determined.

Keywords: RENOVATION LAYERS, LASER TECHNOLOGY, MICROSTRUCTURE, QUALITY

coating for the test sample was made in two layers. Cladding wire
Nifil NiCu7 is a solid wire with Good bead appearance with
Renovation of functional parts of unheated aluminum alloy  excellent corrosion resistance in saline solutions. Suitable for
injection molds is a subject of many researches [1]-[4]. Possibilities ~ desalination plant construction applications and joining MONEL
of extending the lifetime of forms, as well as saving financial type. Used was wire a diameter of ¢ 1,0 mm and hardness of 150 —
resources reaching several hundred thousands of Euros is their ~ 170 HV. The test sample was made as a single layer. As the fourth
primary goal [5]-[8]. Aluminum alloy injection technology is most layer, atwo-layer test sample was made from acombination of
widely used in the automotive industry. It is aserial or mass  additional materials. The base layer was made with additional
production of components that are subject to high quality ~ material Dievar and the cover layer using NiCu7.
requirements. Any damage to the functional surface of the mold is

1. Introduction

reflected in the final product, the quality of which is constantly Table 2: Chemical composition of the used filler material (wt. %).
monitored. High Pressure Die Casting (HPDC) is a technological ':2':? c Imnlsiler|Imol col Ni|Tilv | cul ke
process W|de_ly used_for casting cor_nple_x of alumlnurr_1 castings, Dievar | 035 | 05 102 | 50 | 23 - - Y Bal
mainly associated with the automotive industry. In this process, UTP

: . . 002 | - - - | 40 | 120 | 180 | 16 Bal.
molten metal with a temperature of 670 — 710 °C is forced into the A 702 ’ ' ’ ’ '
cavities of the molds at filling speeds of 30 — 100 m.s-1, under NiCu7 | 010 | 30 | 1,0 Bal. 300 | 10
pressures ranging from 40 — 80 MPa [9]. This loading, in ) ) ) )
combination with the corrosive properties of liquid aluminum, leads The welding of the test samples was carried out using a disc
to aluminization or oxidation of the mold surface, which results in ~ laser TruDisk 4002. Cladding parameters used in the experiment are
thermal fatigue of the surfaces followed by cracking, soldering and ~listed in Table 3.

erosive wear. The service life of die matrices made of steel alloys is

. - > Table 3: Used claddi t
approximately 100000 cycles and can be increased either by heat sed cladding parameters

treatment, thin coating or cladding [10]-[12] The paper presents the ) _ uTp | DRATEC NiCUT +
results of research into the possibility of applying additional | Cladding parameters Dievar | r'50, | DT-SG Dievar
materials based on the base material or high-alloy maraging steel. 6356
The cladding layers were made using laser welding. Ilsa[s\;evr]power 1500 | 1500 1600 1500
. Wire feed speed
2. Materials and Methods v [mmis] 6 6 6 6

Medium alloy tool steel marked Dievar (W. Nr. 1.2344; 48 C'iﬁfni,”g speed 10 10 10 5
HRC) from Uddeholm Boehlers was used as the base material to v [mm/s]

. . . . Focusing [mm] 0 0 0 0
produce test hardfacing layers. It is characterized by high heat Shielding gas flow rate

strength and resistance to tempering, as well as very good toughness | ar 46 [1] 7 7 10 12

and plastic properties at both normal and elevated temperatures.
Furthermore, the steel shows very good resistance to thermal fatigue
cracking and low sensitivity to sudden thermal shocks. It is well The quality of the coating layers was evaluated using
malleable when hot and well machinable in the soft annealed macrostructural and microstructural analysis using an Olympus XX
condition. The chemical composition of the base tool steel and its ~ microscope. Transverse metallographic sections were etched using

mechanical properties are presented in Table 1. aqua regia for samples with a coating made with Ni 18% and more.
An etchant (1g picric acid+5ml HCI, 97 ml ethylalcohol; HNO3:HCI
Table 1: Chemical composition of the base material Dievar (wt. %). (3:1)) was used to make the structure of the base and additional

C Mn | Si Cr | Mo \Y, P § Fe material visible.
0,36 | 0,42 | 0,16 | 5,09 | 2,31 | 0,64 | 0,001 | 0,009 | Bal. Vickers hardness was evaluated on metallographic grindings

according to EN 1SO 9015-1. The measurement was carried out in
lines, from the surface of the coating layer towards the base

As part of the expgriments, 3 types of_additional material_s_wer_e material. Shimadzu HMV2 hardness tester, Vickers indentes and
used and 4 test coatings were made. Their chemical composition is 2940N load were used.

in Table 2. Wire Uddeholm Dievar 1.2344 was used as additive
material with a diameter of @ 1.0 mm, hardness of 46-48 HRC. The

coating for the test sample was made in two layers. Cladding wire 3. Results
UTP A 702 is used for repair, preventive maintenance and
production of highly stessed cold and hot working tools, such as The quality of the cladded layers was assessed using non-

punching dies, cold and hot cutting knives, Al-die cast moulds, cold  destructive and destructive methods. A visual inspection confirmed
forging dies, drawing-, stamping- and chamfering tools. UTP A 702  the significant fragmentation of the surface of the deposits. The
was with a diameter of ¢ 1,0 mm and hardness of 32-35 HRC. . The ~ segmentation corresponded to the used diameter of additional
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materials and their mutual mixing. On the surface of the weld (the
presence of cracks was noted in the covering layer made with
NiCu7 additional material). In practice, when renovating functional
surfaces, several cladded layers are applied in order to eliminate the
mixing of the weld with the base material and also because of the
allowance for chip machining to the required final dimensions and
tolerances.

The results of the evaluation of the macrostructures are recorded
in Fig. 1 to 4. Fig.1 shows the macrostructure of the coating made
with the additional material Diavar. The coating was made as two-
layered. A relatively substantial fragmentation of the surface is
recorded. The presence of pores in the base cladded layer was
observed on the metallographic cuttings. Figure 2 shows a coating
made with the additional material UTP A 702. The coating was
two-layered. On the macrostructure, the powering of the base and
second so-called cover layer of the coating is clearly notable. The
presence of internal defects on the cuttings was not recorded. The
macrostructure of the weld made with Nifil NiCu7 additional
material is shown in Fig. 3. The coating was made as a single layer.
The presence of pores was noted at the interface between the base
material and the coating. On Fig.4 there is a two-layer coating made
by a combination of two additioal materials. On the base layer of
the coating made with the additional material Dievar, the covering
layer was welded using additional material NiCu7. This cover layer
contained cracks extending from the surface to the underlying layer.
In the base layer the cracks did not reach the base material. Cracks
were classified as hot. Their likely cause was an inappropriately
chosen heat mode during welding. The heat-affected area of the
base material was narrow, similar to the previously welded samples.
The parameters of the area correspond to the welding technology
used and heat input.

Fig. 1 Cladd made of Diavar

Fig. 2 Cladd made of UTP A 702

5-NiCu7 +

Fig. 4 Cladd made of Nifil + Diavar

The microstructures of the evaluated samples are documented in
Fig. 5 to 10. Figure 5 shows the microstructure of the base material
Dievar. It is astructure of tempered martensite. The transitional
heat-affected area of the base material is also documented in Fig. 6.
The structure is formed by loosened coarse-grained martensite.
Figure 7 shows astructure of tempered martensite without
significant grain boundaries, which was located in the base weld
layer made with the additional material Dievar. A similar structure
was also found in the second coating layer. The structure of the
cladding metal of sample No.2 made using additional material UTP
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A 702 is shown in Fig. 8. This is a characteristic martensitic low-
carbon structure with acolumnar arrangement of grains. The
structure of the cladding metal made using NiCu7 additional
material is shown in Fig. 9. This is a casting structure characteristic
for Monel.

Fig. 5 Microstructure of base material (BM) Dievar

Fig. 6 Microstructure of HAZ in BM Dievar

Fig. 7 Microstructure of fist cladded layer with Dievar

Fig. 8 Microstructure of cover layer cladded with UTP A 702

Fig. 9 Microstructure of cover layer cladded with wire NiCu7

The microstructure in the area of mixing of the cladding metal made
with additional material Dievar and NiCu7 on the fourth sample is
shown in Fig.10. Based on the macroscopic analysis, numerous
cracks were identified in the test sample. This is an unacceptable
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error. Their likely cause was an incorrectly selected thermal mode
when welding individual layers. Cracks were classified as hot. They
were initiated on the surface of the deposit and spread towards the
underlying deposit layer. This base layer made with additional
material Dievar stopped their spread. Pores not exceeding 0,2 mm
were only rarely found in the undercoat layer made with the
additional material Dievar.

Fig. 10 Microstructure in the area of mixing the cladding metal
Dievar and NiCu7

In addition to metallographic analyses, the hardness values in
individual areas were determined on the transverse cuttings. The
measured results of average hardness from 5 measurements in each
area are shown in Table 4.

Table 4. Average hardness values HV0,3 measured in
individual areas of test samples

Area of Cover First HAZ Base
measurement layer layer material
Dievar 605 620 530 483
UTP A 702 350 360 511 476
NiCu7 - 165 630 482
Nifil + Diavar 182 530 460 475

The measured hardness values correspond to the chemical
composition of the additional materials and changes in the
structures due to the heat introduced during welding. The maximum
hardness values were manifested by heat-unprocessed welds made
with the additional material Dievar, with a hardness in the range of
605-620 HVO0,3. In practice, the heat treatment by temepering must
follow the welding for the purpose of removing residual stresses
after welding and reducing the hardness due to improving the
toughness of functional surfaces. The lowest average value of 165
HV0,3 was recorded in a single-layered weld made with NiCu7
additional material. This is a nickel alloy which, as it turned out in
later experiments, is not a suitable material concept even for short-
term interaction with the molten metal of the Al alloy.

4. Conclusions

The paper presents the results of research focused on the area of
restoration of functional surfaces of components. The possibilities
of applying progressive high-alloy types of additional materials in
the form of wires during laser welding were analyzed. The quality
of newly created layers was evaluated by means of non-destructive
inspection of the surfaces and also by means of destructive tests.
The quality of the proposed welding parameters was evaluated
primarily on metallographic cuttings. These revealed several
imperfections and the need for further and more thorough
optimization of the welding parameters. The aim of the
comprehensive research was to recommend a suitable type of
additional material for renovating the funcional surfaces of injection
molds to manufacturers of aluminum components. From the types
of additional materials presented, it is possible to recommend the
additional material Dievar for renovation of functional surfaces.
The quality criteria is also met by the additional material based on
the progressive maraging steel UTP A 702. This one however
requires heat treatment by annealing in order to remove internal
stresses, but especially to achieve the required hardness of the
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funcional parts of the molds, which is 44-48HRC. Similarly, heat
treatment by tempering is also required for coatings made with
Dievar additional material. Additional material based on Monel can
be marked as unsuitable for renovation. In addition to the high
sensitivity to the amount of the heat introduced into the deposit, its
solubility in interaction with the Al alloy is also problematic, as
further research has shown. With the appropriate chemical
composition of additional materials using progressive methods of
production of functional layers, it is possible to restore damaged
surfaces to asignificant extent, extend the service life of
components and thus save considerable financial resources.
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Tribological properties of PVD nanocoatings
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Abstract: The paper presents the results of research aimed at determining selected tribological properties of PVD nanocoatings. PVD
nanocoating of the 4th generation duplex nACRo* was applied to the surface of shaped parts of molds and cores for high-pressure
aluminium casting. The surfaces were laser textured with a random texture. The tribological properties of the coating were determined by
measuring the friction coefficient using the Pin on Disc method at a temperature of 300 °C. Confocal microscopy was used to determine the
parameters of the microgeometry of surfaces with random texture topography. The aim of this surface treatment was to analyse the adhesion
effect of commercially used ones of lubricants in the technology of treatment of shaped parts of molds when casting aluminium alloys under
high pressure on machines with a cold filling chamber. By checking the integrity of textured surfaces with deposited with the duplex PVD
coating of the 4th generation nACRa*, no damage to the integrity of the deposited material was detected PVD coating. Elements forming the
PVD coating were detected on the surface by semiquantitative EDX microanalysis.

KEYWORDS: PVD NANOCOATINGS, TRIBOLOGY, FRICTION COEFFICIENT, TEXTURING SURFACES

1. Introduction

One of the most fundamental findings of the physics of solids is
that most of the properties of solids depend on their microstructure.
In particular, the arrangement and size of the atoms that make up a
solid in one, two, or three-dimensional space are key factors that
determine the functional properties of materials. Currently, many
researchers are making enormous efforts to prepare materials with
specific properties through new unique structures. Surface treatment
technologies are attracting a lot of attention these days, as non-
equilibrium processes for the preparation of coatings make it
possible to create structures based on nanocrystalline materials. In
addition, by simply changing the deposition, or process conditions,
a wide range of coatings with different unique structures can be
created, which in practice provide significantly better material Fig. 1 The hardness of materials is depended on the size of the grains in the
properties compared to conventionally used coatings.  material [7]

Nanocrystalline and nanocomposite materials are among those that Surface texturing is one of the important branches of surface
in most cases replace conventional coarse-grained materials in  engineering. The principle of texturing is the formation of ordered
many engineering applications, and thus also in the field of surface  patterns of various shapes on the surface of materials, which greatly
engineering, replace available conventional types of coatings used ~ improves the properties of materials, whether it is tribological
in industrial applications [1,2]. Nanocrystalline materials used in the ~ Properties (reducing COF) or improving the adhesion of the surface
formation of PVD nanostructured coatings exhibit various of the underlying material during the coating process. The structure
properties that are significantly different from the properties of ~ Of the textured surface is given as a 3-dimensional topography of
commonly available coarse-grained polycrystalline materials. The  the given surface. We know 2 types of surface texturing technology.
main reason is their very small material grain size. It is known that ~ The first of them is the laser beam texturing technology (LBT),
this factor influences the properties of nanocrystalline materials, ~ Which is used most often in practice. The second type of surface
mainly on the mechanical properties. It is also the reason for  texturing technology is Electron Beam Texturing (EBT) technology
reduced density, increased diffusion, higher electrical resistance, ~ [8]. In laser beam texturing, a focused pulsed laser beam creates
increased specific heat and coefficient of thermal expansion, lower ~ surface depressions surrounded by a smooth rim of solidified melt.
thermal conductivity, and specific magnetic properties of Most of the material in contact with the laser beam is vaporized and
nanocrystalline materials. The properties of these materials are also ~ ejected by the vapor pressure, creating a texturing pattern (pit or
strongly influenced by the interfaces between individual ~ groove). Repeated pulses on spatial and temporal gauges create a
nanocrystals [3,4]. A very high number of atoms at the grain surface texture. Texturing can also be applied to molds intended for
boundaries and a high-volume fraction is enormous, especially for ~ high-pressure casting of aluminum and its alloys. The textured
materials composed of very small grains with a size of less than 10 ~ surface of the mold provides increased traction, resistance to
nm. The explanation for the improved material properties of  Oxidation at high temperature and many other improved properties
nanocrystalline materials can be found in the developed  that increase the life of the mold and its molded parts [9]. Fig.2
microstructure and phase type of which the given material is shows a process of the surface texturing process with a laser beam
composed. However, the most significant effect of grain size [10].

reduction can be found in the increase in hardness and toughness of

nanocrystalline materials [5]. The hardness of materials represents

their resistance to plastic deformation, which is mainly due to the

ability of the material to prevent the movement of line faults

(dislocation). The structural arrangement of individual phases in Laser beam :
nanocrystalline materials ensures that dislocations are effectively | Dimples

Textured pattern

stopped in their movement due to the existence of a high volume of Lens -—/
teraction region

grain boundaries. Therefore, nanocrystalline structures are suitable
for the development of materials and coatings that provide us with //////i

Nano-materials

Hardnes

Conventional grain
size materials
Amorphous

0001 pm  0.01pum 0.1 um 1um 10 um 100 pm

Grain Size

high hardness, reduced Young's modulus and improved toughness
[6]. In Fig.1 is a comparison of the hardness of materials depending
on the size of the grains in the material [7]:

In

Grooves

Fig. 2 The process of the surface texturing process with a laser beam [10]
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2. Materials and methods

Aim of the contribution was to increase the lifetime of the
mold used for high-pressure casting of aluminum and its alloys by
applying a PVD nanostructured coating in combination with laser
texturing of the surface. The research was carried out on the base
material used by the foundry for the production of shaped parts of
the mold for high-pressure casting of aluminum and its alloys. Itis a
tool steel called Uddeholm Dievar, which is alloyed with
chromium, molybdenum, vanadium and other alloying elements. It
is intended for work at high temperatures. Molds for high-pressure
aluminum castings and their shaped parts are most often made from
this material. This type of material is produced by powder
metallurgy technology. The chemical composition of the material is
indicated in Table 1.

Table 1: Chemical composition of Uddeholm Dievar

Element C Si Mn Cr Mo \Y/

Weight. [%] | 038 | 02 | 05 | 5 | 23 0.6

A PVD duplex nACRo* coating was deposited on the non-
textured as well as the textured surface of the base material.
Nanocomposite coating nACRo* belongs to the group of 4th
generation nanocomposite coatings. It has high toughness and is
resistant to abrasion and suitable for working at high temperatures.
PLATIT LARC technology® (lateral arc cathode) was used to
deposit the coating.

Table 2: PVD duplex coating deposition parameters

Deposition parameters
. . 1 1 Bias | Temperature | Pressure
PVD | Equipment| Deposition 1(A] (A hrigi T
£quipment) Deposition a) | (A (A) (A) v) (°q) (mbar)
o [a| A% Aler
Layerl S| 65035 65/35 30 470 0.035
nACRG|  Pi1511 200 | 160 155 155
o |am| 2% alor
Layer 2 | 65/35 65/35 60 470 0.032
250 | 200 135 135

In the next stage of the research, a microscopic and EDX
analysis of the PVD coating was carried out and its mechanical and
tribological properties were determined.

The microgeometry of the surface with PVD nanostructured
coating as well as the analysis of pit textures with PVD
nanostructured coating was captured by a ZEISS LSM 700 laser
confocal microscope. Surface roughness profiles were defined
according to the EN ISO 4287 standard.

The adhesion of PVD nanostructured coatings was measured by
the Scratch test method on a BRUKER device. The ball was made
of SiC silicon carbide with a diameter of ® 6 mm and traveled a
distance of 500 m. The load on the ball was 5 N with a linear speed
of 0.10 m/s.

The tribological properties of the PVD coating were evaluated
under dry friction conditions by the Pin on Ball method at a
temperature of 300 °C according to the ASTM G99-17 standard.
The coefficient of friction of the non-textured and textured surface,
on which the separating agent Safety Lube 7815 was applied, was
determined. The agent is used to separate the melt from the mold
during casting.

3. Results and discussion

The coating thickness was 2.75 um. No pores and cracks in the
structure were identified. The EDX line analysis of the nACRo*
coating (see Fig. 3) identified the main elements contained in the
coating (aluminum, chromium) and the proportion of nitrogen
present in the layer. The proportion of iron and molybdenum in the
area of the base material was also determined.
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Fig. 3 EDX elemental analysis of nACRo* coating

The scratch after the Scratch test of the nACRo* duplex
coating was documented by a scanning electron microscope, Fig.3.
From the mentioned nature of the scratch and the course of the
Scratch test (see Fig. 4), it is clear that there was no cohesive
failure. However, the adhesive failure of the coating is visible in the
form of separated particles of the coating material and their
transport towards the edges of the track. The first failure occurred at
a value of 4.8 N. The adhesive failure occurred at a value of 14.7 N
at the end of the test. This violation was correlated with the AE
acoustic emissions signal. Fluctuations in the course of the
coefficient of friction COF are small, the indenter did not overcome
high resistance due to the fact that there was no significant
roughening of the surface of the tested coating.
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Fig. 5 Course of wear of nACRo* coating

When evaluating the nACRo” coating by the "Pin on Ball" test
deposited on a non-textured surface, the nature of the abrasive wear
was identified. In the first run-in phase, an interface was formed
between the materials that were in contact, and changes at the
interface gradually occurred. These changes also resulted in an
increase in friction from zero COF to 0.57 at 50 m, which was
related to microplastic deformation of the surface. The average COF
value was 0.53.
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Fig. 6 Course of wear of NnACRo* coating

Another series of samples was prepared with pretreatment of the
surface of the base material by laser texturing. Stochastic pit
textures were created on the ZM surface, which were created
randomly on the surface of the samples (laser random). The depth
of pit textures in the case of random texturing was different along
the entire measured length of 575 um, Fig. 6.

b)

Fig. 7 a) Textured surface appearance, b) hole detail

a)

The tribological properties of the samples treated were
evaluated using the Pin on Ball method. Fig.6 and Fig.7 show the
course of wear of the textured coating. During the test, a lower COF
was noted compared to the coating deposited on the non-textured
surface. EDX analysis confirmed that the pits created by texturing
serve as a reservoir of a separating agent to ensure the necessary
adhesion.
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Fig. 8 Wear course with a textured surface
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Fig. 9 3D trace map of the Pin on Ball test of a laser-textured nACRo*
coating

4. Conclusions

The paper presents the results of research aimed at increasing
the technological life of molds for high-pressure casting of Al
alloys. A duplex nACRo” coating was applied to the surface of the
forms. The adhesion of the coating was determined by the Scratch
test. The results confirmed the very good quality of the evaluated
coating. Tribological properties were evaluated on the untextured
coating as well as on the textured surface. Stochastic pit textures
(laser random) were created. the experimental work carried out
confirmed that the COF was reduced by the application of surface
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texturing and that the created wells serve to improve the effect of
the separation agent.
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Application of innovative procedures for modification of surface topography
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Abstract: The paper presents the results of research focused on the application of innovative procedures for surface topography
modification. The experimental work was aimed at adjusting the microgeometry and surface topography of new and renovated shaped parts
of molds for casting aluminium alloys under high pressure. In the phase of experimental verification of suitable surface topography, a group
of samples from Dievar material was prepared. A multilayer nanostructured PVD coating of the 4th generation duplex nACRo* was
deposited on part of the experimental samples. The surface of the samples was ground and polished. The microgeometry of the surface of the
samples was modified by low-energy laser radiation - microtexturing. The maximum interval was chosen to create a stochastic texture, also
called a random texture crater distance up to 200 um. The aim of this surface treatment was to analyze the adhesion effect of commercially
used ones of lubricants in the technology of treatment of shaped parts of molds when casting aluminium alloys under high pressure on
machines with a cold filling chamber. In the run-in of the mold, after the first cycles of spraying with a separating agent, a compact layer
was created to increase the technological life of the shaped parts of the molds.

Keywords: nanostructured PVD coating, microgeometry of the surface, microtexturing

1. Introduction

Nanostructured coatings represent a new generation of coatings,
or they are composed of at least two separate phases with a
nanocrystalline or amorphous structure. The formation of the
nanostructured coating is attributed to the segregation of one phase
to the grain boundary of the second stage. This effect is responsible
for preventing grain growth and structure formation at the
nanoscale. The new functional properties of nanostructured coatings
result from this microstructure, where the dominant role is played
by the boundary regions that surround the individual grains. Due to
the very small grains of less than or equal to 10 nanometers amorphous matrix nano-crystals
separated by a second phase (predominantly amorphous), (ceramic, metal, carbon) (borides, carbides, nitrides, oxides)
nanostructured coatings are managed differently compared to
conventional coatings that have grains larger than 100 nanometers
[1,2].

The optimal thickness of the phase that separates the
nanocrystals from each other is 1-3 nm, which corresponds to only a
few monolayers. The optimal size of the grains forming the
nanocrystalline structure is given in the range of 3-10 nm. The
various borides, nitrides, carbides, or oxides forming the
nanocrystalline structure together with the ceramic, metal or carbon
amorphous matrix provide unique properties for each combination
of materials. Such diversity of composition and properties of
nanostructured coatings enables their wide use in various areas of
engineering applications. The formation of coatings with a
nanocrystal structure requires optimization of the deposition
conditions to reduce the grain size and at the same time ensure the
development of the segregation phase. Among the basic process
parameters that affect the size and crystallographic orientation of
the grains are the current, the temperature of the base material, the
bias on the sample, the low current density of the base material and
the partial pressure of the reactive gas used [3-5].

Fig. 1 Typical structure of a nanostructured coating [8]

Surface texturing refers to a series of regular micro-structures
machined on the surface of a sample through process technology.
The textures with suitable size can act as micro-bearing to increase
the dynamic pressure between friction pairs, store lubricants, and
capture debris produced during the friction process. The structure of
the textured surface is given as a 3-dimensional topography of the
given surface [9]. We know 2 types of surface texturing technology.
The first of them is the laser beam texturing technology (LBT),
which is used most often in practice. The second type of surface
texturing technology is Electron Beam Texturing (EBT) technology.
It is confirmed that the shapes are confirmed further reduction of
friction and properties. On the surface shapes of the textures,
simulations and experiments were carried out during individual
studies, including a typical number of rectangular, circular,
elliptical, triangular, and V-shaped textures as shown in Fig.2 [10]:

Grain growth can be effectively controlled through the kinetic
energy of impact particles that are transferred to a very small
surface area. lon bombardment contributes to the minimal surface
mobility of atoms, which is necessary for the formation of a
crystalline phase and to sufficient diffusion in the segregation  Fig 2 Shapes of textures created on the surface of materials [10]
system. However, it is also necessary to regulate the temperature of
the process, because exceeding the critical temperature value no

longer prevents grain growth and segregation of grain boundaries. 2. Materials and methods

Like low-energy bombardment, the addition of one or more alloying

elements to the base material has the same effect on the formation For the experimental work carried out in the dissertation, a base
of the nanostructured phase. The Fig.1 shows a typical structure of a material identical to the material of the mold was used. It is a tool
nanostructured coating [6,7]. steel called Uddeholm Dievar, which is alloyed with chromium,

molybdenum, vanadium, and other alloying elements. It is intended
for work at high temperatures. Molds for high-pressure aluminium
casting and their shaped parts are most often made from it. This
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type of material is produced by powder metallurgy technology. The
chemical composition of the material is shown in Table 1:

Table 2: Chemical composition of Uddeholm Dievar

Element C Si Mn Cr Mo

Weight. [%] | 0.38 02 | 05 5 | 23 0.6

The surface texturing of the samples was performed by the
LBT (laser beam texturing) method. The Yb fiber laser type Piranha
Il Multi FL205 with a power of 20 W was used. The creation of
dimple textures was used, which serves as a reservoir for the
separating agent in the process of high-pressure casting of Al and its
alloys. Before the coating and texturing process, the surface of the
base material was pretreated with wet sandblasting and polishing
technologies. Two types of dimple textures were created, random
and large. Three types of PVD duplex coatings AITIN G, AIXN;
and nACRo* were deposited on the surfaces prepared in this way
using PLATIT LARC technology. AIXN; is a duplex coating
composed of: X=Cr; CrN layer + Al/CrN nanomultilayer + AIN
layer. The nACRo* nanocomposite coating consists of layers of
layers: the first adhesive layer is formed by chromium nitride, on
which a gradient AICrN layer is subsequently deposited. Very thin
AICrN nanolayers are applied to the thus prepared gradient layer.
The final top layer of nACRo” is formed by a nanocomposite
coating of nc-AICrN/a-SizN,. AITiN is a hard coating that solves
many tribological problems with components that can be coated at
temperatures of 450°C - 475°C. PLATIT LARC technology®
(lateral arc cathode), which is patented and unique worldwide, was
used to deposit the coatings. PLATIT Pi411 equipment was used for
AITIiN G coatings and AIXN3 coating. A PLATIT Pi1511 device
was used for the nNACRo* coating. The roughness recommended by
the manufacturer was 0.3 um. The AITiN G coating is gradient
where 2 stages are given: gradient 1 - where the deposition starts
and gradient 2 - the deposition ends. The other coatings are multi-
layered, where the parameters of Layer 1 and Layer 2 alternate
during deposition. Microscopic analysis of the coatings was
performed.

The microgeometry of the textured surface without and with
PVD nanostructured coatings was captured by a ZEISS LSM 700
laser confocal microscope. The roughness profiles of the textured
surface were defined according to EN ISO 4287.

Release agent Safety Lube 7815 is used in the high-pressure
casting process. Safety Lube separators are based on an organic
base and contain the basic element silicon in their composition.
They are manufactured by ChemTrend. These release agents are
sprayed onto the mold surface before each casting process to ensure
easier removal of the castings from the mold and to create a thermal
barrier between the melt and the steel surface of the mold. The
standard separation agent used in practice is Safety Lube 7815.

The coefficient of friction of the non-textured and textured
surface with PVD nanostructured coatings was determined by the
Pin on ball method according to the ASTM G99-17 standard when
dry and using the release agent Safety Lube 7815. A 6 mm ball
traveled 500 m and the load on the ball was 5 N with a linear
velocity of 0.10 m/s.

3. Results and discussion

Microscopic analysis of coatings

In Fig.3 a cross section of the AITIN G coating is shown. The
coating thickness was 1.55 pm. It is clear from the cross section that
the coating was continuous over the entire surface without any
pores or cracks.
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Fig. 3 Cross section of the AITiIN G coating

In Fig.4 an EDX surface elemental analysis is shown, which
shows us the distribution of the coating element, i.e. titanium,
aluminium, nitrogen, as well as the base material on the analyzed
sample:
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Fig. 4 EDX surface elemental analysis of the AITIN G coating

During the microscopic analysis of the surface morphology of
the AITiIN G coating, cracks in the form of drops, slimes and pores
were detected. This heterogeneity is provided by the delivery of the
coating after the deposition process. The mentioned phenomenon is
typical for the coating on AITiIN and this phenomenon does not
occur in the deposition process. The value of the Ra parameter
reached a value of 0.142 pum. It is clear from the roughness profile
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that the AITIN G coating showed the highest roughness along the
entire measured length of the analyzed coatings.
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Fig. 5 Roughness profile of AITIN G coating

The thickness of the AIXN; coating marked in red was 1.12 pm.
From the cross-section the coating is not continuous, where cracks
and pores are present in the layer.

e 7L T ST Seels

Fig. 6 Cross section of the AIXN; coating

EDX elemental analysis of the AIXN; duplex coating shows the
distribution of the individual elements of the coating (chromium,
aluminum, nitrogen) and the base material (iron, molybdenum) in
the analyzed part.

Inherent droplets and holes were also observed in the surface
morphology of the deposited AIXNj; coating. Equiaxial AIN grains
were observed in the upper part of the coating. Under the upper
zone there were multilayers of AICr grains. An adhesion layer of
CrN was identified, which was closest to the base material in the
lower part and ensures better adhesion of the coating to the base
material. The value of the parameter Ra reached a value of 0.126
um. Compared to the AITiN G duplex coating, it can be concluded
that the surface of the AIXNj; coating is less roughened along the
entire measured length.
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Fig. 8 Roughness profile of AITIN G coating

The coating thickness of NACRo* marked in red was 2.75 pm.
This coating showed the greatest thickness compared to the
previous two coatings. No pores and cracks in the structure were
identified.

Fig. 9 Cross section of the nACRo* coating

EDX elemental analysis of the nanostructured nACRo* coating
revealed the distribution of the basic elements contained in the
coating (chromium, aluminium, nitrogen) as well as the elements
contained in the basic material (iron, molybdenum).
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Fig. 7 EDX surface elemental analysis of the AIXN; coating
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Fig. 10 EDX surface elemental analysis of the nACRo* coating

Many microparticles were observed on the surface, which are
inherent in cathodic arc deposition and originate from excess ions
from the target during deposition. Si content was observed,
resulting in the support and formation of the nc/SizN,
nanostructured phase in the coating. The value of the Ra parameter
reached a value of 0.0984 um. From the given value, it can be
concluded that the nACRo* nanostructured coating showed the
lowest surface roughness compared to the previous duplex coatings.
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Fig. 13 EDX analysis of Safety Lube 7815

The percentage of Si in dimpled textures together with PVVD duplex
coatings is shown in Table 2:

Table 2: Si percentage in dimpled textures with PVD duplex coatings

Share of Si in dimpled textures [wt.%]
Coating AITIN G AIXN, nACRo*
10x 0.3 1.1 4.8
20x 1.1 1.2 5.1
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Fig. 11 Roughness profile of nACRo* coating

EDX analysis of release agent Safety Lube 7815

A "dry" of Safety Lube 7815 release agent was prepared at
250°C in which silicon was detected by EDX microanalysis as
evidence that the release agent remained on the surface with
dimpled texture.

Electron Image 1

Fig. 12 Analyzed parts of Safety Lube 7815 release agent

In Fig.13 is the EDX analysis of the separating agent Safety
Lube 7815 itself is shown, where the proportion of the main silicon
component was detected, namely 9.8 wt.%. Carbon, oxygen, and
sodium were also present.

From the table it is this, that with cyclic storage of the
separating agent 10x and 20x the base element Si was present as a
result of the residue of the release agent on the surface of the PVD
duplex coatings. Increased values are detected in the nACRo*
coating because the coating itself contains the Si element in its
microstructure, which provides us with a nanostructure embedded
in the SisN4 matrix.

Texturing of surface

In the case of random texturing, the depth of dimpled textures
was different along the entire measured length of 575 pum (Fig.).
The randomness of the process can be observed at a length of 100
um, where the depth of the dimpled texture reaches a value of 3.5
um. At lengths of 400 or 500 um are dimpled texture depths of
approximately 5 um and 6 pm. From the depth profile of the
stochastic textures, it can be said that during random texturing, the
depth of dimpled textures varied depending on the measured length
of the surface. Since the dimpled textures were created randomly, it
can be assumed that the profile was measured in different parts of
the dimples:

Y =578 pm
Z =9.59 pm

Fig. 14 AFM image of stochastic surface texturing

With ordered texturing, the depth of dimpled textures was found
to be the same over the entire measured length of 576 pum, in
contrast to random laser texturing. The depth of the dimpled
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textures during ordered laser texturing was 5 pum. The analysis
found that there was no degradation of the base material during the
texturing of the dimple textures.

X =576 ym

Y =578 pm
Z=13pm

Fig. 15 AFM image of ordered surface texturing

Because the molds itself and its parts are complex in shape and
construction, have sharp transitions, various roundings and bevels,
it was found within the experiment that it is appropriate to perform
random texturing of the surface by applying stochastic pit textures
to the form's complex surface. The depth of the stochastic well
textures was 5 um. If the textures had more depth, they would also
affect the surface quality of the castings. The texture imprint would
remain on the surface of the casting, reducing the surface quality.

Coefficient of friction

Average COF values of PVD duplex coatings without and with
laser texturing were measured:

Table 3 Average COF values without and with laser-textured PVD
duplex coatings

COF AITIN G AIXN; nACRO’
Without 0.45 0.42 0.53
texture

With 0.43 0.39 0.42
texture

It was found that a pitted surface with Safety Lube 7815 release
agent applied resulted in a lower coefficient of friction value
compared to an untextured surface for all three PVD coatings. The
largest reduction in COF value was observed for the nACRo*
coating, where a value of 0.53 was measured in untextured
measurements. By applying pitting textures and Safety Lube 7815
release agent, the COF of the nACRo* coating was reduced to 0.42.
The wear rate was also the lowest for the nACRo* coating, which
corresponded to its hardness value of 40 GPa.
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Fig.16 COF curves of duplex coatings without surface texturing

The course of friction coefficients of coatings without texturing
is shown in Fig.16. Coatings with texturing achieved similar trends,
but with a lower value of the coefficient of friction (Table 3).
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4. Conclusions

The aim of the contribution was to propose a
methodology for increasing the technological life of molds for high-
pressure Al casting. Three types of PVD duplex coatings were
designed to increase the technological service life. The surface of
the base material before depositing the coatings was modified by
laser texturing using LBT technology (Laser Beam Technology).
The tribological properties of the coatings were evaluated by the
Pin-on-ball method. A hypothesis was put forward about ensuring
the supply of the separating agent in critical parts of the mold by
applying pit textures on the surface of the material. The mentioned
hypothesis was confirmed by tribological tests. The measured COF
on textured coatings reached lower values.
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Study of the properties of the metal surface after pre-treatment by phosphating
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Abstract: The contribution is focused on the analysis of the roughness of metal surfaces after applying a conversion layer using phosphating.
The types of basic materials is used in the experiment hot-dip galvanized microalloyed steel HX340LAD+Z. During the application of the
conversion layer, changes in surface roughness were studied with respect to the phosphating time, which was 3, 5 and 10 minutes. The paper
deals with the evaluation of the relationship between the individual roughnesses parameters of pre-treated surfaces using correlation
analysis. Based on the measured roughness values on the surfaces, the standard of statistical significance of the correlation between the
observed parameters was determined from them. The achieved results provide information for other technological operations such as the
creation of adhesive joints, where the correct anchoring of the adhesive is important for load bearing capacity of joints.

Keywords: SURFACE, PHOSPHATE LAYER, ROUGHNESS, STATISTICAL ANALYSIS

1. Introduction

The term conversion layers collectively refers to chemical pre-
treatments of metal materials, which are created by a chemical
reaction between the metal and the applied coating. Chemical
conversion layers or surface passivation are one of the cost-
effective methods of surface treatment of steel substrates. When a
metal and an inorganic chemical solution come into contact, a
chemical reaction occurs. The result of this chemical reaction is the
formation of a surface layer. Phosphate layers are created by
immersing a metal object in a chemical solution with or without
applying an electric current to the object.

The result of the reaction between the material and the chemical
solution is the growth of a layer from the surface of the substrate.
The layer is an integral part of the surface of the component and not
only affects the surface but also changes the subsurface layer of the
material. Thus, there is no distinct mechanical interface between the
layer and the underlying material. [1-4]

Phosphate layers are applied to metals to improve corrosion
resistance due to their relatively high electrical resistance. Their
function is also to support the adhesion of organic coatings or other
adhesives. The conversion coating has the ability to adhere
excellently to the treated metal and resists solubility in water or
other solvents. Subsequently applied coatings are characterized by
excellent adhesion to the material. They are applied in a multi-step
process that involves cleaning the metal to remove impurities of
organic contamination, surface oxides and surface cracks that can
prevent coating formation.

The phosphate layer is applied by spraying or dipping in
phosphoric acid or metal phosphates. A thin non-conductive and
insoluble layer of microscopic crystals of metal phosphates forms
on the surface of the metal.

There are three types of phosphating, iron, zinc and manganese.
The uniqueness of these species is characterized by the crystals that
form in each of them. Manganese phosphating is generally
considered the most durable in corrosion protection. Iron
phosphating is more stable than zinc phosphating at higher
pressures and temperatures. With iron phosphating, there is an
increase in coating adhesion and impact resistance, and at the same
time it provides a lower degree of protection against corrosion. Zinc
phosphate is suitable for cold forming with the required sliding
properties, for preserving the surface and before subsequent
painting. [5, 6]

In addition to increased resistance to corrosion, phosphating
also increases the adhesion of the next applied layer, coatings,
lubricant or adhesive for joint formation. The paper deals with the
relationship between the applied phosphating time and roughness
changes on the surface of the material.
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2. Materials and methods
2.1 Used basic material

HX340LAD+Z steel (abbreviation designation HX) is a hot-
dip galvanized microalloy steel. The chemical composition of the
materials is in Table 1.

Table 1: Chemical composition of used steel HX 340LAD+Z
C Nb

Material Mn P Si S Ti

HX 0,07% | 0,60% | 0,02% | 0,01% | 0,01% | 0,03% | 0,00%

The tested samples were pre-treated with zinc phosphate
conversion layer. During the phosphating process, small crystals
form on the surface of the material, creating a phosphate layer that
serves as protection against corrosion or as a base layer to improve
adhesion when applying additional layers and when gluing.

A total of 8 types of samples were used for the experiment.
Sample HX 0 is sample of HX type steel, the surface of which was
not treated with a zinc phosphate conversion layer. The other
samples used in the experiment were treated with a layer of zinc
phosphate with different immersion times of the sample in the
phosphating bath, namely 3, 5 and 10 minutes. In Table 2 shows the
labels of the samples according to their phosphating times.

Table 2. Designation of samples

Sample Steel type Time of phosphating
HX0 | HX340LAD+Z -
HX 3 | HX340LAD+Z 3 min
HX5 | HX340LAD+Z 5 min

HX 10 | HX340LAD+Z 10 min

2.2 Used pre-treatment

For the phosphating of the samples, the technology of
phosphating with Pragofos 1500, manufactured by Pragochema
s.r.o., applied by immersion, was used. The phosphate layer has
the task of protecting the material from corrosion or serves as a
base layer before applying other layers. Before the phosphating
process itself, the treated steel surface was degreased with an
alkaline, medium-emulsifying preparation Pragolod 57 N from
Pragochema s.r.o. The preparation was applied to remove
preservative oils and other impurities from the surface of the steel
samples. Its effectiveness is also high on modern types of
biodegradable oils such as rapeseed oil or oils based on acid esters
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of vegetable oils. The dispersant contained in the preparation is SEM appearance of the base material and pretreatment
effective on graphite and metal particles, which are more samples are in Fig. 1 — 4.

complicated to remove from the surface. Pragolod 57 N was

applied by immersing the sample in a bath.

Before applying the phosphate layer after the application of
the degreaser Pragolod 57 N, the rinse in the bath was diluted
with the activating rinse Pragofos 1007 at a concentration of
0.3% at room temperature with a mixing time of 3 minutes.
Pragofos 1501 is a concentrate for the preparation of a
phosphating bath, the main components of which are zinc
phosphate and chlorate. HX340LAD+Z steel samples were
phosphated in a bath mixed with Pragofos 1501 and Pragofos
1502 products from Pragochema s.r.o., used to treat hot-dip
galvanized steel. The preparation Pragofos 1502 is a preparation
containing fluorides. The conversion phosphate layer was
applied at a temperature of 60 °C for 3, 5 and 10 min. After the
phosphating process, the samples were rinsed with
demineralized water and dried with hot air.

2.3 Surface roughness measurement methods

The surface roughness of the individual samples was measured
by the touch measurement method with a profilometer of the type
Surftest SJ-201 from the Japanese manufacturer of metrological
equipment Mitutoyo. The measurement took place in accordance
with the standard 1SO 21920-2. For the purpose of the experiment,
parameters were chosen that could accurately describe the
differences in the roughness of the evaluated surfaces [7-12]:

The following parameters were selected:

Ra [um] — mean arithmetic deviation of the surface
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Fig. 2 Appearance of the sample surface HX 3

Rz [um] — average value of the largest profile heights
RSm [um] - average width of profile elements

RPc [-/em] - number of profile elements per cm of length

2.4 Methods of statistical processing of roughness results

In order to evaluate the measured quantities, evaluating the \
microgeometry and the influence of the phosphating time on the <
change in the character of the surfaces, the obtained results were
processed using statistical methods. The evaluation of the influence
of the material and the phosphating time on the surface roughness
represented by the parameters Ra, Rz and RPc was realized using
the STATISTICA software. Specifically, graphic tools (histogram,
boxplot) and statistical tests (Shapiro Wilk normality test, Levene's
test, Two-sample t-test, Mann-Whithey test, ANOVA, Kruskal-
Wallis test) were used.

; e |
W e Pread

3. Results

The resulting average values of the measurement of
individual roughness parameters are shown in Table 3. It follows
from the measurements that the value of the parameters does not
change significantly for individual materials and surface
treatments. Based on this fact, the influence of the phosphating
time on the Ra parameter was statistically verified.

The zinc phosphate on the surface consists of a number of
insoluble phosphate crystals that grew on the surface in the
phosphating process and the density of the protrusions increased.
The surfaces of the modified HX material rather just copy the
original surface, so the density of the protrusions did not change
significantly.

The surfaces of the HX treated material show approximately
the same density of RPc protrusions. It is therefore possible to
conclude that the original surface profile was copied during the
phosphating of the HX material.

Fig. 4 Appearance of the sample surface HX 10
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Table 3. Measured values of roughness parameters

Measured values of roughness parameters
Sample
Ra [pm] Rz [pm] RPc [-/mm] RSm [pm]
HXO0 | 1,05+0,07 | 588+0,44 | 111,90+ 12,40 90+ 10
HX3 | 0,80+0,08 | 5,13+0,53 | 100,08+ 17,84 | 104+24
HX5 | 1,17+0,12 | 597+0,96 | 99,86+ 21,41 105+ 24
HX10 | 0,89+0,12 | 583+1,18 | 98,14+ 13,21 104 +27

3.3 Results of statistical evaluation for parameter Ra

In order to choose a suitable method of comparison, the
condition of normality of the distribution was verified, graphically
and also by the Shapiro-Wilk test (Fig. 5). For all assessed groups,
is p >0.05, which means that at the significance level of 0.05, the
null hypothesis Hy is not rejected, i.e. the condition of normality is
met.

Ra [um]

16
5 HX 0 HX 0. SW-W = 0,9678; p = 0,3063
5] HX 3 HX 3. SW-W =0,9562; p = 0,1237
14 [ HX 5 HX 5: SW-W = 0,9469; p = 0,0595
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Fig. 5 Verification of normality conditions for parameter Ra

The homogeneity condition for the Ra parameter values at
different phosphating application times was verified by Levene's
test. The value of p was as follows: HX (p = 0.099 > 0.05) and this
means that the null hypothesis of equality of variances is not
rejected at the significance level of 0.05. The condition of
homogeneity is fulfilled. A graphical comparison of the
phosphating time for the parameter Ra is in Fig. 6.

Krabicovy graf Ra

Ra [1m]

e
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Fig. 6 Comparison of phosphating time for parameter Ra

The result of the one-factor variance analysis is 0.0000 < 0.05,
i.e. the null hypothesis is rejected at the level of significance, i.e.
there is a statistically significant difference between the individual
mean values of the Ra parameter at different phosphating times.
This means that the time of phosphating has an influence on the
value of the Ra parameter.
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Due to the fact that the null hypothesis of equality of
mean values was rejected at the 0.05 significance level, post-hoc
analysis subsequently identified pairs between which there is a
statistically significant difference (Table 4). Statistically significant
differences were noted between all observed groups.

Table 4. Post-hoc analysis — parameter Ra

Tukey HSD test
Ra - HX HX0 HX3 HX5 HX10
HXO0 - 0,0000 0,0000 0,0000
HX3 0,0000 - 0,0000 0,0203
HX5 0,0007 0,0000 - 0,0000
HX10 0,0000 0,0203 0,0000 -

4. Conclusions

Based on the experimental measurements, the following
conclusions can be made:
- When measuring the roughness, the value of the parameters Ra
and Rz does not change significantly after surface treatment by
phosphating, the differences were manifested in the parameters
RSm and RPc. The surfaces of HX material modified by
phosphating copy the original surface, the density of protrusions has
not changed significantly,
- Statistical evaluation showed that the phosphating time has an
effect on the value of the Ra parameter.
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Abstract: This paper presents an overview of technologies for joining fibre-reinforced polymer composites to thin-walled metal sheets. It
covers the areas of welding, bonding with different surface texturing as well as mechanical joining. It analyses the problems arising from the
different mechanical, physical properties of metals and composite materials and presents the possibilities of solving them by the application
of individual and combined joining technologies.
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1. Introduction

Today, the automotive industry is under pressure from new
emission and safety standards with stricter requirements.
Awareness of climate change is increasing globally, putting
pressure on all sectors of the industry to minimise their emissions.
One way to meet these demands in the case of the automotive
industry is to reduce vehicle weight. Therefore, in recent years,
multi-material vehicle structures have started to be used, where, in
addition to steels and light non-ferrous metal alloys, polymer
composites reinforced with different types of fibres are also
featured [1, 2].

A major problem in the production of multi-material vehicle
structures is the joining of heterogeneous materials. Thus, in
modern car bodies, there is also the problem of joining metallic
materials - steels and aluminium alloys - with fibre reinforced
polymer composites (FRPC). The difference in chemical
composition, material, physical and technological properties
requires modification of existing technologies such as adhesive
bonding, mechanical joining and fusion welding, up to the
development of new bonding technologies. In addition to these
methods, hybrid joining methods have also been developed, where
several technologies are combined into a single process. Most
commonly, bonding is used in combination with mechanical joining
(bolting, riv-joining, etc.) or welding (FSW, RSW), or several
welding technologies are combined into a single joint [3].

The paper presents an overview of joining technologies for thin
walled materials based on polymer composites and metals.

il N

Fig. 1 Classification of basic methods of joining dissimilar materials

2. Adhesive joining

Adhesive bonding is the process of joining two components
using an adhesive, it is suitable for joining elements made of
dissimilar materials (metals, polymers or ceramics) in the
aerospace, automotive and construction industries. As bonding is an
irreversible process, it seals the joints and also prevents galvanic or
crevice corrosion between two dissimilar materials. With adhesive

bonding, lightweight structures can be produced compared to other
assembly technologies [4].

v Composite

Adhesive

Aluminium

Fig. 2 Adhesive joint of polymer composite and aluminium alloy [5]

When bonding metals and composites, there are two ways to
create an adhesive bond, either by using an adhesive and curing it
with pressure, time or solvent evaporation, or by using the adhesion
of the thermoplastic matrix of the composite itself, without the use
of a separate adhesive. The second method uses heat to melt the
thermoplastic matrix of the composite and, after compression with
the metal plate and solidification, an adhesive bond is formed. This
means that thermoset matrix composites cannot be bonded in this
way [3].

Advantages:

e Improves stress distribution which improves fatigue
properties

e No galvanic corrosion

e  Temperature sensitive materials can be joined (No
change in material properties due to heat)

¢  No thickness restrictions

e  Smooth surface finish

e  No added weight from bolts and rivets
Disadvantages:

e  Stress concentrations at the edges of the joint

e  Sensitive to peel stress

e Sensitive to mismatches in CTE (coefficient of
thermal expansion), will create residual stresses

e  Surface preparation often needed

e  Cannot easily be dissembled for service or inspection
3. Mechanical joining

3.1 Clinching

Clinching is a mechanical joining method that is widely used in
the automotive industry to produce automobile body panels and
electrical appliance skeletons. It is a cold forming process.
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In metal-to-composite joining, either a composite plate or a
metal sheet is deformed to form a geometric connection, Fig. 3. It is
preferable to place the material with the higher ductility (metal) in
the upper position, on top of the composite materials with the
prepared hole, because during forming, an intense plastic
deformation of the upper plate occurs, filling the hole in the
composite with metal, thus forming a mechanical joint. The
composite plate may have a pre-drilled hole necessary to ensure
interlocking, or the hole may be punched out during nailing. Pre-
drilling the hole is an extra operation, but the prepared hole reduces
the risk of damage to the material during joining, which often
happens with joints without a prepared hole [4,6].

(a) (b)

Punch
AASO83
CFRP

Die Die cavity Undercut

Fig. 3 The Clinching process: a) placement of the materials to be joined, b)
deformation of the top plate, c) filling the space in the die with metal to form
the joint, d) Clinching joint [6]
Advantages:

¢ No added weight from bolts and rivets

e Does not require pre-drilled holes nor surface preparation

e Temperature sensitive materials can be joined
Disadvantages:

e Two-sided access required

¢ Risk of damage from deformation and galvanic corrosion

o Brittle materials cannot be joined

e Stress concentrations

3.2 RIVTAC® (High-speed impact nailing)

The RIVTAC® method is based on the grooved rivet
penetrating the materials at high speed (20 to 40 m/s), Fig. 4.
During bonding, a short heat increase occurs thus achieving better
formability of the metal, the material first expands and then
contracts and fits into the grooves of the rivet body as it cools. The
rivet head then presses and locks the composite to the metal,
creating another form lock [3].

Fig. 4 The RIVTAC process [3]

Advantages:

o High productivity/short process times

o Does not require pre-drilled holes

o No surface preparation needed

o Temperature sensitive materials can be joined

e One sided access (depends on structural integrity)
o No emissions

Disadvantages
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e Risk of galvanic corrosion
e Stress concentration
¢ Rivet adds weight

e Restrictions regarding maximum penetration (material

strength and thickness)
e Risk of damage from hole generation
o Not user friendly (loud process)

e No smooth surface finish

3.3 Riveting joints

Conventional riveting of composite materials can lead to
damage to the composite matrix around the rivet, so this method
cannot be used for safe joining of metal and composite parts.
However, self-piercing riveting (SPR) and friction riveting methods
do not require drilling holes in composite materials and impose less
mechanical assembly loads on composites.

3.3.1 Self-Piercing riveting

Self-piercing riveting process of involves joining two
overlapped sheets of the same or different materials using a rivet
that is pressed into materials with a punch. The rivet pierces the top
material and partially penetrates the bottom material. The punch on
the underside of the sheets to be joined causes the rivet to expand
under the action of the force, forming a mechanical connection, Fig.
5. Both, the rivet and the bottom sheet are subjected to plastic
deformation [4,6,7].

Fig. 5 Self-piercing riveting process and cross-section of SPR joint [6]

Advantages:

e The process does not require pre-drilled holes, it is done in
one operation, saving production time and cost. However, a
hole can also be drilled or cut in the top plate before riveting.

¢ No surface pre-treatment is required.

e The process is operator friendly and produces low noise, no
fumes and is easy to automate.

One of the disadvantages of this method is that it requires
double-sided access to the plates to be joined.

3.3.2 Friction Riveting

Friction riveting was first developed to form joints of metals
and thermoplastic materials, but more recently several papers have
looked at using this method to join fiber-reinforced polymer
composites. Friction riveting involves anchoring a metal rivet inside
a polymer or polymer composite base plate. The rivet passes into
the composite material by frictional heat which softens the
thermoplastic matrix of the composite and subsequently a high axial
force causes the head to expand and wedge the rivet into the
composite [6].
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Fig. 6 Friction riveting process steps: a) positioning of the joining, b)
friction heat generates molten layer of polymer and the rivet penetrates it, c)
increasing the axial force in order to widen an anchor rivet tip, d)
consolidation of the joint [8]

3.4 Pin joining

Another method of making joints between fibre-reinforced
plastic composites and metal parts involves making a metal part
with a set of pins, or sharp protrusions of different shapes, that
protrude vertically from it. Layers of the fibre-reinforced composite
in the form of weaves are placed on top of the metal plate with the
pins so that, when the composite is heated, the pins pass through the
weave of the reinforcing fibres without damaging them. This creates
a mechanical joint without damaging the fibres in the composite.
The composite then solidifies [6].

PIN

~

METAL ADHEREND

—

Fig. 7 Schematic of an advanced hybrid metal/composite pin joint. The pin
joints combine adhesive bonding with mechanical interlocking [6]

3.5 Loop joining

All loop joining concepts aim to separate the carbon fibre from
the aluminium alloy to prevent galvanic corrosion, which inevitably
occurs when the two materials come into contact and can lead to
increased corrosive degradation of the aluminium with subsequent
catastrophic failure of the aluminium and carbon fibre reinforced
composite joints. Corrosion is caused by the electrochemical
potential difference between the carbon fibres and the aluminium
alloys and can be prevented by bonding the carbon fibres to the
aluminium alloy substrate using titanium transition elements, which
reduce the electrochemical potential difference by approximately
two-thirds. This potential difference can be further reduced by
surface treatment of titanium or even by using non-conductive
materials such as glass and boron fibres. The titanium wire is
attached to the aluminium alloy in the form of a series of loops by
welding or casting. Bundles of carbon fibre are then threaded
through these loops. In the foil concept, the loops are replaced by
titanium foils bonded to an aluminium substrate. The carbon fibres
are sandwiched between the foils and the joint is held by frictional
force. In the fibre concept, the titanium is replaced by glass or boron
fibres. The joint is then formed by embedding the fibres in a
polymer resin [4,6].

Foil concept Fibre concept

B M y ' "I|
s " Z 0
A k274

Fig. 8 Concepts for bonding CFRP to aluminium using loops, foils and
fibres [6]

Wire concept
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3.6 Bolted joints

Bolted joints are one of the most common joining methods in
many applications. In principle, they are similar to SPR. They have
a uniaxial common hole through the components to be joined,
usually formed by drilling. Bolts are then inserted into the holes
from one side of the joint and fastened with nuts on the other side
with the correct torque. The diameter of the bolts is smaller than the
diameter of the drilled holes, although the diameter of the bolt and
nut heads is relatively large compared to the diameter of the holes.
The bolt heads and nuts act as flanges that hold the components of
the joint firmly. The bolts do not deform plastically and the
diameter and material of the bolt determine the strength of the
bolted joints when the other components of the joint are stronger

[4].

2
Il |

Fig. 9 Example of bolted joint [4]
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4. Fusion joining

Conventional methods of joining FRPC to metals, such as
bolting, riveting, bonding, etc., fall into the category of non-thermal
processes, while welding falls into the category of thermal
processes. Therefore, this method is applicable only for
thermoplastic matrix composites. Local melting of thermoplastic
matrices can be carried out by microwave, induction or friction
heat. The principle of all these thermal processes is the partial
melting of the thermoplastic matrix of the composite and the
subsequent bonding to the metal surfaces.

4.1 Laser assisted welding

When welding composites and metals, a laser can be used as a
heat source. The laser heats the metal in the overlapped composite-
metal assembly, with the heating of the metal by the laser beam
being carried out from the side of the metal or composite (if it is
treansparent to the laser beam). The hot metal melts the composite
thermoplastic matrix at the interface with the metal. In doing so,
bubbles can form in the poymer, which pressurize the polymer
against the metal and thus improve their bonding by embedding the
polymer into micro-porosities on the metal surface [4].

Laser beam
Plastic
<> Heat transfer High vapor pressure
N due to rapid expansion

Metal g
Molten area

Plastic ' Heat transfer K

Metat () Bubble Bubble  Oxide film
Laser heated zone (Higher magnification)

Laser beam

Fig. 10 Laser assisted direct metal - polymer joining mechanism [4]

4.2 Friction spot welding

The friction heat in friction spot welding is generated by a tool
without additional materials, which consists of a clamping ring, a
shoulder and a probe, which are assembled coaxially and move
independently of each other. The clamping ring holds the parts to be
joined. The probe and shoulder can rotate independently and
generate the required heat due to friction between these parts and
the workpieces. The rotating shoulder sinks into the metal plate to a
predefined depth, while the probe retracts upwards. The friction
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between the shoulder and the metal causes the increasing

temperature to locally soften and plasticize the alloy. The
plasticized alloys flow into the reservoir left after the probe was
inserted. Frictional heat is also conducted into the metal alloy
composite interfaces, forming a thin layer of molten polymer
throughout the overlap area. The probe then extrudes the softened
metal and fills the keyhole in the metal sheet. The molten layer is
then consolidated under pressure, inducing adhesion and
interlocking between the metals and composites [4].

Rotation Rotation Rotation

.

s
=

.vl.mdmg

Backing Plaie

Tool rotating Plunging Stirning Drawing out

Fig. 11 Friction spot welding method [9]

4.3 Friction lap joining

The FLJ tool does not have a stirring pin and therefore the main
function of the rotary tool is not to cause the flow of materials
around the stirring pin, but to heat and squeeze the metal workpiece.
Localised heating is achieved by friction between the tool and the
metal workpiece. Heat is transferred by conduction from the heated
metal component to the plastic component and subsequently melts
the plastic materials in a narrow area at the interface. The bond
between the metal and the plastic can be completed after the plastic
has solidified under the pressure of the tool [4].

Downward Force

Fig. 12 Friction lap joining process [10]

4.4 Friction stir welding (FSW)

A rotating cylindrical tool with a pin approaches the contact
point between the composite and the metal. Frictional heat is
generated between the materials and the tool, which leads to
softening of the materials. The tool moves forward, mixing the
softened materials and pushing them towards the back of the tool
where they consolidate as the temperature drops. The composite
must be based on a thermoplastic resin. The disadvantage is the
high risk of fibre pull-out if the reinforcement in the composite
consists of woven fibre mats. When short fibres are used, the risk of
damage is less [3].

1. Heating process

2. Ejecting process
Insert

&

Eject melted CpR P

P s

3. Spreading process

S

B

Fig. 13 Schematic diagram of friction stir spot welding process [11]
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4.5 Friction element welding (FEW)

The theory behind FEW is that a custom rivet is welded to the
bottom plate, which together with the rivet head secures the top
plate in place. First, the two plates are pressed together, the friction
element rotates at high speed. The rotating element contacts the
surface of the top plate and the frictional heat generated causes the
material to plasticize. This in turn allows the friction element to
penetrate the sheet during further pressure.

When the rivet comes into contact with the bottom sheet, the
frictional heat increases even further, plasticizing the rivet and
activating the surfaces. The additional clamping force has a pressure
welding effect that further shortens the rivet and creates a solid
metallic bond between the rivet and the bottom plate. The extruded
material from the cover plate collects in the groove under the
friction element head, resulting in a form-fit connection, while the
falling temperature of the rivet leads to axial shrinkage and a force
connection between the top plate and the rivet [3].
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(stunl) Al sheet
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2. Frictional contact of rivet
with cover sheet

1. Positioning blank holder
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3. Plasticizing of cover sheet,
frictional contact rivet/ steel

L
=

displaced
cover sheet
material

collected in
—" ring groove

4. Frictional heat plasticizes
rivet, activation of surfaces

5. Pressure welding and
axial shortening of rivet

©LWF

Fig. 14 The FEW process [3]

4.6 Resistance element welding (REW)

REW is a form of resistance spot welding developed for joining
combinations of heterogeneous materials using a so-called weld
rivet. This technique requires a hole to be pre-drilled into the cover
sheet (which may be the composite) or a rivet to be punched in the
hole before welding. Once the perforation is complete and the
welding rivet is in place, electrodes are placed on top of the rivet
and underneath the bottom plate, similar to the conventional
resistance spot welding process. In the next stage, when pressure
and electric current are applied, heat is generated due to the
electrical resistance and a weld tip is formed between the bottom
plate and the rivet. Subsequently, the electrodes compress the rivet
and form a force connection between the cover plate and the rivet
head [3].

RIVETING

POSITIONING ———#®———{ WELDING |——»—

Fig. 15 The REW process [3]

4.7 Flow drill technology

Flow drill technology is used for joining thin-walled materials.
The material is softened by frictional heat from the tool and
plastically deformed by the movement of the tool. Part of the
material is moved below the level of the material to be drilled as a
bushing into which threads are formed for mechanical connection
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with other material. The bushing is very advantageous when joining
thin workpieces because it locally increases the thickness of the
material. In [13], Schmerler discussed the idea of joining two or
three overlapped materials using screwless thermal drilling
technology, although this technology is not primarily intended for
this purpose. The idea is based on the premise that if two or three
thin-walled materials are overlapped and a hole is made using a
flow drilling tool, coaxial bushings could be formed on the
materials being joined, which would be mechanically wedged to
form a shaped joint, Fig. 16. One of the materials to be joined could
be a polymer composite [12,13].

metallic sheet

‘mechanical
interlocking

fiber reinforced composite

metallic sheet
foam structure

bushing

Fig. 16 Metal-composite joints made by Flowdrill method [13]

5. Hybrid joining

Hybrid joining processes combine basic processes to achieve
some unique feature or capability of joints, often with synergistic
results. These hybrid processes are generally of more recent origin
and have often been developed to overcome the shortcomings of the
basic processes for particularly challenging applications (e.g.
advanced aerospace designs). As a result of advances in materials
engineering, development work has focused on the use of thin
sheets and small structural elements. There is also a growing trend
to combine traditional metals with polymer composites. For
example, composites are structurally more efficient in terms of
strength-to-weight ratio than metals and do not suffer from galvanic
corrosion, while metals have better damage resistance and failure
predictability than composites and are not affected by solvents and
temperatures that tend to degrade polymers.

Therefore, multi-material joints between metals and composite
materials are increasingly being developed in order to optimise the
benefits provided by both types of materials. Special joining
techniques are required to join this type of structural elements and
polymer-metal multi-material structures. Among them, hybrid
processes of the main processes of mechanical fastening, bonding
and welding are the most widely used.

5.1 Advanced Fastening and Bonding Processes

The main objective behind the developments in advanced
fastening and adhesive bonding processes is to successfully join
new advanced materials with excellent joint properties. Hybrid
bonded-fastened joints and clinch bonding are produced by
simultaneous actions of adhesive bonding and a mechanical
fastening technique.

5.1.1. Hybrid Bonded-Fastened Joints

A hybrid bonded-fastened joining technique is developed in
order to avoid individual limitations of fastening and adhesive
joining for assembling of dissimilar materials, composites and
metallic materials. There are two types of hybrid bonded-fastened
joints, such as the joints that use bolts/rivets known as hybrid
bonded-bolted (HBB) joints and the joints that use pins with
adhesive, known as hybrid bonded-pinned joints.

A fastening system helps to sustain axial loads while the
adhesive takes some of the load off the fasteners and redistributes
the remaining load more uniformly. The fasteners, in turn, also take
some load off the adhesive, particularly out of plane. Most
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important parameters such as type of joint configuration, type of
fastener, type of adhesive, its thickness and length of bond line,
loading condition, type of adherend being used and its thickness,
overlap length and fastener-hole clearance of hybrid bonded-
fastened joints are required to produce metallurgically satisfactory
joints [14,15].

Fig. 17 Schematic representations of a) bolted-bonded joint, b) rivet-bonded
joint, c) a pin-bonded joint and example of hybrid adhesive joints with
metallic pins [14,15]

5.1.2 Clinch Bonding

It is a classic forming process, however, a suitable adhesive is
applied between the workpiece sheets. It is a modern and innovative
technology that allows different types of materials to be joined
together to create durable and reliable lightweight structures.
Compared to other mechanical joining techniques, the clinching
technique has the advantage of using only adhesive as a
consumable. The adhesive is applied to one of the parts to be joined
and then the two parts are joined together. The parts to be joined are
immediately subjected to the clinching and this process may cause
some of the adhesive to be pushed out of the joint. After clinching,
the adhesive is cured [14,16].

pos

Secend Step (Reshaping)

topkatcn ol abeie  Magngatprs Medusa ping

Fig. 18 The principle of the clinch-bonding technology [14,16]

5.2. Welding and Adhesive bonding

5.2.1 Resistance Spot Welding and Adhesive
Bonding (RSW-AB)

When welding, the current is supplied to the cylindrical
electrode, and closed circuit is formed between the cylinder
electrode, column electrode and the metal sheet. This generates
Joule heat in the metal sheet, which in turn heats the matrix of the
composite at the interface. The matrix of the composite forms a
molten zone in the shape of a half lens. The molten resin then wets
the metal surface and chemical bonds are formed between the two
sheets [11,14].

Column
electrode

Cyclinder
electrode

CFRP sheet

Metal sheet

Support Molten zone

Fig. 19 Resistance spot welding and adhesive bonding (RSW-AB) [11]

5.2.2 Friction Stir Welding and Adhesive Bonding

As mentioned earlier, friction stir welding (FSW) is one of the
most promising processes in the field of continuous joining. One of
the problems posed by friction stir welding is, in the case of
overlapping joints, the hook defect, which reduces the static and
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fatigue strength because it acts as a crack initiator. In addition, there
is a risk of galvanic corrosion. The solution to these problems could
be hybrid joining - FSW and adhesive joining. FSW can produce
consistent joints with high static strength, while adhesive dampens
vibration, improves fatigue strength and isolates the weld from the
environment [14].

The FSW-AB hybrid bonding technology also faces some
challenges, for example:

e The risk of adhesive degradation in FSW, where the
temperature ranges from 300 to 470°C;

e Adhesive requirements - high temperature resistance and
chemical resistance in corrosive environments

e Avoid solvents or non-organic additives to reduce the
environmental impact of the process.

FSW Tool

Layer of adhesive w
Layer of adhesive

Aluminum i : i /

Fig. 20 Resistance spot welding and adhesive bonding (RSW-AB) [11]
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Analysis of interference fit joints formed by thermal drilling technology with CNC process
control
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Abstract: The paper focuses on the evaluation of the quality of joints of thin-walled dissimilar overlapped materials, formed by thermal
drilling without a screw. The shaped interference fit joint is formed by simultaneously forming both overlapped materials, preheated by the
friction of a flowdrill tool, and forming a pair of embedded concentric bushings. The joints were made on a CNC milling centre, at constant
speed, with tool feed being the only variable. Three tool movement strategies - three movement schemes - were tested. By evaluating the
quality of the joints using metallographic sections, the optimum tool movement strategy was selected.

Keywords: MECHANICAL JOINING, THERMAL DRILLING, DISSIMILAR MATERIALS, LOAD-BEARING CAPACITY OF JOINTS

1. Introduction

In many industrial applications, components made of thin plate
or thin-walled profiles are widely used. The problem with such
structures is the joining, especially when different materials have to
be joined (uncoated and galvanized steel, steel with aluminum or
composite, etc.) [1].

The Flowdrill process is characterized by the formation of an
elongated bushing, which is formed by rotation and pressure of the
tool without chip removal [2]. The bushing has a specific shape
according to the tool used. This process is also called friction
drilling, flow drilling, thermomechanical drilling, etc. The purpose
of this method of hole formation is to form a bushing in thin sheets
without any addition of material where a sufficient number of
threads can be placed [3-6]. Subsequently, a thread can be formed
in the formed bushing, thus forming a detachable joint with a
connecting element. However, it is also possible to form a
mechanical form fit joint of two sheets without a bolt, just by two
concentric nested bushings wedged together [7]. In this process, it
is necessary to ensure that the resulting bushings of the two
materials to be interpenetrated adhere tightly to each other, follow
each other's shape, and do not push away from each other due to the
spring back effect, which could lead to "opening" of the joint. As
this is an atypical application of thermal drilling for joining two
overlapped dissimilar materials, there is a lack of information on
suitable process parameters in the relevant literature. These vary
according to the type of material to be drilled. For example, tool
speeds for drilling corrosion-resistant steels are recommended to be
reduced compared to those for low carbon steels by 15%, while for
Al and non-ferrous alloys it is recommended to increase the speed
by 50% compared to drilling carbon steels [8]. The question is what
are the appropriate parameters for joining the steel-Al alloy pair,
which material should be adapted to. In order to achieve
repeatability of process parameters during joint formation, thermal
drilling should be done on CNC machines where drilling parameters
can be precisely defined and controlled during the toolpath. The
heat generated affects the drilling process and depends mainly on
the speed and tool feed. Regarding CNC centers, it is more efficient
to vary the tool feed than the tool speed, so we decided to take this
route in the experiment [8].

The aim of the paper work is to experimentally verify the
possibility of using the side effect of the thermal drilling technology
(flowdrill) for joining two overlapped thin plates without the use of
a bolt, just by forming a pair of nested concentric bushings, while
three modes of tool feed will be tested.

2. Materials and Methods

The choice of materials for the experimental program was based on
materials currently used in the construction of automotive bodies so
that both Fe alloys (galvanized and ungalvanized) and non-ferrous
alloys were represented.

Materials selected for experimental works:

DCO04 - extra deep-drawn, uncoated, low-carbon, cold-rolled
steel for bodywork. Referenced like DC.

TL 1550-220+Z - hot-dip galvanised fine grained HSLA steel
with excellent cold formability, grade VW (equivalent to
CR210LA or HR210LA). Referenced like TL.

EN AW-6082 T6 (AISilMgMn) - precipitation-hardened high
strength Al alloy, weldable by MIG and TIG welding
technologies. Referenced like Al.

The thickness of steel sheets was 0.8mm, the thickness of Al alloy
was 1mm. The chemical composition of the materials used is given
in Table 1.

Table 1: Chemical composition of materials in wt.%

Mat. C Mn Si P S Al Nb Ti Fe
DC | 0.040 | 0.25 0.009 | 0.008 bal.
TL 0.1 10 | 05 | 008 | 003 | 0015 | 0.1 | 0.15 | hal.
Mat. Si Fe Cu Mn Mg Cr Zn Ti Al
Al 1.0 0.4 | 0.06 | 044 0.7 0.02 | 0.08 | 0.03 | bal.
Table 2: Mechanical properties of materials (in transversal direction)
Re Rm A80 Zn layer
Mat | mpa] | [MPa] | [%] [o/m] r N
DC 197 327 39 - 1.900 | 0.220
TL 292 373 34 104 1.350 | 0.190
Re Rm A50
[MPa] [MPa] [%6]
Al 295 344 14

98

r - coefficient of normal anisotropy, n - strain-hardening exponent

The shape and dimensions of the test specimens as well as the
geometry of the joints calculated for tool Flowdrill long ¢ 5.3 mm
are shown in Fig. 1. The hole is always made in the centre of the
overlapped area.

110

40

Figure 1: Shape and dimensions of test specimens and joints designed for
FD long 05.3 mm tool

The joints were created on a CNC milling centre DMG mori DMU
60evo. According to [8], it is recommended to set a small tool feed
at the contact of the tool tip with the material, which should then
increase linearly or stepwise, and then the tool feed should slow
down again at the lowest reversal point of the tool movement.
Based on these recommendations, three tool feed modes were
selected and tested on the tool working path, Fig. 2.
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Figure 2: Selected tool feed modes

The initial tool feed was 150 or 250 mm/min, gradually
increasing to 700 or 1000 mm/min on the 11.5 mm path, finally on
the 1.5 mm path the tool feed dropped to 200 mm/min and the tool

stopped 0.6 mm below the flange part of the tool to prevent
deformation or damage to the collar.

The geometry of the joints as a function of the tool feed mode
was then examined by optical microscopy on metallographic
sections along the axis of the joint.

3. Results

Table 3 shows the metallographic sections of the joints formed at
the three tested tool feed modes on the CNC machining centre.

Table 3: Metallographic cross-sections of jonts made at three tool feed modes, LM

Mode:

Tool speed [min™], initial tool feed — maximal tool feed, tool feed in lowest reversal point [mm.min™]

Joints 3800, 150-700, 200

TL-TL

TL-DC

DC-Al

TL-Al

3800, 250-700, 200

3800, 250-1000, 200

The Al-Al joints failed to establish, increasing the initial and
maximum tool feed did not lead to an improvement in connection
forming. The DC-DC and TL-TL joints are accompanied by a large
spring back effect and too large a bending radius of the bottom
plate, which makes it impossible to form nested concentric bushings
of sufficient thickness. Instead, there is only an intense thinning of
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the heated material of inner bushing between the tool and the outer
bushing, which acts as a punch and die in the process of forming the
inner bushing. For the material combinations DC-TL and TL-DC
the situation is similar, however, when DC is in the upper position,
due to its high ductility (as an indicator of formability) it thins more
intensively and therefore the inner bushing formed from it is too
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thin. However, if TL steel is in the upper position, it thins less
intensely. The best joints were achieved in the steel-Al
combination, with minimal spring back effect and tight-fitting inner
bushings. As for tool feed modes, it is the DC-Al and TL-Al joints
where their effect is best seen. Too little initial tool feed caused the
Al sheet to bend and the joint to open. Increasing the initial tool
feed from 150 to 250 mm.min' eliminated this problem, but
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increasing the maximum tool feed from 700 to 1000 mm.min™ did
not produce any significant change in the shape of the bushings.

Fig. 3 summarizes the achieved average inner bushing height, inner
bushing thickness at the expected failure location, and
microhardness at the outermost part of the inner bushing for each
material combination.
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Figure 3: Average bushing height and thickness, microhardness in the bushing for individual joints

Fig. 3 shows that deformation hardening occurred in DC and TL
steels, which was manifested by an increase in microhardness in the
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bushing, which represents the most overstrained region of the
material in the joint. The DC steel sheet had an initial hardness of
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106 HVO0.1, after forming to the shape of the bushing, the hardness
in the outermost part of the bushing varied between 175-226 HV0.1,
depending on the tool feed used. The strain hardening of the TL
steel showed an increase in hardness from 131 HVO0.1 in the initial
condition to values between 184 and 243 HV0.1 in the bushing.

In Al sheet material softening occured, the hardness in the bushing
was around 75 HVO0.1, while the initial hardness was 119 HVO0.1.
The Al sheet was supplied in the T6 condition, i.e. it is a solution
treated and artificially aged alloy. Its structure consists of a number
of Mg,Si precipitates dispersed in an a-Al matrix. This type of
alloys has limited application in terms of operating temperatures to
ambient temperature. Any heating may disturb the precipitation
hardening effect. At temperatures of 100-500°C, the precipitates can
overage, i.e. grow, reducing their strengthening effect; bigger
precipitates prevent the movement of dislocations less effectively.
Heating above 500°C already leads to dissolution of the
precipitates, and if followed by slow cooling, the fragile
intermetallic ® phase at grain boundaries may be formed, thus
weakening their cohesion. In thermal drilling, Ozek et al. [9] found
a maximum temperature of Al alloys 1 mm from the hole of about
245°C at comparable tool speeds but significantly smaller tool feed.
It is possible to estimate the Al temperature at feed rates up to 1000
mm.min? to be >300°C, which could have induced a softening of
the Al alloy in the vicinity of the hole.

In thermal drilling, not only the mechanical properties determined at
ambient temperature play an important role, but especially their
change when heated. It is therefore necessary to know the creep
curves of materials, the change in the modulus of elasticity of
materials with temperature and the physical properties of materials,
especially thermal conductivity. Fig. 4 shows the decrease of
Young's modulus of elasticity of steel and aluminium when
heated.

250
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150

100

Young's modulus
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200 400 600 800 1000 1200 1400 1600
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Figure 4: Temperature-dependent change in modulus of elasticity of steel
and Al alloys

Fig. 4 shows that already at ambient temperature, it takes three
times less stress to achieve some deformation of Al than to achieve
the same deformation of the same cross-section made of steel. As
the temperature increases, this difference increases even more, the
Young's modulus of Al decreases more drastically with temperature
than that of steel. This is the reason why Al sheet cannot be in the
top position when joining with flowdrill technology - it is pushed
sideways when heated instead of forming a bushing. Therefore, a
material with a higher stiffness (Young's modulus) must be placed
in the top position. In the lower position, the aluminium alloy can
be placed, which will therefore only be heated indirectly, by
conducting heat from the steel into the Al, and will be shaped by
copying the resulting steel bushing. In this way, a joint with a
suitable geometry, with tightly fitting concentric nested bushings,
with certain load-bearing capacity, can be formed. Joints formed by
this process can be combined with adhesive bonding.
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3. Conclusions

The following main findings can be drawn:

e thermal drilling technology can be used to create a pair of
nested concentric bushings capable of carrying a certain level

of load

the best joint geometry is achieved with a steel-aluminium
alloy material combination, with the recommendation to place
the steel in the upper position of the pair to be joined

this technology is not suitable for joining steels of the same or
unequal grades or for joining aluminium alloy pairs.

For the most promising joints (DC-Al and TL-Al), no
significant effect of the tool feed mode on the geometrical
characteristics of the joints was observed, but the displacement
modes 3800, 250-700, 200 and 3800, 250-1000, 200 resulted
in the formation of tightly fitting concentric bushings with a
minimum gap between the plates.

From the point of view of time saving in joint formation, the
following mode can be recommended for joining steels and Al
alloys with the above properties and thickness: speed 3800
min’?, tool feed 250-700 mm.min’, at the end of the movement
the tool feed decreases to 200 mm.min™.,
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Monitoring of changes in the roughness of the metal surface after the application of the
conversion layer
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Abstract: The article is focused on the study of the integrity of the material that is used in the automotive industry in process of creating
joints by combined technology. The article describes the study of the properties of chemically pretreated surfaces by phosphating technology.
When creating new surfaces by phosphating, a new type of phosphate layer was used using modern conductive compounds of polyaniline
salts. The pretreated surfaces were investigated in terms of structure, 2D and 3D microgeometry, contact angle in relation to the
determination of surface wettability and surface energy. The experiment was realized in order to identify the connections between individual

factors of the process and roughness characteristics.

Keywords: surface integrity, microgeometry, roughness, contact angle

1. Introduction

In automotive industry, when constructing cars, they also
emphasizes the use of increasingly progressive steel materials that
have improved properties, in order to achieve better efficiency in
the operation of cars. This fact contributes to the development and
acceleration of adhesive bonding technologies, but this pace cannot
be at the expense of the quality of the given joints. Therefore,
constant precise testing of the joints and the quality of the surfaces
that the joints create is necessary to ensure reliability at the required
quality. The quality of the materials to be joined is increased by the
conversion layers representing the chemical pretreatment of metal
materials, which are created by the chemical reaction between the
metal and the applied coating. In the final phase of a given chemical
reaction, a surface layer is formed — conversion layer.

Phosphate layers are often used as conversion layers in the
automotive industry. The primary advantages of phosphate layers
include, for example: improved corrosion resistance, increased
surface functionality and support for adhesion of organic coatings
or adhesives. [1]

Usually, these phosphate layers are made of zinc or iron
phosphate. Application of phosphates can be carried out by spraying
or immersion. Phosphating technology is constantly evolving. The
paper deals with the possibility of creating such phosphate layers by
applying polyaniline salts and their influence on changes in surface
properties.

2. Material and method and results
2.1 Used material

Uncoated deep-drawn steel DCO04, thickness 0.8 mm
(abbreviation designation DC). The chemical composition of the
materials is in Table 1.

Table 1: Chemical composition of used steel DC04

Material C Mn P S

DC 0,04% | 0,25% | 0,009% | 0,008%

The tested samples were pre-treated by a new approach to
creating the conversion layer by chemical pre-treatment using
modern conductive compounds of polyaniline salts — polyaniline
phosphate and polyaniline citrate.
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2.2 Used pre-treatment

Exclusion of polyaniline salt (PANI-H;PO,) by
precipitation polymerization (conc. H;PO, = 0.8 M) -
Sample (DC_1)

a)

Polyaniline is prepared by oxidation of aniline with
ammonium peroxodisulphate in an acidic environment. The
reaction takes place in air at room temperature. This is an
exothermic reaction. In the practical version, 9 ml of aniline
was dissolved in a beaker in 250 ml of distilled water
acidified with phosphoric acid in an amount of 13.6 ml. In
the second beaker, a solution of ammonium peroxidizate
was prepared by dissolving 28.5 g of the substance in 750
ml of distilled water.

After complete dissolution, the prepared solutions were
mixed and stirred with a glass stirrer for the entire time of
polymerization due to increased diffusion of reaction
substances. After mixing the solutions, panels were inserted
into the beaker, on which the polyaniline salt was secreted.

The course of polymerization was accompanied by color
changes. From the initially clear reaction mixture through
blue to the final deep green color of polyaniline. [2, 3]

Exclusion of polyaniline salt (PANI-Citr) by
precipitation polymerization (conc. citric acid = 1.6 M)
Sample - (DC_4)

b)

In this part, the pre-preparation of the phosphate was
carried out as follows: in a beaker, 9 ml of aniline was
dissolved in 250 ml of distilled water acidified with citric
acid in the amount of 84 g.

In the second beaker, a solution of ammonium
peroxidisate was prepared by dissolving 28.5 g of the
substance in 750 ml of distilled water, and both were mixed
throughout the polymerization.

2.3 2D surface roughness measurement method

The surface roughness of the evaluated samples was measured
by the touch measurement method with a profilometer type Surftest
SJ-201, Mitutoyo (Japan). The measurement was carried out in
accordance with the 1SO 21920-2 standard. For the purpose of the
experiment, parameters were chosen that could accurately describe
the differences in the roughness of the evaluated surfaces.

The following parameters were chosen:

Ra [um] — mean arithmetic deviation of the surface

Rz [um] — average value of the largest profile heights
RPc [-/cm] - number of profile elements per cm of length

RSm [um] - average width of profile elements



Innovations 2023

2.4 Measured values of roughness parameters

According to the mentioned methodology, individual surface
roughness parameters were evaluated, Table 2. The sample marked
DC_0 presents the measured values of the unprepared surface.

Table 2: Average values of measured roughness parameters

Average values of measured roughness parameters

Sample

Ra [pm] Rz [pm] RPc [-/cm] RSmM [pm]

DC_0 |1,08+0,09| 6,01 +0,59 | 56,07 10,65 |187,3 +£30,27

DC_1 (2,07+0,56|14,44+5,78 | 56,941 +£12,58 | 172,5 +£ 62,39

DC_4 (2,60+0,45|1555+2,12| 3295+3,81 |284,5+39,73

On the basis of the achieved values, we can conclude that the
application of phosphate layers resulted in an increase in the
average values of the observed roughness parameters compared to
the original surface. Sample DC_4, phosphate with polyaniline salt
(PANI-Citr) by precipitation polymerization (conc. citric acid = 1.6
M) has the highest and the most appropriate values in all selected
roughness parameters. [4,5] In the attached profilograms of

individual surfaces of materials Fig. 1a — Fig. 1c we recorded a
change in the surface roughness of tested materials and on the basis
of this fact we can state that the chemical surface pretreatment has
an effect on the individual roughness parameters of the monitored
samples.

BACt

DEPTH(%)

|
mr (%)

ig. 1a Profilogram + Firest-Abbot curve for the sample DC_0

» \ BACY

I oePTHCN)

:  DEPTH(N)

Fig. 1c Profilogram + Firest-Abbot curve for the sample DC_4

The geometric state of the surfaces has a decisive influence on
its function. The requirements for the accuracy of the geometry of
individual surfaces that are in contact with others are very high.
Since it is assumed that the studied surfaces will interact with
others, e.g. in the case of adhesive bonding, these were also
subjected to a spatial evaluation of the surface in order to obtain a
comprehensive image that tells about the character of surface. This
measurement was carried out in a non-contact way using a ZEISS
Smartproof 5 confocal microscope. 3D representation of the
surfaces is in Fig.2a— Fig. 2c.

m (%)
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30 view of the surface - hs-fikered (1s 0,8000 m)

Fig. 2a 3D surface of the sample DC_0

3D view of the surface - As-fikered (As 0.8000 ym)

Fig. 2b 3D surface of the sample DC_1

3D view of the surface - As-fitered (As 0.8000 pm)

Fig. 2c 3D surface of the sample DC_4

2.5 Measurement of the contact angle of the samples

The next step was to compare the contact angle. The contact
angle of the surface of the materials was measured by a direct
optical method. See System E Advex Instruments was used as the
device. The method consists in placing a small drop of liquid on the
measured surface, photographing it and determining the contact
angle from the photograph, Fig. 3. Table 3 represents the values of
the measured contact angles of the observed samples with an
average value.
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Fig. 3 The principle of contact angle measurement

Table 3: Values of measured contact angle values

Measurement DC_0 DC_1 DC_4
1. 70,2° 77,5° 75,1°

2. 68,5° 77,6° 81,3°

3. 65° 68,8° 79,2°
Average 67,9° 74,6° 78,5°

2.6 Morphology of films of polyaniline salts (PANI.H3;PO,
and PANI - Citr)

The morphology of the samples with films of polyaniline salts
was evaluated using the AFM method. The mean square thickness
of the surface of the excluded film of polyaniline salts was
measured. The root mean square thickness value provides
information about the distribution of the polymer film on the
material on which the film was deposited. [2]

The applied film of polyaniline salt PANI.H;PO,, which was
formed in an environment of 0.8M phosphoric acid, reached a mean
square thickness of the film surface up to 68 um, while the film of
polyaniline salt PANI — Citr, which was formed in an environment
of 0.8M citric acid, reached mean square thickness of the film
surface with a value of up to 0.82 pum.

Microscopic images of synthesized polyaniline salts are shown
in Fig 4a and Fig. 4b.

Fig. 4a Microscopic image of synthesized polyaniline
salts H;PO,
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Fig. 4b Microscopic image of synthesized polyaniline
salts polyaniline citrate (PANI-Citr.)

From the comparison of the morphology of the polyaniline
salts, it is possible that there was an increase in thick layers of the
applied coating film on the surface of the sample DC_04 (PANI-
Citr). This means that, despite the relatively large contact angle,
good anchoring of the glue is a prerequisite. Contact angle values
can be improved in future research by correcting the parameters
during the phosphating process.

3. Conclusions

Based on the presented results of experimental measurements, it
is possible to state the following conclusions:

when measuring and evaluating the 2D roughness
parameters, it was demonstrated that the DC_4 sample
has more favorable results for the further application of
the adhesive coating or glue.

the samples that were phosphated in polyaniline salts in
this experiment showed satisfactory values of contact
angles. It is necessary in future research to focus on the
optimization of technological parameters during
phosphating.

Experimental verification of the use of specific compounds of
polyaniline salts in the phosphating process from the point of view of their
applications for adhesive bonding is promising, but attention needs to be
paid to further research from the point of view of obtaining the most optimal
surface fragmentation.
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Abstract: The possibility to produce white Eco-cement with the use of a dry method under low-temperature firing of a raw material mixture
based on the CaO — SiO2 — Al,O; — MgO system is shown. Computer calculations were performed and an analysis of the dependence of the
characteristics of cement clinker on the quantitative ratio of raw components was carried out. A new composition of the raw material
mixture with a decrease of 19 wt. % amount of the carbonate component and, accordingly, CO, emissions during combustion was
determined. The peculiarities of phase transformations in the material during firing with a maximum temperature of 1100 °C when
microtalcum was introduced into the initial mixture with the formation of pericloze, ockermanite and merwinite as a factor in the structure

and properties of cement clinker were noted.

Keywords: ECO-CEMENT,RAW MATERIAL MIXTURE, MICROTALC, FIRING, PHASE COMPOSITION, PROPERTIES.

1. Introduction

The production of the most common mineral binder, Portland
cement, is characterized by significant energy costs by high-
temperature firing (1400-1500 °C) of clinker as well as by its
grinding with additives to a highly dispersed state [1-3]. At the
same time, the physical and chemical transformations of rock-
forming minerals into carbonate components, which make up the
majority (75-80 wt. %) of the composition of the raw material
mixtures, cause significant emissions of CO, into the atmosphere
[4].

It is noted that cement clinker kilns account for about 5% of
total CO, emissions into the atmosphere. The problem lies in
cement’s chemistry, which is a sort of double-whammy of CO,
production. To turn Portland cement’s key ingredient, calcium
carbonate—found in limestone or chalk—into a finished product
called alite, the minerals must be broken down in kilns heated to
more than 1400 °C. The heating process uses tremendous amounts
of energy, which is typically generated using gas or coal, the most
carbon-intensive fossil fuel. Then, the ensuing chemical process
releases a second wallop of CO, as a byproduct of turning calcium
carbonate into calcium oxide. In total, producing 1 ton of cement
releases 770 kilograms of CO, into the atmosphere.

When solving the specified problems of resource conservation
and environmental safety of cement production, considerable
attention is given to the Eco-cement technology using raw material
mixtures with a lower content of carbonate components [5-8] and
the use of industrial waste [9,10].

The production of white Eco-cement is complicated by special
requirements regarding the chemical composition of raw materials
with the minimization of the content of colored oxides [11-13]. The
solution of this scientific and technical problem requires the
development of new compositions of raw material mixtures, the
analysis of the features of phase formation and the properties of
white hydraulic mineral binder under the conditions of low-
temperature firing, which became the goal of the presented work.

Table 1: Chemical composition of raw materials

2. Results and discussion

The selection of research objects in this work was carried out in
accordance with the main goal — to obtain a white mineral binding
material during low-temperature firing with a decrease in the
content of the carbonate component in the initial mixture. In
accordance with the above, raw materials must have:

- increased reactivity, ensuring the intensification of
physical and chemical reactions in the silicate system during firing
with a decrease in the maximum temperature;

- minimum content of color oxides to increase the degree
of whiteness of the final product.

Materials of natural and industrial origin were used for the
production of the raw material mixture:

- chalk of the Zdolbuniv deposit of the Rivne region;

- aluminum hydroxide — a product of processing bauxite
into alumina;

- pyloguartz - a product of enrichment and fractionation of
quartz sand;

- microtalc — a product of enrichment and fractionation of
talc powder.

According to the chemical composition, among the studied raw
materials, the sample of Zdolbuniv chalk is characterized by a high
content of CaO, the sample of aluminum hydroxide - the largest
amount of aluminum oxide, the sample of pyloquartz - the largest
amount of silica, the sample of microtalc - a high content of
magnesium oxide with a quantitative ratio of SiO,:CaO:MgO =
11:1: 5 (Table 1).

The raw mixtures have been prepared by dispensing the
components by mass, mixing and homogenizing in a ball mill, firing
and milling of the final product in accordance with the modern dry
technology of cement production.

Content of oxides, wt. %
Samples _ _
SiO, Al,O4 Fe,0s TiO, CaO MgO SO, Na,O K,0 LOI
chalk 0,77 0,25 0,13 - 55,0 0,25 0,08 - - 43,49
hydrate of _ 65,0 - - - - - - - 35,0
aluminium oxide
oyloquartz 99,16 0,16 0,06 _ - - _ _ _ 012
microtalc 61,32 0,26 0,10 - 5,39 27,40 - - - 5,53

The samples were fired for 15 hours at a maximum
temperature of 1100 °C with a holding time of 1.5 hours. All
samples of the mixtures compared were fired simultaneously and
together to exclude differences in the degree of heat treatment.

The properties of the binding material were determined
according to standardized methods.

Methods of physical - chemical analysis of silicate raw
materials and testing of properties of astringent substances which
were used in this work included:

- chemical composition analysis using standardized procedures;

- X-ray diffraction analysis (powder - like preparations) using a
diffractometer DRON-3M (radiation CuKo 1-2, voltage 40 kV,
current 20 mA, speed 2 degrees/min);
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- determination of the whiteness of materials using a
leukometer Carl Zeiss JENA.

The analysis of mineralogical composition of raw material
showed:
the basic rock-forming mineral of chalk is calcite
(97,6 mass.%) with the admixtures of dolomite, quartz and
kaolinite;

- hydrate of aluminium oxide is characterized by the presence of
hydrargillite (gibbsite), diaspore, boehmite with the insignificant
admixture of ilmenite;

- the main rock-forming mineral of pyloquartz is p-quartz;

- the main rock-forming mineral of microtalc is talc with
quartz impurities.

It is obvious that by the calcination of the specified raw
materials during the destruction of lattices of the main rock-forming
minerals, chalk and aluminum hydroxide will become a source of
CaO and Al,O3 oxides, pyloquartz - a source of SiO,, and microtalc
- SiO, and MgO oxides in the process of phase formation of cement
clinker [14-16].

Results and Discussion

1,8
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The composition of the initial 3-component raw material
mixtures basedon the chalk-aluminum hydroxide- pyloquartz and
chalk-aluminum hydroxide-microtalc systems was determined
according to known recommendations regarding low-temperature
firing cement technology in the range of values of the hydraulic
modulus HM=1.1-1.7 using a specially created program for
computer calculations [17].

It was established that in the specified HM interval, the
quantitative ratio of the system components changes significantly,
while along with the dependence of the concentration of the
components on the hydraulic modulus, a significant change in the
values of the silica modulus is observed.

It was determined that at the minimum aluminum hydroxide

concentration for the studied systems of 10 wt. % in the range of
values of HM=1.1-1.7, the possible content of the carbonate
component is 68.3-73.5 wt. % when using pyloquartz and 54.5-62.8
wt. % when using a microtad (Fig. 1). At the same time, there is a
directly proportional relationship between the concentration of the
carbonate component and the values of the hydraulic modulus of the
binder.
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Fig. 1 Dependence of the hydraulic (1) and silica (2) moduli on the concentration of the carbonate component when using pylogquartz (a) and

microtalc (b)

As for the cement modulus n of the binder, there is an inversely
proportional dependence of its values on the concentration of the
carbonate component: in the ranges of 2.5-3.8 for systems with
pyloquartz and 2.2-3.2 for systems with microtalc.

The raw material mixtures chosen for the production of mineral
binding material with the same amount of aluminum hydroxide
differ significantly in the content of the carbonate component -
chalk (Table 2).

Table 2: Composition of raw mixtures

Code of Quantity of components, mass %
mixture | chalk | hydrate of | pyloquartz microtalc
aluminium
oxide
K9 73,5 10,0 16,5 -
K12 54,5 10,0 - 35,5

According to the chemical composition, the investigated raw
material mixtures are characterized by the same amount of
aluminum and iron oxides, but they differ significantly in the
content and quantitative ratios of other oxides, which determine a
potential for phase formation during firing (Table 3).
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Table 3: Chemical composition of raw mixtures

Sample Content of oxides, wt. %

code | sjo, | Al,0; |Fe,05| CaO | MgO |SO; |LOL.
K9 16,99 | 6,71 0,11 | 40,45 | 0,18 |0,06 |35,50
K12 |22,18| 6,73 0,11 | 31,91 | 9,86 |0,0429,17

Thus sample K12 differs from K9 by:

+ a smaller amount of calcium oxides, a much higher
content of magnesium oxide with a quantitative ratio of CaO : MgO
=3.2;

* quantitative ratios of CaO : SiO, = 1.4 versus 2.4 and
CaO : A,0O5 = 4.7 versus 6.0.

The analysis of the chemical composition of cement clinker
from experimental mixtures (Table 4) indicates that at low values of
the saturation coefficient SF= 0.35-0.64, the formation of crystalline
phases C,S and Cs;A is most likely when the amount of iron-
containing compounds is minimized.
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Table 4: Chemical composition of clinker

Content of oxides, wt. %
Sample
code SiO, |AlLO;| Fe,04 CaOo MgO SO;
K9 26,34 |10,40| 0,17 62,72 0,28 0,09
K12 | 31,31 | 951 | 0,15 45,03 13,92 0,06

The results of the X-ray phase analysis obtained in this work
indicate on certain peculiarities in the physical and chemical
transformations during firing of the studied mixtures with a
maximum temperature of 1100 °C (Fig. 2, 3).

Thus, after firing to the maximum temperature of 1100 °C with
approximately the same development of the C,S and CA crystalline
phases, sample K12 differs from sample K9 by:

a significantly smaller amount of free CaO (1.69; 2.38
A) and quartz (3.835; 4.25 A);

formation of periclase (2.10; 1.48 A), ockermanite
2Ca0+Mg0+2Si0, (2.87 A) and merwinite
3Ca0+Mg0+2Si0, (2.66 A);

greater development of C,AS hellenite (2.86 A);

a smaller groove of the crystalline phases of
wollastonite CS (2.97; 3.48 A) and mayenite Cy,A;

S o - > 900
< 3 n
K9 - 1100Q 2 b N -
- @Al | s
< o 800
O
b %
wv) o ~
5 NI
e > » 700
] N 0
\nl ]
<
o
7]
3 600
) s
I §
v) s N S
. o)
7 SRR | ] t 500
3 g S
y 0|
b 853 |I2
< © (oo ~
T T e 2 I 1 100
%) o~ v
2 2| |8 3% 3
[} S ~ [-XUXS) <
v H o v 0 b
<< o ~ < T d
] IN 3 " - afo . 300
5 N ER R B =4 st S 3
H o .80 H < H o0 <t
- = T o IR h o™ < 5
A J ] on
S5 |f 4 200
< N V
- o
A \
‘ A N u 100
o

f T
70 68 66 64 62 60

T T T T T T
58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20

Fig. 2 X-ray diffraction of sample K9 (1100 °C).
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Fig. 3 X-ray diffraction of sample K12 (1100 °C).

The results of the testing of the studied samples of the binder Table 5: Properties of mineral astringent material
indicate differences in the influence of the composition on the Characteristics Sample code
property indicators (Table 5). Thus, according to the classification K9 K12
of DSTU B V.27-91-99 [18], when fired at a maximum temperature Finess of grinding, sieve residue 7 7
of 1100 °C, the binder from the K9 mixture belongs to the group of no. 008, mass. %
ultra-fast hardeners (starting time no later than 15 min.), which is Initial setting time, min 10 30
considered typical for expanding and tensioning cement. The Final setting time, min 25 60
sample K12 belongs to a fast-hardening one (time of onset from 15 Compressive strength, MPa 32 345
to 45 min.), which is considered typical for anhydrite and alumina Whiteness. % 38 90

cement. At the same time, the sample K12 differs from K9 in the
general slowing down of the hardening process.
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According to the specified standard, the samples of the binder
produced belong to the group of medium strength (from 30 to 50
MPa per compression). From the point of view of the purpose of
this work, it is important to achieve high whiteness indicators in
accordance with the requirements of the standard for white Portland
cement [19,20].

Conclusions

1. The development and practical use of mineral binders
of the Eco-cement type with a reduction in the content of the
carbonate component of the raw material mixture contributes to the
comprehensive solution of the issues of ecology, resource
conservation and chemical technology for the production of silicate
materials.

2. The possibility of producing white Eco-cement by a dry
method at a maximum firing temperature of 1100 °C based on the
chalk-aluminum hydroxide-microtalc system with a decrease in the
content of the carbonate component and, accordingly, CO,
emissions into the atmosphere by 19-20% compared to known
compositions, was determined:

3. The peculiarities of phase formation during low-
temperature firing of white Eco-cement clinker, manifested in the
formation of crystalline phases of periclase and calcium-magnesium
silicates - ockermanite 2CaO+MgO+2SiO, and mervinite
3Ca0-Mg0-2Si0,, were established.
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Microhardness dependence of Ti-Zr alloys on time and temperature of sintering
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Abstract: Commonly used metallic biomaterials are titanium and its alloys, cobalt-based alloys and 316L stainless steel. Titanium alloys are
reference materials in biomedical applications due to their desirable properties such as excellent mechanical properties and good
biocompatibility. Since presence of different metals can significantly alter the properties of titanium it is usually alloyed with other metals,
including the zirconium. In this work Ti-20Zr was prepared by powder metallurgy by mixing the powders in a ball mill and sintering in a
tube furnace under argon atmosphere. Microscopic analysis with the light microscope showed that the porosity decreased with increasing
temperature and sintering time. Scanning electron microanalysis with energy-dispersive spectrometry showed the two-phase microstructure
of the sintered alloy. Microhardness was determined by Vickers method. A longer sintering time and a higher sintering temperature resulted
in higher microhardness values.

Keywords: TITANIUM-ZIRCONIUM ALLOY, POWDER METALURGY, MICROHARDNESS, BIOMEDICAL MATERIALS

1. Introduction

As th d for bi ials i h hei Table 1: Characteristics of starting powders.
s the need for biomaterials increases over the years, their Materials Purity (%) Particle size (um) Density (glem’)

development also increases and becomes an increasingly important Ti powder %938 125-250 251
area from a research perspective. Titanium has been used as a Zr powder 998 150 6.49
construction material in the military, aerospace and aviation
industries since the 1940s, and today it is used as an implant
material in biomedicine[1,2]. Due to the harmful effects of some
elements such as nickel and cobalt in its chemical composition,
more and more commercial pure titanium (CP Ti) is being used for
biomedical applications. However, since CP Ti did not have
satisfactory mechanical and tribological properties, certain alloying
elements were added to improve its properties. In this way, the alloy
Ti-6Al-4V was created. Later scientific research showed that

After weighing the titanium and zirconium powders, they were
mixed. The aim of mixing is to obtain a homogeneous powder
mixture. Mixing of the titanium and zirconium powders was done in
a ball mill for 30 minutes at room temperature. From the mixture
obtained, 4 samples were taken with a mass of about 2.5 grammes
each. The powders were compacted by uniaxial pressing in a
hydraulic press. A pressure of 160 MPa was applied to all 4 samples
Al - ! and the samples obtained were in the shape of a disc. Sintering of
aluminium and vanadium have a toxic effect on the human body, the Ti-20Zr alloy samples was carried out after compaction in a

and so research began into titanium alloys with new chemical e fyrnace in an argon atmosphere with the parameters listed in
compositions without toxic elements[3,4]. In biomedicine, alloys Table 2.

are sought that have excellent biocompatibility, wear resistance and )
corrosion resistance, and these alloys demonstrate this[5,6]. The _Table 2: Processing parameters.

reason why titanium alloys are not widely used is because of the | Sample No. | Temperature of sintering (°C) | Time of sintering (h)
difficulty in casting the parts and the high price of the end products. 1 1100 2
Indeed, titanium as a starting material is very expensive due to the 2 1350 2
complex and expensive manufacturing process. In this sense, the 3 1100 4
production of titanium alloys and end products using powder 4 1350 4

metallurgy has proven to be a successful alternative[7,8,9].

The sintering process consisted of three phases. In the first
phase, the samples were heated to the sintering temperature at a rate
of 10 °C/min. In the second phase, the samples were kept at a
constant temperature for 1 hour. In the third phase, the samples
were cooled to room temperature in the furnace.

An important step in the powder metallurgy process is sintering.
Sintering affects the final density of the sintered material, achieving
densities between 25% and 85% of the reference material. The most
important parameters of the sintering cycle are temperature and
time[10,11,12]. The level of porosity and the distribution of pore
sizes, which affect the final density, can be controlled by After metallographic preparation, which consisted of grinding
manipulating these parameters in order to obtain powders of  and polishing, the specimens were observed with a light microscope
satisfactory shape, sizes particles and good surface texture. By  for porosity analysis. Light micrographs were taken with the digital
increasing the sintering temperature, a decrease in porosity is camera that came with the microscope. A scanning electron
achieved, which results in an increase in diffusion due to an microscope (SEM) and energy dispersive spectrometry (EDS) were
increase in temperature[13]. used to examine the surface of the sintered Ti-20Zr alloy samples

after etching in Kroll's reagent at room temperature. Using a EDS

The aim of the research in this work is to produce a titanium  detector, the chemical composition was determined at 5 positions
alloy with the addition of 20 at% zirconium using the powder  and then the mean value was calculated. A line analysis was
metallurgy process and to analyze the influence of the process  performed to gain insight into the concentration profile of the
parameters on the microstructural characteristics of the sintered elements present and the distribution of the elements over a given
alloy using appropriate methods. area was also analysed. The microhardness of the sintered samples

was determined using the Vickers method. The indentation force
was 19.60 N (HV2) and the indentation time was 10 seconds. The

2. Materials and methods diagonals of the impressions obtained were measured at a
microscope magnification of 500 x. The microhardness was
determined at 5 points on each sample and the mean value was

In this work, titanium and zirconium powders with the
calculated.

properties listed in Table 1 were used as starting material. Four
samples with the chemical composition Ti-20Zr (at.%) were
prepared.
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3. Results and discussion

The starting powders of the investigated titanium-zirconium
alloy Ti-20Zr were characterised with a scanning electron
microscope. Fig. 1 shows that the titanium powder particles are
spherical, while the zirconium powder particles are angular and
irregularly shaped.

SEM MAG: 200 %
Vac: Hivac
SMRESOLUTION

SEMHV: 20.00 KV, SEM HV: 20,00 KV
Det:SE

View feld: 1,08 mm

SEMMAG: 200 X
500 um VEGAN TESCAN Vec: HVe

Performance i nancspace

500 m

VEGAW TESCAN n‘

o o108
Fig

The porosity of the sintered samples after embedding in the
carbon mass by hot pressing and after grinding and polishing was
observed using a light microscope at 100 x magnification and
recorded with a digital camera. The micrographs are shown in Fig.

. 1 SEM images of titanium and zirconium starting powders.

¥ L
a) Sample I, sintered at 1100°C for 2h

c) Sample 3, sintered at 1100°C for 4h

110

PN

d) Sample 4, sintered at 1350°C for 4h

Fig. 2 Light micrographs of sintered samples.

As can be seen in Fig. 2, the pores have an irregular shape. In
samples 1 and 3, which were sintered at a temperature lower than
1100 °C, the pores are interconnected, which can lead to weak
densification. As a result, the boundaries between the particles are
still clearly visible. This means that most of the thermodynamic
energy of the system was spent on diffusion and homogenisation of
the chemical composition instead of compaction. Spherical pores
are present in samples 2 and 4, which were sintered at a higher
temperature than 1350 °C, showing that a higher sintering
temperature is favourable for achieving minimum porosity. To
achieve the highest porosity density, i.e. the lowest degree of
porosity, the pressure during compaction could be slightly higher.

The microstructure of all samples was examined after etching
with a scanning electron microscope (SEM) at 500 x and 2000 x
magnifications, as shown in Fig. 3-6.
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Fig. 3 Microstructure of sintered sample No. 1.
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Fig. 4 Microstructure of sintered sample No. 2.
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Fig. 5 Microstructure of sintered sample No. 3.
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Fig. 7 EDS spectrum, line analysis and distribution of titanium and
a) 500x b)2000x zirconium in sintered sample No. 3
Fig. 6 Microstructure of sintered sample No. 4. The spectrum from EDS shows only peaks for titanium and
zirconium, indicating that the preparation process, including

. sintering, was successful in terms of contamination.
It can be clearly seen that the microstructure of all observed g

samples after sintering is two-phase and consists of a and B-phases.
This type of lamellar o +  microstructure occurs in titanium alloys
where nucleation and growth of the a-phase lamellae occur at
temperatures lower than the temperature of a<>f transformation.

It can also be seen that the lamellae are oriented differently, i.e.
intertwined, which is characteristic of the so-called Widmanstitten
structure. It can also be seen that the lamellae have different
thicknesses. The reason for this could be insufficient diffusion of
titanium and zirconium in the powder mixture, which could indicate
that the mixing time of the starting powders was not long enough.

el R

N

Energy dispersive spectrometry (EDS) was used to determine
the chemical composition of the a- and B-phases in the samples
after sintering. The analysis was carried out using the point analysis
method, where the electron beam was focused on 5 different places
in the a- and B-phase and the mean value was calculated.

The results of the averages show that the chemical compositions
of all samples are very similar and that the chemical compositions
of the a- and B-phases are almost identical. These phases are
therefore solid solutions of zirconium in titanium whose chemical
compositions are the same as the chemical composition of the alloy.
Figs. 7 and 8 show the graphical result of the EDS analysis for
samples no. 3 and 4, at one point the line analysis and the so-called
"mapping" analysis, which shows the distribution of titanium and
zirconium in a certain area.
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Fig. 8 EDS spectrum, line analysis and distribution of titanium and
zirconium in sample 4
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The line analysis shows the uniform concentrations of titanium
and zirconium in the line EDS. The mapping analysis shows that the
concentration of zirconium is increased in certain areas of the
lamellae.

The same situation arises for sample 4 as far as the EDS
spectrum and line analysis are concerned. Indeed, in addition to the
increased concentration of zirconium on individual lamellae, the
mapping analysis also shows particles of zirconium powder, which
indicates that due to unsuitable process parameters, especially
mixing, homogenisation of the chemical composition, did not take
place and the diffusion process is not complete, even though this
sample was sintered at a higher temperature. A similar result was
obtained in the work of R. Karra et al[14]. This type of incomplete
dissolution may be related to the fragility of zirconium particles
compared to titanium particles, as the surface of the more ductile
particles is usually covered with brittle particles. In view of the
results of the qualitative EDS analysis, in which only titanium and
zirconium were detected, contamination of the powder mixture,
which could be the cause of incomplete diffusion, can be ruled out.

The microhardness of the samples after sintering was
determined on polished samples using the Vickers method (HV2).
The measurements were performed on each sample at 5 different
points and then the mean value was calculated. The obtained data of
the mean values show that the microhardness is between 379 and
462 HV2. It can also be clearly seen that the HV2 values are lower
for the samples that were sintered at a lower temperature, as shown
in Fig. 9. This is consistent with the fact that as the sintering
temperature increases and the density or densification increases, the
hardness also increases. Indeed, sintering at higher temperatures
promotes additional bonding of particles and a more complete alloy
due to higher diffusion and mass transfer rates.
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Fig. 9 Dependence of microhardness on sintering temperature.

The dependence of microhardness on sintering time is shown
graphically in Fig. 10.
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Fig. 10 Dependence of microhardness on sintering time.
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The HV2 values of samples 1 and 3 and samples 2 and 4 were
compared to evaluate the influence of sintering time on
microhardness. It can be seen that samples 3 and 4, which were
sintered longer than samples 1 and 2, have a higher value of
microhardness. This behaviour may be related to the fact that a
longer sintering time ensures a more complete bond between the
particles, i.e. an alloy, which emphasises the influence of the
alloying element zirconium on the base element titanium. This
increase in microhardness can be explained by the formation of a
solid B (Ti,Zr) solution. It is evident from the results that
temperature is the dominant factor in microhardness, rather than
sintering time.

4. Conclusion

From the analysis of the Ti-20Zr alloy produced by powder
metallurgy, the following conclusions can be drawn:
the porosity is lower in the samples pressed at higher
pressure; it can be reduced by sintering at higher
temperature for a longer time,
the microstructure of all samples after sintering is
two-phase and consists of intertwined lamellae of a-
and B-phases, which are solid solutions of zirconium
in titanium with a chemical composition
corresponding to the chemical composition of the
alloy,
as the sintering temperature increases, so does the
microhardness,
a longer sintering time is more favourable for
achieving higher microhardness values.

Finally, the powder metallurgy processing parameters applied in
this work can lead to a potentially biomedical titanium-zirconium
alloy.
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Analysis of the densification of a biomedical titanium alloy produced by powder metallurgy
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Abstract: Titanium as a raw material for production is very expensive due to its high price and the complex production process. One of the
successful alternatives for the production of titanium alloys and final products is powder metallurgy technology. In this work, a Ti-20Zr alloy
for biomedical applications was produced using the powder metallurgy process. The density values determined for the compacts depend on
the compression pressure. Namely, the compressibility of the powder mixture increases with increasing compaction pressure. A higher
sintering temperature as well as a longer sintering time are more favourable to obtain higher values for the sintered density. Similarly, the
compression coefficient is lower for samples compacted at higher pressure, while its value increases with increasing sintering temperature.
The volume change in the volume of the sample is more pronounced after sintering at higher temperature and shorter time.

Keywords: TITANIUM-ZIRCONIUM ALLOY, POWDER METALURGY, MICROHARDNESS, BIOMEDICAL MATERIALS

1. Introduction

Biomedical materials are usually used to replace lost or diseased
biological structures in the human body and improve the quality of
life. For this reason, this type of materials has received more and
more attention in the last decades. The basic requirement that such
materials must meet is good biocompatibility. The most widely used
group of materials is metal biomaterials[1-6].

Titanium is the most important material for biomedicine thanks
to its excellent corrosion resistance both in air and in biological
fluids, as well as its good mechanical properties, including a good
strength-to-weight ratio, and its ease of processing. Similarly,
titanium favours osseointegration with the surrounding tissues,
which favours its use in orthopaedic and dental implants[7].
Titanium can be alloyed with other elements such as aluminium
(Al) and vanadium (V) to increase its strength. Approximately one
third of all hip and knee endoprostheses have been successfully
manufactured with the alloy Ti6AI4V[8]. In addition to the above
elements, alloys with zirconium (Zr), niobium (Nb), palladium (Pd)
and indium (In) are also being investigated for their good
mechanical properties. Both corrosion resistance and improved
biocompatibility compared to Ti-6AI-4V alloy[9]. Ti alloys
containing zirconium (Zr) show better tensile strength and fatigue
resistance compared to cpTi[10]. Zirconium-containing alloys have
high corrosion resistance in biological fluids in addition to
mechanical strength[11]. Ti-Zr alloys have better biocompatibility
compared to cpTi[12,13]. Because of these properties, titanium
alloys are widely used in dentistry and a number of new alloys with
non-toxic elements have been developed[14]. Since there are alloys
that have some disadvantages, this also applies to Ti-Zr alloys.
Since titanium and zirconium have the same crystal structure,
they're infinitely soluble in each other. Zirconium is a stabiliser of
the beta phase of titanium as a favourable phase in biomaterials,
leading to satisfactory properties[15-16].

Powder metallurgy is an extremely important branch of modern
industry and is developing rapidly and continuously. Powder
Metallurgy is used to produce a wide range of materials[18]. It
involves the production, processing and consolidation of fine metal
particles that can be used in engineering components. The main
feature of this technology is the reduction of costs and material,
while the mechanical properties play a subordinate role[19].

In this work, the densification of a biomedical titanium alloy
with 20 at% zirconium produced by powder metallurgy was
analysed.

2. Materials and methods

Titanium and zirconium powders were used as starting raw
materials. The purity of titanium and zirconium powder is 99.8 %.
The particle size of titanium powder is 125-250 um and of zirconia
150 pm. Eight samples with chemical composition Ti-20Zr (at.%)
were prepared. After weighing the titanium and zirconium powders,
they were mixed. In this research, titanium and zirconium powders
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were mixed in a ball mill for 30 minutes at room temperature. From
the mixture obtained, 8 samples were separated, each with a mass of
about 2.5 grammes. The powders were compacted by uniaxial
pressing in a hydraulic press. A pressure of 80 MPa was applied to
4 samples and a pressure of 160 MPa to the remaining 4 samples.
Disc-shaped specimens were produced. Sintering of the Ti-20Zr
alloy samples was carried out in a tube furnace under argon
atmosphere  with the parameters listed in Table 1.
The density of the samples was measured, a very important property
of sintered materials, which depends on the proportions of the
individual components.

Table 1: Mechanical properties of selected powder materials.

Sample C%Teggﬁlng Temperature of Time of
No. (MPa) sintering (° C) sintering (h)
1 80 1100 2
2 80 1350 2
3 80 1100 4
4 80 1350 4
5 160 1100 2
6 160 1350 2
7 160 1100 4
8 160 1350 4

3. Results and discussion

To calculate the green density, the green samples were weighed
after the compaction process, each of them having a mass of about
2.5 grammes. Their dimensions, diameter and height were
measured.

The densities of the green compacts were calculated and are
shown in Table 2. The calculated density values were compared
with the theoretical density of the Ti-20Zr alloy (4.83 g/cm®).

Table 2: Green density values.

Sample No. pg, glcm’ % of pt
1 3.96 81.99
2 3.90 80.75
3 4.04 83.64
4 4.07 84.26
5 411 85.09
6 4.26 88.20
7 4.23 87.58
8 421 87.16

The results listed in Table 2 show high density values of all
samples already after compaction. They are between 80.75 and
88.20% of the theoretical density. The density values are slightly
lower for samples 1 - 4, which were compacted at a lower pressure
(80 MPa), while the densities of samples 5 - 8, which were
compacted at a higher pressure (160 MPa), show higher values. The
dependence of the green density calculated from the dimensions of
the compacts on the compaction pressure applied is shown in Fig. 1.
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Fig. 1 Dependence of green density on applied pressing pressure.

From the graphical presentation it is clear that to achieve higher
density values it is more advantageous to apply a higher compaction
pressure. This is due to the fact that the compressibility of the
powder mixture increases with increasing compacting pressure,
which is to be expected with uniaxial compaction of the powder.

The sintered samples were first weighed to determine their mass
and then their dimensions (diameter and height) were measured.
The mass of the sintered samples was about 2.5 g. Based on the
results obtained, the density values of the sintered samples were

calculated. The values obtained are listed in Table 3.
Table 3: Density values of the sintered samples.
Sample No. ps, glcm’ % of pt

1 3.84 79.50
2 34.13 85.51
3 4.06 84.06
4 414 85.71
5 3.97 82.19
6 3.95 81.78
7 4.15 85.92
8 4.23 87.58

The density values obtained for the sintered samples range from
3.84 g/lcm® (sample no. 1) to 4.23 g/cm® (sample no. 8), which is
compared with the theoretical density value of 79.50 - 87.58 %.
Comparing these values with those of the samples before sintering,
it can be seen that not all samples show an increase in density. This
can best be seen in Fig. 2.

Fig. 2 clearly shows how the sintering process increased the
density of samples 2, 3, 4 and slightly that of sample 8. Samples 2,
3 and 4 have in common that they were pressed at the same, lower
pressure of 80 MPa. The density after sintering depends not only on
the compaction parameters, but also on the sintering parameters, as
shown in Figs. 3 and 4.
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Fig. 2 Comparison of density before and after sintering.
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Fig. 3 Dependence of sintered density on sintering temperature.
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Fig. 4 Dependence of sintered density on sintering time.

The figures show graphically that a higher sintering temperature
(1350 °C) is more favourable to achieve a higher sintering density.
However, this does not apply to samples 5 and 6, which already had
high density values before sintering. The achievement of higher
sinter density values is also favoured by a longer sintering time (4
h) during which compaction takes place.

The densification or shrinkage of the samples is a consequence
of sintering. However, during sintering there may be an increase in
the dimensions of the samples, indicating that an increase in
porosity rather than the desired increase in density has occurred.
Figs. 5 and 6 clearly show the dimensional changes that have
occurred as a result of sintering.
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Fig. 5 Change in the diameter of the samples due to sintering.
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Fig. 6 Change in the height of the samples due to sintering.

Namely, these graphical representations show clear changes in
the dimensions of all samples caused by sintering. Dimensional
changes or quantification of the effect of sintering on the geometry
of the samples is best expressed by the densification coefficient ¢
calculated for each sample using the formula:

®=""Fa. 1009, )
Pr—Pg

The volume change that occurred during
calculated according to the following formula:

sintering was

AV Ah 24r
[ —

vV Rh T, 2
The calculated results are shown in Table 4.

Table 4: Compaction coefficient, changes in volume and mass of the
sintered samples.

Sample No. D AV/V, % Am, %
1 -13.79 151 -1.21
2 24.73 -6.75 -1.05
3 2.53 -0.58 -0.10
4 9.21 -0.94 0.43
5 -19.44 3.31 -0.14
6 -54.39 7.37 0.12
7 -13.33 2.32 0.09
8 3.22 -5.65 0.50

These results show a wide range of compaction coefficient
values between -54.39 and 24.73. Negative values of the
compaction coefficient indicate expansion, positive values indicate
porosity[20]. The dependence of the compaction coefficient on the
pressing pressure is shown in Fig. 7.
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Fig. 7 Dependence of the densification coefficient on the pressing pressure.

From this graphical representation it can be seen that the
coefficient of compaction is lower for samples that are compacted
with higher pressure. This dependence was also found in the work
of M. Laska at al.[20].

The dependence of the compaction coefficient on the sintering
temperature is shown in Fig. 8. It is obvious that the values of the
compaction coefficient increase with an increase of the sintering
temperature. This means that densification becomes more
pronounced at higher temperatures, indicating that diffusion of the
alloying element (zirconium) is complete. An exception is sample 6,
which had the highest density before sintering and whose porosity
increased due to the sintering process, i.e. most of the
thermodynamic energy of the system was spent on diffusion and

homogenisation of the chemical composition instead of
densification of the compact.
30
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Fig. 8 Dependence of the densification coefficient on the sintering
temperature.

From the graphical representation in Fig. 9 it can be seen that
the volume change after sintering is more pronounced at higher
temperature.

10
8

6

0 === 1100°C

P —8—1350°C

volume change, %

land2 2and3 4and 5 6and7

sample number

Fig. 9 Dependence of volume change on sintering temperature.

Looking at the dependence of the volume change on the
sintering time (Fig. 10), it can be seen that the volume changes are
more pronounced with shorter times.



Innovations 2023

volume change, %

10

2h
4h

land3 2and 4 S5and7

sample number

6and 8

Fig. 10 Dependence of volume change on sintering time.

4. Conclusion

In this work, eight samples of a titanium-zirconium alloy with
chemical composition Ti-20Zr were prepared by powder metallurgy

technology. The

results were determined and analysed using

appropriate characterisation methods, from which it can be concluded

that:

the value of the density depends on the pressure at which they
were compressed; the value is lower when the pressure is
lower and higher when the pressure is higher,

the compressibility of the powder mixture increases with
increasing compaction pressure,

after sintering, the density values are lower than before
sintering,

to achieve higher sintered density values, a higher sintering
temperature and a longer sintering time are more
advantageous,

the compaction coefficient is lower for samples compacted at
higher pressure, and its value increases with increasing
sintering temperature,

the volume change is more pronounced after sintering at
higher temperature, but also at shorter time.

Finally, from the results of the densification analysis of the titanium
alloy with zirconium addition, it can be concluded that with the
adjustment of the process parameters, it is possible to produce an
experimental alloy that has the potential for application in biomedicine.
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Abstract: The technology for increasing the productivity of the sintering powders of tin-phosphorous bronze grade BrSn10Ph1 process is
described. The data on technological factors influencing the implementation of the sintering process, the equipment used, product quality

control and the resulting products are given.
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1. Introduction/Beeoenue
One of the widely used materials for the manufacture of porous
filtering powder products (PPIFN) are air-sprayed powders of tin-
phosphor bronze grade BrSn10Phl: the technology for their
manufacture is well mastered, molding is carried out without
pressure, the sintering atmosphere can be dissociated ammonia,
endogas, vacuum, argon [1-4]. The basis of the technological
process is the sintering of freely poured powder into a mold. It’s
well known that sintering is one of the main processes in powder
metallurgy, after which a powder body molded with or without
application of pressure acquires the required physical and
mechanical properties. The operation is carried out in vacuum,
bell-type, shaft, pusher, conveyor and other furnaces under proven
conditions (as a rule, the process duration is 60 minutes, the
sintering temperature is 770 — 890 °C (it’s selected depending on
the fractional composition of the powder used, since the sintering
tin-phosphorus powder grade BrO10F1 depends on the particle
size) [5, 6]. batches of filter products in the form of plates or rolled
long pipes with a sealed seam (for example, used for pneumatic
transport of cement or filtration of liquids, respectively), it’s
advisable to use conveyor ovens, however, the traditional holding
time in the heating zone of 60 minutes limits productivity: for a
seven-hour work shift, the blanks output will be no more than eight
products.

The purpose of this work is to increase the productivity of the
process of sintering powders of tin-phosphor bronze.

2. Experimental results and discussion

As a starting materials for the manufacture of porous filtering
powder products, we used powders of tin-phosphor bronze grade
BrO10F1  of  various  fractional composition  from
(minus 100 + 40) um to (minus 1000 + 630) um. The powder was
obtained on the developed small-sized installation for spraying the
metal melt with a gas stream [7, 8].

Sintering of porous was carried out on a Formet (technology by
Scame forni industriall) (Russia).

The shear strength was carried out on a universal testing
machine «Tinius Olsen H150K-U» (England). The measurement
error was 1%.

The surface morphology and fracture of the PPIFN were
studied using a Mira scanning electron microscope (“Tescan”,
Czech Republic).

It’s known [9] that the physical and mechanical properties of
PPIFN are determined by the contact size of the necks between the
powder particles, which are formed due to the occurrence of
diffusion processes as a result of heating. In turn, under certain
conditions, the rate of formation of contact necks can be increased
by increasing the sintering temperature.

In this work, the increase in productivity was achieved due to a
significant increase in the sintering temperature, which, like the
speed of the conveyor belt, was selected experimentally: the
criterion was the presence of shrinkage (at least 8%), sufficient
shear strength (at least 40 MPa), the absence of cracks on the
porous plates surface and the presence of good contact necks
(approximately 0.3 particle diameters).

As a result of experimental studies on the development of
technology for obtaining bronze porous blanks for the manufacture
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of PPIFN, the following recommendations were developed.
Traditional sintering conditions can serve as guidelines for setting
test temperatures during process development. Before the release of
each new batch of products, as well as when changing equipment,
it’s necessary to sinter a test work piece, simulating the established
production process using ballast equipment located on the belt
before and after the equipment with powder for sintering the work
piece. In this case, the main attention should be paid to the
appointment of the speed of the conveyor belt and the sintering
temperatures in the furnace zones, which depend on the size of the
powder particles, the number and length of the heating zones, the
dimensions of the work piece and equipment. At the same time, it
should be taken into account that with insufficient length of the
cooling zone, non-optimal speed of movement of the refrigerant in
the refrigerator and when using tooling of a relatively large
thickness (10 mm or more), the speed of the belt and, accordingly,
the productivity of the obtaining blanks process can be limited by
the time required to cool the tooling with a sintered sheet to
satisfactory temperatures (about 60 — 90 °C: at lower temperatures
it’s difficult to apply a non-stick layer on the working side of the
tooling, higher temperatures are unacceptable in order to avoid
accidents in case of careless handling of the tool; the non-stick layer
is applied using an aqueous suspension based on kiln clay on a hot
tool immediately after removing the work piece when leaving the
furnace to prevent adhesion of the powder to the tooling material
during sintering). In addition, when using equipment of increased
thickness, the specific load on the conveyor belt increases. The
quality of sintering is determined using the methods described
above, however, primary quality control for strength can be carried
out immediately after the work piece has cooled down by technical
personnel: the surface of the work piece, which is on weight, apply
light blows with a metal object - the sound should be sonorous,
metallic. Care must be taken when handling the sintered billet as it
has sharp edges.

As a rule, the tooling used is stainless steel sheets 6-8 mm thick
(greater thickness is possible, but, as described above, a longer
cooling period in the refrigerator is required and, accordingly, belt
speed and productivity are reduced). If necessary, and for research
purposes, tooling made of carbon steel with preheating and applying
a protective layer, as well as tooling made of corrosion-resistant
steel 2 mm thick, was also used. In all cases, positive results were
achieved: the resulting blanks had an equal (within tolerance)
thickness and a good presentation, but the following should be
noted. After sintering, the tooling undergoes thermal deformation
and deviates from its original flat shape. In this regard, thin-sheet
tooling is disposable: after use, it’s advisable to foresee its use as a
structural material.

The accumulated experience in the manufacture of PPIFN made
it possible to establish that the developed technology allows the
manufacture of two-layer materials in one sintering, despite the
significant difference in the fractional compositions of the base
material and the finely dispersed layer, provided that the latter is
thin (Fig. 1); crack formation didn’t occur in this case [10].
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f 2mm !
Fig. 1 The structure of a two-layer PPIFN.

When using equipment in the form of flat sheets, bevels up to
15 mm in size are observed along the edges of the work pieces,
which are removed during refinement using guillotine shears. The
advantage of the developed technology is its non-waste, since the
resulting waste is processed at the adjacent production into the
feedstock.

As noted above, in specific production conditions,
technological development is necessary, aimed at determining the
modes of implementation of the sintering process. As an example,
we note that when sintering sheet blanks 380x600x3.5 mm on a
conveyor furnace model Formet using sheet equipment with a
thickness of 6 mm, the productivity in the steady state sintering was
4 blanks per hour. The temperature in the heating zone with its
maximum value, depending on the fraction of the powder, was in
the range from 820 to 900 °C (traditional values are in the range
from 790 to 860 °C).

Figures 2 — 5 show examples of products made from blanks
sintered according to the described technology [10].

Fig. 2 Pneumobunker for backfilling sand mixture.

Fig. 3 Large-sized elements for air purification (extreme PPIF are shown
assembled with an outer coarse filtering layer made of needle-punched

polypropylene fiber material).

Fig. 4 Porous elements for creating a fluidized bed.
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6)
Fig. 5 Porous plates for mounting systems for pneumatic transport
of bulk materials (cement, paint, etc.) (a) and tubular filter elements
for water pre-treatment (b).
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3. Conclusions

The technology for increasing the productivity of the sintering
powders of tin-phosphorus bronze of the BrO10F1 grade in the
manufacture of thin-sheet blanks process is described, in which the
increase in productivity was achieved by experimental selection of
a significantly increased sintering temperature and the speed of the
conveyor belt. The criteria for determining the quality of work
piece sintering are given, including for a preliminary assessment of
strength immediately after removing the work piece from the
tooling. The data on the technological factors influencing the
implementation of the sintering process and the equipment used are
given. Examples of introduced products made from blanks sintered
according to the developed technology are presented.
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