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YBaxxaeMu KOJICTH,

B cnucanuero ca myOGauKyBaHM M3CIIEIBaHUSA HA JOKJIA/M, BKIIOYEHU B IporpaMara Ha
exerogaure J[Hn Ha Oespaspymmtenuus koHtpon (NDT Days), kakro m Ha myOJimKanuw,
U3BBH MPEICTABEHUTE HA TO3HU Hay4yeH (GopyM.

B kondepenmmsra NDT Days 2023 Gsixa peructpupanu npucbetBeHo 105 ydacTHHKA
ot bearapus u uyx6una. bsxa npencrasenn Hag 40 gokiIana U npe3eHTauud U 23 MOCTEPHU
noknana. CerpTeTBalIM CHOUTHS MO Bpeme Ha mposiBata Osixa XXXVIII mexmyHaponHa
koH(pepenuus ,,Jlebekrockomus“ 2023, kpbria maca ,,PazBurue Ha cTaHIapTHU3AMMATA TIO
Oe3pazpymmTeneH KoHTpon™, 3aceqanue Ha Cxemuus komutet kbM CLII mo KBP, 3acenanue
Ha YC na HHT/I/1, Jlen Ha nedeKTOCKOMUCTA M TEMATHYHH CEKITMOHHU JIOKJIA]TH.

ITo Bpeme Ha OtkpuBane Ha ,,Jluu Ha BK* 2023 npuBercTBUE HampaBHUxa AUPEKTOPBT

Ha UMEX — BAH — nipod. E. Manoax u nupektopsT Ha HCTHTYTa 110 OTOpaHa — MOJIK. JIOIL.
ntH bopucnas I'eHOB, chIl0 Taka 0sXxa MpeiCTaBeHU MPUBETCTBUSA Ha U3I. 1upektop Ha AEL]
»Ko3nonyii“ u Ha A ,,bCA*.
B xondepenuusara 0sxa mpeacTaBeHH Pe3yiTaTH IO ABa ToJeMu MHQPACTPYKTYpHH MPOEKTa
B bwarapus: LlenTsp 3a komnerenTHOCT (MIRACLe) ¢ Bogema opranuzamnust MHCTUTYT 10
Mexanuka — BAH u Llentsp 3a BbpxoBu noctrmxenus no napopmaruka u UKT ¢ Boxemnta
opranuzanusi MMKT — BAH, kakto u o nmpoekt Ha MucTturyta nmo mexanuka — bAH ¢ HATO
— NATO SPS MYP G6006 “Acoustic Multi-Functional Composites for Environmental Risks
and Health Hazards Reduction”.

[To Bpeme Ha [lens Ha nedexrockomnucTta Osixa Harpaaenu wieHose Ha HHTIJI 3a
TAXHOTO aKTUBHO y4YacTH€ B Pa3BMBAHE U MOMYJISPU3MPAHE HA 0e3pa3pylIUTETHUAT KOHTPOI
B bearapus u Csera. Ilo Bpeme Ha JIHuTe ¢ MHO3UHCTBO ce B3¢ pemenne NDT Days 2024 na
ce mpoBeaar cbBMecTHO ¢ JleHs Ha nmedekxrockomucra oTHOBO B Coszomou, B IlIkonata Ha
BUYK, ot 10 mo 14 1oau 2024 r.

OcHoBHH crioHcOpH Ha ,,JIHn Ha BK* 2023 6sxa: TY Bapna, AEIL ,,Ko3nonyi*, Yueden
HEHTBp 3a Oe3pa3pymuTesieH KOHTpod KbM MHcTtuTyTa mo Mexanuka npu BAH u ¢upmure
»AHHOBUA, ,,KoHTpon®, ,,Mynturect, ,,Kourponrect* u ,,Hamuxkon 2001,

Cnucanuero ,,NDT Days* ce uzmaBa or HHT/I/[ ¢ moakpenata Ha MexayHapoIHA
penakuronHa kojerus. CHUCaHUEeTO ce MPeICTaBs B €IEKTPOHEH GopMar Ha caiiTa www.bg-
s-ndt.org/journal. CalThT ocurypsiBa AOCTBIT JO BCUYKH ITyOJIMKAIIMU, KOUTO ca CBOOOIHO
JOCTBIIHU 32 yeTeHe. CTaTMHUTE B CIMCAHMETO c€ MyOJMKYBaT Ha OBITapCKH, PYCKU WIIH
AQHIVIMMCKM W C€ TOJArOTBAT CBHIJIACHO W3UCKBAHUATA, IIPEACTABEHM B YCIOBHATA 3a
nyOirKyBaHe Ha caiiTa. [ledaTHUSAT BapuaHT Ha CIIMCAaHHETO ce Jeno3upa B Hammonamnara
oubmmoteka ,,C. c¢B. Kupun nu Meroauii™ n HanimonanHaTta Hay4HO-TeXHHUYECKa OMOIMOTEKA
U ce chxpaHsBa B HanumoHanHusa mneHtsp mo Oe3paspymutencH koHtpona keM HHT/] B
HNHuctruTyTa 0o MexaHrKa Ha bbirapckara akajgemMus Ha HAyKUTe.

[TpencraBame Bu mectus Tom Ha crniucanuero ,,NDT Days®. B Hero ca myOiukyBaHH
pe3ynraTtuTe OT ChbBPEMEHHHU H3CJIEABaHMS B O0JIacTTa Ha MPUIOKEHHS HAa METOJIUTE 3a
0e3pa3pylInTeIeH KOHTPOJI U pa3pyILIMTENHU M3MUTBAHUS, pa3paboTBaHE M Ch3JaBaHE Ha
HOBU MaTepHaJIM U arnaparypa.

Peoaxyuonna xonezus na cnucanue NDT Days


http://www.bg-s-ndt.org/journal
http://www.bg-s-ndt.org/journal

We are pleased to inform you that "NDT Days 2024" will be held from 10 to 14 June 2024 in
Sozopol at the Red Cross Hotel.

All interested persons are invited to participate at the conference, and to contribute papers in
oral or poster sections.

Manufacturers and suppliers of NDT instruments, software, literature and service providers
are invited to present their products and innovations at the exhibition.

The NDT Days 2024 Agenda:

1.
2.

=S 00NN kW

—_ O

XXXIX Conference “Defectoscopia”,

XXXV Youth Training Session “Non-destructive testing of structure, physical and
mechanical properties of materials”,

Day of the Defectoscopist,

Seminar “Innovative methods and techniques for testing”,

Seminar “Testing of materials and technological process”,

Round Table “Powder metallurgy”,

Round Table “Standardization in NDT”,

Round Table of Section “Business” of BGSNDT,

Round Table “Cooperation of accreditation of laboratories and inspection bodies”,
Poster session,

Exhibition of firms and business presentations.

More information about NDT 2024 can be seen on http://www.bg-s-ndt.ore/NDT Days
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Functional Verification of NDT Equipment

Yordan MIRCHEV

Institute of Mechanics — Bulgarian Academy of Sciences,
bl. 4, Acad. G. Bonchev Str., 1113 Sofia, Bulgaria
Phone: +359 889 998942; e-mail: mirchev@imbm.bas.bg

Abstract

This paper presents an in-depth study of documentary base and literary sources applicable to functional fitness
verification of equipment used in non-destructive testing (NDT). An attempt has been undertaken to make a
difference between measurement and testing, as well as between calibration of measuring instruments and
verification of testing equipment. Validated solutions for verification of non-destructive testing equipment are
studied. This paper can be of use for non-destructive inspection bodies or non-destructive testing laboratories in
drafting documented procedures functional fitness verification of non-destructive testing equipment.

Keywords: NDT Equipment, functional verification or validation, measurement, test, flaw characterization.
Introduction

This study addresses functional fitness verification of non-destructive testing equipment, used
by inspection bodies and testing laboratories.

The functional fitness verification of NDT equipment is not interpreted identically by
technical experts and assessors of the National Accreditation Bodies. Sometimes no
distinction is made between verification and calibration of equipment. Terms such as
measurement and test are interpreted in an incorrect way, and sometimes no distinction is
made between them.

A number of questions arise in some of inspection bodies and testing laboratories regarding
the functional fitness verification of non-destructive testing equipment. Requirements for such
verification are given in the accreditation standards for inspection bodies and testing
laboratories [1, 2].

The purpose of this study is to identify, according to standards and their guidelines in force
as well as technical specifications: differences between calibration and verification of
measuring and test equipment; parameters to verify, criteria to be met by organization
conducting verification and period of re-verification.

1. Terms and definitions

Terms “test result” and “measurement result” correspond to two well-defined concepts. In
metrology, for measurement the word “quantity” is predominantly used as defined in ISO /
IEC GUIDE 99 [3], and for test the word “characteristic” is preferred as defined in ISO 3534-
2 [4].

1.1. Terms and definitions in measurement
According to ISO / IEC GUIDE 99 [3], art.1.1 “quantity” is a property of a phenomenon,

body, or substance, where the property has a magnitude that can be expressed as a number or
a reference, and the term “measurement”, specified in art.2.1 of the same standard, is a
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process of experimentally obtaining one or more quantity values that can reasonably be
attributed to a quantity.

The measurement process produces a result which does not depend on the method of
measurement. Regardless of the use of a calibrated calliper or end block, the result of a
measurement of the overall dimension of the same object and under the same conditions
should be the same. Measured quantity quantifies the property. The measurement result is
accompanied by uncertainty.

According to art. 2.39 of ISO/IEC GUIDE 99 [3], a calibration of measuring equipment is an
operation that, under specified conditions:

— in a first step, establishes a relation between the quantity values with measurement
uncertainties provided by measurement standards and corresponding indications of
equipment with associated measurement uncertainties,

— in a second step, uses this information to establish a relation for obtaining a
measurement result from an indication.

Calibration should not be confused with adjustment of a measuring system, nor with
verification of calibration. Often, the first step alone in the above definition is considered as
being calibration.

Adjustment is a set of operations carried out on a measuring system so that it provides
prescribed indications corresponding to given values of a quantity to be measured. After an
adjustment of a measuring system, the measuring system must usually be recalibrated.

1.2. Terms and definitions for test

According to art.1.1.1 of ISO 3534-2 [4], “characteristic” is distinguishing feature, which
helps to distinguish between elements of a given set of phenomena, bodies or substances, and
the term ,.test”, specified in art.3.2.3 of the same standard, is a technical operation that
consists of determination of one or more characteristics of a given product, process or service
according to a specified procedure.

The test result usually depends on the method and particular procedure used to determine the
test characteristic, and sometimes to a large extent. During test, a given characteristic of the
test object is indirectly determined by quantitative measurement of another physical
information characteristic, depending on the test method and technology used. For example,
in ultrasonic test for imperfection in a welded joint using ultrasonic flaw detector and probe
the geometric (conventional) dimensions of the imperfection in the welded joint are
characterized based on speed, amplitude and field of propagated in the material ultrasonic
mechanical wave. In non-destructive testing, flaw characterisation is a process of quantifying
size, shape, orientation, location, growth or other properties of a flaw which is based on
information obtained from non-destructive testing.

Thus, the test equipment is an equipment for measurement of information characteristics
depending on the physical phenomenon of the method used, on the basis of which test of the
object is carried out to determine another characteristic (distinctive property). The physical
phenomena used in NDT methods are propagation of electromagnetic waves throughout the
spectrum of radiation, propagation of mechanical waves, induction of electromagnetic fields,
capillary effect, etc.

According to ISO/TS 18173 [5], calibration of (non-destructive testing) test equipment is a
comparison of an instrument with, or the adjustment of an instrument to, known reference(s).
The definition of calibration of test equipment as per ISO/TS 18173 [5] gives the same
meaning to terms calibration and adjustment, as long as this is in reference to test equipment.
Types of adjustment of a test equipment include zero adjustment of a test unit measuring
system, offset adjustment, and span adjustment (sometimes called gain adjustment).


https://www.iso.org/obp/ui/#iso:std:iso:3534:-2:ed-2:v1:en:term:1.1.1
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All equipment used to test or measure in general is an equipment for measuring certain
quantities. When the measurement result is used to indirectly determine another characteristic
equipment is used for testing. In this case, the equipment used is identified as the test
equipment.

1.3. Functional fitness verification of equipment for measurement and for test

Verification NDT and measurement equipment can be divided in two types: verification u
validation.

Verification is a provision of objective evidence that a given measurement equipment
(process, measurement procedure, material, etc.) fulfils specified requirements, as given in
Art. 2.44 of ISO /IEC GUIDE 99 [3]. Such specified requirements may be that the equipment
meet a manufacturer's specifications indicating verification characteristics and their
acceptance criteria.

Validation (validating, confirmation) is a verification where requirements are specified
adequate for an intended use of the unit, according to Art. 2.45 of ISO /IEC GUIDE 99 [3].
Validated requirements can be the Standards for functional fitness verification of the relevant
NDT equipment. Such requirements may also be laid down by the owner of the equipment by
demonstrating, by written procedure and records thereof, that the verification characteristics
are sufficient to carry out the tests with specified reliability.

Verification of test and measurement equipment shall not be confused with calibration. Not
every verification is validation.

1.4. Types of verification of measurement and test equipment

A distinction must be made between the different types of equipment verification.

Verification by manufacturer of measurement or test equipment takes place during
manufacture, on a representative sample of the same type of equipment produced. This one-
off verification by the manufacturer to ensure the conformity of the same series of
manufactured equipment with the validated characteristics of a standard or regulation.

Initial functional fitness verification of test or measurement equipment is conducted by the
manufacturer before equipment delivery. This verification is done on every single piece of
equipment supplied. Validated characteristics from standards and regulations are used for
verification. Verification is evidenced by a valid certificate of compliance with a standard and
a verification report.

Verification (refers to testing equipment)/calibration (refers to measuring equipment) of
equipment before putting into service is made to ensure the requirements for its proper
functioning in test equipment and demonstration of traceability to national and international
standards for quantities in measuring equipment.

Regular verification/calibration at a certain time interval after the introduction into use of the
measuring and test equipment can be carried out by the manufacturer, the owner of the
equipment or a testing laboratory. It is done to check the functional fitness after a certain
period of use of the test equipment and to check traceability to national and international
standards for quantities after a certain period of use of measuring equipment.

Post-repair verification/calibration of test equipment, or post- repair or post-adjustment of
measuring equipment is carried out as in the verification/calibration of equipment before
putting into service.

Intermediate verification of equipment is done at a certain time interval between two regular
verifications/calibrations. With test equipment, intermediate verification is carried out to
preset characteristics before each testing or at a specified interval of time according to the



procedure of IB or standard for verification. The intermediate verification is performed by the
operator of the device and proves that the result is suitable for use for the intended purposes of
the test or measurement. This verification is different from the regular verifications. An
example of verification of NDT equipment before the test is given in EN ISO 22232-3 [10].
These verification methods in the standard are not intended to prove the suitability of the
equipment for specific applications (initial or regular functional fitness verification). The
methods described are suitable for use by operators working in site or workshop conditions.
The verification procedure must ensure that equipment is not used until compliance with the
required specification has been verified.

Guidelines for determining the periods for regular verification/calibration of IB are found in
ILAC — G 24 [8]. It does not specify requirements to initial verification following the one
after the equipment is released. Regular verification/calibration is carried out following a
documented procedure of IB.

The initial decision in determining the verification/calibration intervals can be taken based on
the following factors:

- equipment manufacturer’s recommendations;

- range and requirements of use;

- uncertainty of measurement and maximum permissible deviations from specified criteria;

- validated decisions for interval of following verification/calibration specified in standard or
regulation;

- extent and severity of operating conditions;

- frequency and type of intermediate checks;

- effects of environmental conditions.

These and other factors used to determine the initial verification interval are given in ILAC —
G 24 [8]. A point system is introduced for each factor and the interval is evaluated according
to the number of points collected. The greater the total number of points, the greater the
interval for subsequent initial verification/calibration.

1.5. Similarities and differences between calibration and verification

Similarities between calibration and verification are:
— Provide information about the state of equipment;
— Calibrated standards are used, ensuring metrological traceability;
— They are valid under certain conditions, parameters, incl. environmental conditions;
— Obtaining credible and reliable results through equipment.
Differences between calibration and verification are given in table 1.

Table 1. Differences between calibration and verification.

Calibration

Assigns or corrects values reproduced by
measuring equipment or the material measure /
Certified Reference Material

Result includes uncertainty of measurement;

It plays a major role in performing the
measurement

Verification

Compliance with the tolerances of the tested
technical characteristics is checked;

It does not provide correction factors or
uncertainty estimates

Of importance for the precision, stability and
sensitivity of the testing.

10



2. Requirements to testing equipment in inspection bodies acc. to EN
ISO/IEC 17020

Art.6.2 of ISO/IEC 17020 [1] gives information about calibration of measuring equipment
including standards, without reference to NDT equipment. As it became clear in the present
study, each equipment is used to measure some characteristic, which significantly influences
the result of another tested characteristic. Therefore, this information can also be accepted for
NDT equipment, but the term ‘“calibration” should be understood as functional fitness
"verification". The same applies to the use of the term “calibration” in ILAC-P15 [6], ILAC-
P10 [7] and ILAC-G24 [8], it should be understood as functional suitability “verification”
when it comes to test equipment.

Before initial use, every measuring or test equipment should undergo verification/calibration,
and then IB develops programme for subsequent verification/calibration and intermediate
verifications. The programme of verification/calibration should be developed so that there is
traceability to national and international standards. The equipment must be subjected to
internal verification between regular verifications/calibrations.

The IB must have a developed program (rules) for calibrating standards and measuring
equipment of environmental characteristics, as well as a program for selecting a supplier of
verification/calibration service, if this is not performed by the IB itself. EN ISO/IEC 17020
[1] includes no requirements to organization performing verification/calibration of equipment.
Such a requirement is given in ILAC — P 10 [7].

3. Policy for applying the requirements to the technical equipment
according to ILAC - P 15

When controlled environmental conditions are required, equipment used to monitor such
conditions should be considered equipment that significantly affects the outcome of
inspections. It must be calibrated or have a justification for its non-calibration. All measuring
and/or test equipment determining the environmental conditions in performing the test should
be verified/calibrated.

Guidance on how IB determines verification/calibration intervals can be found in ILAC — G
24 [8]. Validated decisions can be used to determine the intervals of equipment
verification/calibration when there is such information in standards or regulations.

According to ILAC — P 10 [7], it is possible to perform in-house regular calibration of
equipment used for measurements. National accreditation bodies are required to have a policy
to ensure that such in-house verification/calibration services are carried out in compliance
with the respective criteria for metrological traceability given in ISO/IEC 17025 [2].

IBs looking for external services for verification/calibration of their equipment can use any of
the approaches defined in ILAC — P 10 [7]. Where equipment is subjected to intermediate
verifications in service and between regular verifications/calibrations, the nature of these
checks, frequency and acceptance criteria must be clearly defined by the IBs and records of
the checks must be kept. The same applies to the calibration programs of reference materials.
NDT equipment is not used before its compliance with the specification defining the
characteristics verified has been checked. This specification defining the characteristics for
verification can be a technical specification of the device or another specification such as a
standard, regulation, or validated procedure of the IB.

In any case, the IB in its verification procedure or the verification procedure of the service
provider defines the verification characteristics.

11



4. Policy of ILAC — P 10 concerning metrological traceability of
measurement results for test

Where verification/calibration service requires metrological traceability, the policy of ILAC is
the measuring equipment (incl. reference materials) to be verified/calibrated by:

- National metrology institute (NMI), service of which is suitable for the intended use
and is covered by the Mutual Recognition arrangement of International Committee of
measures and weights (CIPM MRA). Services, covered by CIPM MRA, can be
found in the key data comparison database of Bureau International des Poids et
Mesures (BIPM KCDB), including CMC of every service specified;

- Accredited calibration laboratory, services of which are suitable for the intended use
(i.e. the accreditation scope covers specific suitable verification/calibration), in the
case when the National accreditation body is also covered by ILAC Arrangement or
regional arrangements recognized by ILAC;

- NMI, service of which is suitable for the intended use, but not under the scope of
CIPM MRA. In this case, the accreditation body sets a policy to ensure that these
services meet the relevant metrological traceability criteria of ISO/IEC 17025 [2];

- Laboratory, calibration service of which is suitable for the intended use, but not
covered by the ILAC Arrangement or regional arrangements, recognised by ILAC. In
this case, the accreditation body sets a policy to ensure that these services meet the
relevant metrological traceability criteria of ISO/IEC 17025 [2].

The last two approaches are applicable only when the first or the second are not possible for a
specific calibration.

In the last case of the above, a guideline is given for performing verification/calibration of
equipment by a non-accredited IB for its own needs, as well as using an external non-
accredited provider of this service.

For non-accredited IB or Laboratories of verification/calibration services (regardless of
whether the service is for internal or external use) it should be noted that a practical
assessment can be necessary similar to the one undertaken by an accreditation body to
standard ISO/IEC 17025 [2], in order to ensure that a competent verification/calibration is
actually carried out.

When metrological traceability to SI is not technically practical it is the responsibility of the
accredited organization to select a method to fulfil the metrological traceability requirements
using certified values of certified materials provided by competent manufacturer or record the
results of suitable comparison with referent measurement procedures, specified methods or
consensus standards that are clearly described and accepted as providing measurement results
suitable for their purpose. The Accreditation Body assesses the evidence for this comparison.
When metrological traceability only to SI units is not suitable or applicable for the
application, a clearly defined measured quantity should be selected. Establishing metrological
traceability includes both the proof of identity of the measured property and the comparison
of the results with an appropriate declared reference. The comparison is made by ensuring that
the measurement procedures are properly validated and/or verified, that the measuring
equipment is properly calibrated, and that the measurement conditions (such as environmental
conditions) are under sufficient control to ensure a reliable result.

5. Guidelines for the determination of recalibration intervals of measuring
equipment according to ILAC — G 24

The laboratory should select the appropriate methods for determining initial and re-
verification/recalibration intervals and should document those methods wused. The
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verification/calibration results should be collected and retained as historical data, in order to
form the basis of future decisions for reverification/recalibration intervals of equipment.
ILAC — G 24 [8] document provides five methods for determining intervals of regular
reverification/recalibration of equipment.

Method 1: Automatic adjustment or “staircase” approach. Each time a piece of measuring
equipment is calibrated on a routine basis, the subsequent recalibration interval is extended
(or kept unchanged) if the deviation from the reference value is found to be within an
appropriately defined percentage of the range between the maximum permissible errors.
Method 2: Control chart. Significant calibration points are chosen, and the results are plotted
against time. From these plots, both the dispersion of the results and the instrumental drift are
calculated. The instrumental drift is the mean drift normally over one
reverification/recalibration interval, although several intervals may be considered in the
calculation for very stable measuring equipment. From these figures, the optimum interval
may be calculated.

Method 3: “In-use” time. Method 3 is a variation of Method 1 and Method 2. The basic
method remains unchanged, but the recalibration interval is expressed in hours of use, rather
than in calendar time, e.g. months. Measuring equipment, for example thermocouples used at
extreme temperatures, standard lamps of which the drift is subject to their burning time, and
dead weight testers for gas pressure or length gauges (i.e. measuring equipment that may be
subject to mechanical wear).

Method 4: In service checking, or “black box” testing. Method 4 is also a variation of Method
1 and Method 2 and is especially suitable when a quick/easy verification of the NDT
equipment or one of its components is possible. Critical parameters are checked frequently
(e.g. once a day or even more often) by portable calibration gear, or preferably, by a “black
box” designed specifically to verify the selected parameters. If the measuring equipment is
found to be outside the maximum permissible error (or any other set of limits as required) by
the “black box” or portable calibration equipment, it is returned for a full calibration and
adjustment if necessary.

Method 5: Other statistical approaches.

Methods for determining recalibration intervals developed by or adapted from the laboratory
can also be used if they are appropriate and validated.

Verification/calibration records from an accredited Laboratory or IB can be used to determine
recalibration intervals.

Where there is a standard for functional fitness verification and a minimum re-verification
period is specified, it can be used as a validated solution to determine the re-verification
period. When there is no given period for re-verification in the standard, it is determined by
IB according to one of the above methods.

6. Characteristics for functional verification of non-destructive testing
equipment

6.1. Selection of characteristics for functional fitness verification of non-destructive testing
equipment

Characteristics for functional fitness verification of NDT equipment can be determined from:
— technical specification of the NDT equipment;
— validated characteristics specified in standards and regulations on verification of
NDT equipment;
— other characteristics defined by IB in a validated written procedure for equipment
verification.

13



In all cases, characteristics are specified by IB in its documentation. Whichever path chooses
the IB for verification (in-house verification or using a supplier) they must demonstrate that
the verification characteristics they choose ensure the reliability and precision of the test
results. The verification characteristics specified by IB must be validated. IB may choose to
use only a part or all validated characteristics from the standards or to use such from technical
specifications, proving (validating) that they are sufficient for the purposes of the tests
conducted using NDT equipment. They must demonstrate that the result obtained is reliable
and accurate for the purposes of the test carried out.

6.2. Validated characteristics for functional fitness verification of non-destructive testing
equipment

In table 2, an example is given for validated characteristics through a standard on verification
of ultrasonic non-destructive testing equipment. Validated characteristics for verification of
equipment used for other non-destructive testing methods can be found in [12 + 22].

Table 2. Validated characteristics for functional fitness verification of ultrasonic test unit (conventional
and multichannel) and ultrasonic thickness meter.

Method Equipment Standard Characteristics and their criteria Reverification
time interval

UT Ultrasonic  test EN  ISO Group 2: 1 year
unit (conven- 22232-1 1. Physical state and external aspects (9.2);
tional) [9] 2. Transmitter (voltage, pulse rise time and
duration) (9.3);

3. Receiver (Frequency response, Noise level,
Gain linearity, Vertical display linearity) (9.4)

uT Ultrasonic  test EN ISO Group 2: 1 year
unit (multi- 18563-1 1. Physical state and external aspects (9.2);
channel) [10] 2. Transmitter (voltage, pulse rise time and

duration, time delays linearity) (9.3);

3. Receiver (Frequency response, Noise level,
Gain linearity, differences in channel gain,
Vertical display linearity, time delays linearity)

9.4)
uT Ultrasonic EN Group 2: 1 year
thickness meter 15317 Physical state and external aspects (10.4);
[11] General characteristics (law battery warning

(9.4), Operating voltage range (9.6), Operating
current (9.7);

Transmitter (Pulse repetition rate (9.9), pulse
shape, rise time and peak voltage (9.10);
Performance characteristics (minimum and
maximum measurable thickness (9.12),
accuracy and resolution (9.13), calibration
setting storage (9.16));

Display (recall of records to display (9.19)).

14



6.3. Presentation of results of verified functional suitability characteristics of non-
destructive test equipment

Verification is evidenced by the marking and/or issuance of a verification certificate of
equipment. The document providing results of verification must shoe precisely and clearly the
characteristics verified. Where the verification characteristics are defined in a standard or in a
technical specification of the equipment, Testing Report must clearly state according to which
paragraph of the standard the verification was carried out.

The certificate of conformity of NDT equipment, after verification of the later, shall not refer
to the standard or technical specification if there are any of the paragraphs of the standard or
technical specification on which the test has not been carried out. Reference should be made
of the document and the paragraphs according to which the verification was carried out. It is
the responsibility of IB to see to these requirements in documents received from the
verification.

7. Organizations for verification non-destructive testing equipment in
Bulgaria

In Bulgaria, two IBs provide the verification of NDT equipment services, as illustrated on
photographs in Fig.1 and Fig. 2. The scope of accreditation for the equipment verifications
and calibrations performed can be found at the EA "BAS" website.

Fig. 1. Inspection Body in OMEL NDT, accredited by EA “BAS” to perform functional fitness
verification of NDT equipment

Fig. 2. Inspection Body and Calibration Laboratory in MULTITEST LTD, accredited by EA “BAS” to
perform functional fitness verification of NDT equipment and calibration of test equipment.
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Conclusion

As a result of the review of literature sources on conducting testing and measurement with
equipment and the analysis made, Table 3 summarizes the following conclusions regarding
the terms and definitions applied.

Table. 3. Conclusions with regard to the terms and definitions applied for performance of testing and
measurement using equipment

Terms Test Measurement

and

definitions

Result “characteristic” is distinguishing | “quantity” is a property of a
feature, which helps to distinguish | phenomenon, body, or substance, where
between elements of a given set of | the property has a magnitude that can be
phenomena, bodies or substances expressed as a number or a reference

(for example by reference standard)

Definition “test” is a technical operation that | “measurement” 1is a process of
consists of determination of one or | experimentally obtaining one or more
more characteristics of a given product, | quantity values that can reasonably be
process or service according to a | attributed to a quantity (for example for
specified procedure the length can be attributed to quantity

meter)

Result The test result depends on the method | The measurement result does not depend

obtained and particular procedure used to | on the method used for measurement
determine the test characteristic, and | and the uncertainty is stated
sometimes and no uncertainty statement
is largely required (relative or
equivalent size)

Equipment test equipment is practically equipment | measuring equipment determines the
for measuring the quantitative value of | quantitative value assigned to a
a quantity(ies) used to determine the | measured quantity(ies) (the
tested characteristic (test is indirect | measurement can be direct using readout
except for the readout equipment) equipment or indirect)

Calibration comparison of an instrument with, or | In a first step, it establishes a
the adjustment of an instrument to, | relationship between the quantity values
known reference(s). and their uncertainty of measurement,

obtained through the standards and the
corresponding  indications of  the
equipment with the added uncertainty of
measurement.

In a second step, this information is used
to establish a dependency to obtain a
measurement result from an indication.

Adjustment Terms calibration and adjustment are | a set of operations carried out on a

synonymous for equipment used to test

measuring system so that it provides
prescribed indications corresponding to
given values of a quantity to be
measured. After an adjustment of a
measuring system, the measuring system
must usually be recalibrated.
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Verification a provision of objective evidence that a given test/measurement equipment

(process, test/measurement procedure, material, etc.) fulfils specified requirements

Validation a verification where requirements are specified adequate for an intended use of the
unit

Characteristics Characteristics of verification of test equipment/measurement can be determined

for from:

verification — Technical specification of equipment (verification);

— validated characteristics specified in standards and regulations on verification of
equipment;

— other characteristics defined by IB in a validated written procedure for
equipment verification (validation).

In all cases, characteristics are specified by IB using the equipment in its

documentation.

Types — Verification by a manufacturer of a | — Verification by a manufacturer of a
of sample of the equipment model sample of the equipment model
verifications/ produced to validated characteristics; produced to validated characteristics;
calibrations — Initial functional fitness verification | — Initial functional fitness verification
of test equipment is conducted by of measuring equipment is conducted
the manufacturer before every piece by the manufacturer before every
of equipment delivery according to piece of equipment delivery
standard or regulation; according to standard or regulation;

— Verification of equipment before | — Calibration of equipment before
putting into use; putting into use;

— Regular verification at a certain time | — Regularly calibration at a certain
interval after the introduction into time interval after the introduction
use of the equipment can be carried into use of the equipment can be
out by the manufacturer, the owner carried out by the manufacturer, the
of the equipment or a testing owner of the equipment or a testing
laboratory. laboratory.

— Post-repair verification of equipment | — Post-repair  or  post-adjustment
is carried out as in the case of calibration of equipment is carried
equipment  verification  before out as in the case of equipment
putting into use. calibration before putting into use.

— Intermediate verification of | — Intermediate verification of
equipment is done according to set equipment is done at a certain period
characteristics before conducting between two regular calibrations.
each testing or at a certain period The intermediate verification shall be
according to the procedure of IB or carried out by the instrument
standard on verification. The operator and shall demonstrate that
intermediate verification shall be the result is usable for the specified
carried out by the test unit operator measurement purposes.
and shall demonstrate that the
equipment is fit for its intended use.

This verification is different from

regular checks.
Organization — National = Metrological Institute | — National = Metrological Institute
carrying out (NMI), Laboratory or IB, (NMI) or Laboratory, calibration
verification/ verification service of which is service of which is suitable for the
calibration suitable for the intended use; intended use;
of equipment — According to ILAC-P10, it is|— According to ILAC — P 10, it is

possible to perform in-house regular
verification of equipment used for
tests.

Note: National accreditation bodies are

possible to perform in-house regular
calibration of equipment used for
measurements.

Note: National accreditation bodies are
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required to have a policy to ensure that
such in-house verification services (or
external from a  non-accredited
Laboratory or IB) are carried out in
compliance with the respective criteria

required to have a policy to ensure that
such in-house calibration services (or
external from a  non-accredited
Laboratory or IB) are carried out in
compliance with the respective criteria

for metrological traceability set in
ISO/IEC 17025.

for metrological traceability set
ISO/IEC 17025.
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Abstract

Obtaining operational data on the wear parameters during friction is an important scientific and practical
problem. These data on the parameters of the friction process, extracted from acoustic emission signals, can
provide detailed information about the current state of wear mechanisms and changes in rubbing material
properties over time. This article discusses the concept of a method for the quantitative assessment of the wear
properties of a given class of tribological materials, based on the experimentally discovered connection between
the spectral characteristics of acoustic emission (noise) in the audio frequency range above 8 kHz and the linear
wear rate of polymer friction composites for work in stationary friction units.

Keywords: friction, wear, acoustic emission, noise, spectral characteristics, friction composite
1. Introduction

New polymer composite materials with improved technical and environmental
characteristics for friction purposes are key factor in the creation of high-tech components for
mechanical engineering, ensuring maintenance, and increasing competitiveness [1-3]. When
creating new friction materials, a number of problems can be identified, the solution of which
is necessary to achieve a certain set of technical and other requirements for friction materials:
necessity, ensuring a given value and stability of the friction coefficient, and independence of
the nature of sliding friction from operating and meteorological conditions. In addition,
friction materials must be well suited to the counterbody, not wear out or adhere to it, have
sufficient mechanical strength, high wear resistance, appropriate thermophysical properties,
and high frictional heat resistance, meet the requirements for corrosion resistance, non-
flammability, low tendency for frictional self-oscillations and noise in the audio frequency
range, comfort (smoothness) when braking, environmental friendliness, manufacturability,
acceptable cost, and an accessible raw material base. In real conditions, friction materials are
exposed to the most unfavorable operational factors — high and alternating temperature and
dynamic loads, high sliding speeds, intense wear, often in the presence of various aggressive
media (salt solutions, oil products, acids, etc.).

The standard test methods (bench and road) available today make it possible to obtain
adequate design and materials science solutions aimed at developing friction materials that are
balanced in terms of their main performance characteristics. A significant drawback when
using these methods, including life-saving bench and operational tests, due to the duration and
complexity of the tests, is the extremely high time and financial cost of developing the
material. During the development of friction composite formulations, it is important to have a
set of express methods that can reduce the time required to obtain a friction composite that is
balanced across the entire range of performance characteristics, from a model composition to
a prototype ready for life tests. Based on the results of the research, an acoustic express
method for testing friction materials for work in stationary friction units has been proposed,

19


mailto:sbuharov@tut.by
mailto:alexiev@imbm.bas.bg

which can significantly reduce the duration of tribological tests in terms of determining wear
resistance, as well as provide additional information content of experimental data regarding
the generated acoustic emission in the audio frequency range.

2. Materials and methods

Analyzing the results obtained by the authors in a number of experimental studies [4-8],
aimed at studying the influence of the component composition of friction materials under
various load-speed test conditions on the spectral characteristics of noise during friction, it
was established that there is a stable correlation between the high-frequency acoustic emission
in the area of the sound frequency range (above 8 kHz) and the linear intensity of the wear
process of rubbing materials. This correlation was first discovered when studying the
influence of thermally cross-linked oligoimide maleid-F (M-F) and basalt fibers (BV) on the
tribotechnical and acoustic characteristics of highly filled friction materials based on
polytetrafluoroethylene (PTFE) for stationary friction units in technological machines [4].
This correlation was first discovered when studying the influence of the multi-purpose
chemical modifier Maleid-F (M-F), which is a composition of 75%
metaphenylenedimaleimide, 20% Ci720 fractions and 5% naphthane plasticizer, on the
tribological and acoustic characteristics of highly filled friction materials based on
polytetrafluoroethylene (PTFE) for stationary friction units of technological machines [4]. A
concentration range of the binary filler (BV+M-F) from 2.5 to 20% of the volume was
chosen, with a ratio of BV/M-F components from 1 to 3 as a factor that objectively influences
the wear process.

The essence of the proposed method, the applicability of which is discussed in relation
to the class of friction materials under study under sliding friction conditions during stochastic
interaction of microroughnesses of solid bodies, i.e. outside self-oscillatory states, is based on
the assumption that there is a relationship between the spectral density of the acoustic
radiation spectrum G(f) and the linear wear intensity /», expressed through the area S (Fig. 1),
limited by the curves of two spectral functions — the reference function Go(f), corresponding
to background acoustic radiation with conditionally zero wear intensity, and the curve of the
signal function Gi(f) generated during friction of the test sample within the analyzed
frequency range from f7 to f2, i.e.

) )
§=51,)= [G(Ndf - | G, ()df (1)
A A

It is proposed to use a normalized wear coefficient w as a parameter for quantitative
assessment of the intensity of the wear process, extracted from acoustic emission signals.

S
=5 @)

max

where Smax s the upper limit of the range of values of S for the selected class of materials
under study, determined by the expression (1).
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Fig. 1. Relationship between the spectral density of the acoustic radiation spectrum and the linear
intensity of wear: the area of noise and vibration as a consequence of frictional self-oscillations (I); area of
analysis of wear processes during stochastic interaction of microroughnesses (II)

Testing of the proposed acoustic express method was carried out with stationary friction
of samples according to the kinematic scheme “shaft—partial liner” using measuring
instruments and a vibro-acoustic test setup, the general diagram of which is presented in Fig.
2. The counterbody material was steel grade 45 with a hardness of up to 50 HRC. The initial
roughness of the friction surface is Ra = 0.52 um. The running-in of the friction pair and
friction-wear tests were performed at a specific load of P =1 MPa and a relative sliding speed
¢ =1 m/s. Running-in was performed until the actual frictional contact area reached at least
90% of the contour area. The ambient temperature during testing was in the range of T = 18—
23°C, and the relative humidity was no more than 50%. The kinetic dependence of the friction
force was recorded using the chart tape of the recording device. The temperature in the
friction contact area was determined by using a DT-8839 pyrometer with an accuracy of +
2°C. The linear wear rate was determined using the following equation:

m, —m
] — 0 k,

where my is the initial mass of the sample, kg; mr — mass of the sample after testing, kg; p —
density of the sample material, kg/m*; ¢ = 2 cm? — contour area of frictional contact; L = v Xz
— test run length, m.

The densities of the samples were determined by hydrostatic weighing on an XS 204
DR Mettler Toledo analytical balance. After the running-in and each test, the surface of the
metal counterbody was cleared of the transfer film by grinding with an abrasive material
(P320). Wear tests were carried out in the stationary friction mode without lubricant. Acoustic
emission signals generated by the friction pair were recorded at a specific load of P = 2 MPa
and a relative sliding speed $= 1 m/s.

Acoustic emission signals and the corresponding spectral characteristics generated
during stationary friction of the test samples were recorded using a multi-channel data
collection and analysis system Pulse 3560 B (Bruel & Kjaer), unipolar measuring microphone
4961 (Bruel & Kjaer), acoustic intensimeter 3599 (Bruel & Kjaer), photoelectric tachometer
MMO0024 (Bruel&Kjaer), and digital signal processing using frequency FFT analysis
methods.
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1 — test sample; 1 — friction testing machine (dynamometer);
2 — counterbody; 2 — friction unit;

3 — three-component accelerometer;
4-LDV;
5 — photoelectric tachometer;
6 — intensity probe;
7 — multi-channel data collection and analysis system

Fig. 2 — Kinematic (a) and general diagram of the experimental setup for tribotechnical testing of friction
materials (b)
3. Results and discussion

The results of standard tribological tests in part of determining the linear wear rate of
PTFE-based polymer composites with a test duration of T = 2 hours, presented in Fig. 3.
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Fig. 3 — Dependence of the linear wear rate I, on the content of the modifying component (BV+M-F)
in the friction composite for different values of the volume ratio of fillers
atP=2MPa, 3=1m/s,7=2h
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It has been shown that the introduction of a combined modifier consisting of Maleid-F
(M-F) and crushed basalt fibers (BF) into the base friction composite leads to a rapid decrease
in the linear wear rate within a concentration range of up to 7.5-10% vol. A further increase in
the content of the combined modifier leads to a monotonous increase in the wear rate
(decrease in wear resistance) of the composites. The corresponding characteristics of acoustic
emission, reflecting the relationship between the spectral density of noise in the audio
frequency range above 8 kHz and the linear wear rate of the composite at a volumetric ratio of
BV/M-F components = 1.5, are presented in Fig. 4.

n
n

SPL [dB/20uPa]

15 —H—— ! ]
10 | | | |
Dok X% %k & % s A & % 1k 1k 1%k 1% 4 1% 16 1k 1%k 1%

Frequency [Hz]

Fig. 4. The results of measuring the spectral characteristics of acoustic radiation during stationary friction
of friction composites with different contents of the modifying component (BV+M-F mixture), which
determines their wear characteristics () in accordance with the data in Fig. 3: 1 — 2.5 % vol. ([,"10”°=

12.5); 2—10 % vol. (I,-10”°= 3.0); 3 —20 % vol. (I-107°=7.5)

4. Conclusion

The results of studies on the tribotechnical and corresponding acoustic characteristics of
composites under stationary friction demonstrate the presence of an unambiguous correlation
between the wear intensity and spectral density of acoustic emission in the sound frequency
range above 8 kHz. The discovered correlation forms the basis of an express acoustic method,
which allows one to significantly reduce the duration of tribotechnical tests of friction
materials for work in stationary friction units in terms of determining wear resistance as well
as providing additional information about the generated acoustic emission in the audio
frequency range.

References
1. Sundarkrishnaa K. L. Friction Material Composites: Materials Perspective. Switzerland:
Springer, 2-nd edition, 2015. 372 p.

2. Sergienko V.P. Noise and Vibration in Friction Systems /V.P. Sergienko, S.N. Bukharov.
Switzerland: Springer, 2015. 251 p.

23



Pleskachevsky Yu.M. Friction materials with a polymer matrix: research prospects, achieved
level, market / Yu.M. Pleskachevsky, V.P. Sergienko // Science and Innovation. 2005, No. 5,
pp. 47 —53.

Bukharov S.N., Merinov V.K., Sergienko V.P., Grigoriev A.Y. & Negmatov S.S.: Effect of the
M-Phenylenediamine on the Tribotechnical and NVH Characteristics of the Frictional
Composite Materials Based on PTFE. Lecture Notes in Networks and Systems (LNNS), Vol.
233 (2021), pp. 442-449.

Bukharov S.N. Study of the Influence of the Iron Oxide (III) on the Tribotechnical and
Vibroacoustic Characteristics of the Frictional Composites for the Stationary Friction Units /
S.N. Bukharov, V.K. Merinov, V.P., A.N. Senatrev, V.P. Sergienko // Friction and wear. 2018.
T.39, No. 6. pp. 364-370.

Bukharov S.N. Triboacoustic Characteristics of Copper-Based Powder Frictional Composites
for Operation in Dry and Boundary Friction Conditions / S. N. Bukharov, A. Ph. Ilyushchenko,
A. V. Leshok, V. K. Merinov, A. N. Rogovoi, and V.P. Sergienko // Journal of Friction and
Wear, 2020, Vol. 41, No. 6, pp. 487-491.

Bukharov S.N. Influence of Treatment with Non-Equilibrium Low-Temperature Plasma on
Dynamic Mechanical and Tribotechnical Characteristics of Friction Polymer Composites / S. N.
Bukharov, A. G. Anisovich, I. I. Filatova, T. A. Akhmetov, V. P. Sergienko, and A. Ya.
Grigoriev // Journal of Friction and Wear, 2021, Vol. 42, No. 3, pp. 139-145.

Sergienko V.P. Effect of a High-Frequency Electromagnetic Field on Dynamic Mechanical and
Tribotechnical Characteristics of Frictional Composites with a Thermosetting Polymer Matrix /
V.P. Sergienko, S.N. Bukharov, A.G. Anisovich, N.S. Abed, and A.Ya. Grigoriev // Journal of
Friction and Wear, 2021, Vol. 42, No.6, pp. 401-407.

24



Bulgarian Society for NDT
International Journal “NDT Days” ISSN: 2603-4018
Volume VI, Issue 1, Year 2023 eISSN: 2603-4646

Research of Inertial Loads Arising in the Fire Truck Tanks
Under the Main Motion Modes

Vadim KOVTUN!, Sergey KOROTKEVICH!,
Yordan MIRCHEV?, Vyacheslav LODNYA?

! University of Civil Protection of the Ministry for Emergency Situations of the Republic of Belarus,
Minsk, Belarus, e-mail: vadimkov(@ya.ru, korotkevichsergei@mail.ru

2 Institute of Mechanics of the Bulgarian Academy of Sciences, Sofia, Bulgaria;
e-mail: mirchev@imbm.bas.bg, nntdd@abv.bg

3 Belarusian State University of Transport; Gomel, Belarus;
e-mail: lodnja@rambler.ru

Abstract

The operating conditions of fire trucks indicate high operational loading of tank structures. As a result of
experimental studies, dependencies that connect the modes of movement of fire trucks on the MAZ-5337 and
MAZ-6317 chassis were established. The values of acceleration that occurs under the action of inertial loads in
the structures of tanks with a volume of 5, 8 and 10 m® were taken into consideration. It has been experimentally
confirmed that the modes and operating conditions of fire trucks determine high level of inertial extensions
uprising in tank.

Keywords: fire truck tank, motion mode, accelerometer, inertial loads.
1. Introduction

In the production of fire trucks, it is highly important to comply with the increased
requirements for the structural strength of the tank itself, which undergoes significant loads
when moving [1]. The process of liquid cargo transportation is characterized by large
movements of the cargo’s mass center in the tank. This is primarily due to the daily operation
of fire trucks in the “acceleration”, “braking”, and “turn” modes. According to statistics, more
than 60 % of all fires in our country occur in rural areas, as well as in natural ecosystems,
which makes it necessary to carry out the movement of fire trucks on country roads, as well as
in the off-road conditions. Under these conditions, tank structures experience significant
inertial loads transmitted through the chassis frame and from the transported liquid. Thus, the
acting dynamic loads on the tank structure determine the accelerations that cause inertia
forces when the fire truck is moving. As a result, there is often a violation of the tightness of
tank structures due to the high operational load.

2. Research methods

Nowadays vibration diagnostics is modern and accurate means of condition monitoring
of complex technical systems that are exposed to many factors in various operating
conditions. These primarily include road transport [2—4]. In general, for the purpose of
vibrational condition monitoring of the of machines, the following devices are used:
accelerometers, the output signal of which is subjected to the appropriate transformation to
obtain the required value; speed sensors, the output signal of which can be integrated to obtain
a displacement signal; contactless sensors, the output signal of which is proportional to the
relative movement of the moving parts of the machine [5]. Accelerometers are inertial type
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sensors. Their output signal is proportional to the acceleration of the surface on which they
are mounted. The choice of the sensor depends on the conditions of its application.

Contact type sensors are piezoelectric and piezoresistive. They are installed in direct
mechanical contact with the structure. Of all the known types of sensors, piezoelectric
vibration measuring transducers or accelerometers are the most widely used in the field under
consideration [6]. Piezoelectric properties are possessed by many crystalline substances
(quartz, ferrotic salt, tourmaline), as well as artificially created and specially electrified
piezoceramics (barium titonate, lead titonate). Accordingly, when a crystal is placed in an
electric field, elastic deformation will cause an increase or decrease in its length in accordance
with the magnitude and direction of the polarity of the field [7]. When acting on the base of
the accelerometer, an inert mass reaction force (compressing or stretching) occurs, which
causes deformation of the piezoelectric element and generates a charge in it. This leads to
polarization after separation of positive and negative charges (Figure 1).

A

Threaded post

Gland nut

Inert mass

[

Piezoelectric element

l¢&——— Foundation

Fig. 1. The structure of the piezoelectric accelerometer

The analysis has shown that the use of piezoelectric vibration measuring transducers
(accelerometers) will allow us to estimate the magnitude of the maximum acceleration values
arising under the action of inertial loads in the structures of fire truck tanks, depending on
different driving modes. Single-component piezoelectric accelerometers of type 352C18 were
selected for experimental studies. In accelerometers of the 352 series, piezoelectric ceramics
are used as a piezoelectric element [8]. According to the data of the periodic certification of
sensors, the error in the conversion factor does not exceed 5 %. The Larson-Davis 2900 noise
and vibration analyzer was used to process the data received from accelerometers.

Thus, the aim of the work is an experimental study of the influence of the modes of
movement of fire trucks on the inertial loads’ level arising in the tank structures. The most
common models of tanks with a volume of 5 m? of fire trucks on the chassis of MAZ-5337, as
well as 8 and 10 m® on the chassis of MAZ-6317 were selected as the object of research.

3. The experimental set up and the study results
The experiment was carried out with a fully filled with water tank, which is required by
the specifics of fire trucks work. Accelerometers No. 1, 2, 3 were installed outside the tank

structure by taking measurements at an equidistant distance from the welds, stiffeners and
other structural elements affecting the rigidity of the tank, as well as schemes and models of
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hydraulic loading [9]. For a comparative analysis of the data obtained, accelerometer No. 4
was installed on the tank’s bottom outwardly in the area of the location inside the structure of
the cross-section of an equal U-shaped cross-section. According to the presented scheme of
hydraulic loading of the tank structure, it is necessary to install sensors on its front and side

walls at a height of 1/3 from the bottom of the tank (Figure 2).
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o ' the action of
\\ ,’ inertial loads
\ 1
\ ,

1 —roof; 2 — wall; 3 — transported liquid; 4 — bottom; P — liquid pressure, Pa
Fig. 2. Diagram of hydraulic loading of the fire truck’s tank structure under speed conditions

The measuring equipment has been operating at an ambient temperature of 22°C.
During the preparation of the Larson-Davis 2900 measuring complex, the zero-acceleration
value was set, as well as the variation range of the measured value was found. The tests were
reduced to measuring the overall level of acceleration that occurs in the tank structure under
various parameters and conditions of fire trucks movement. The following settings were set
on the measuring complex: signal averaging — exponential, averaging time 1 second, type of
window function of fast Fourier transform — Henning window.

Figures 3 and 4 show the installation locations of four accelerometers on the walls and
bottom of the tank structure with a volume of 5 m?® of fire trucks on the MAZ-5337chassis.

The front of
the car

120

— | T

32,32

AA

1900 .

1 — side walls; 2 — T-joint of the breakwater and the side wall;
3 —location of accelerometer No.3; 4 — internal stiffeners

Fig. 3. Layout of accelerometers on the side walls of a 5 m? fire trucks tank on the MAZ-5337 chassis
(all dimensions in mm)
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1 — stiffeners; 2 — T-joint of the breakwater and the front wall;
3 — location of accelerometers No.1, 2 and 4; 4 — front walls; 5 — bracket; 6 — stringer;
7 — U-shaped cross-section profiles inside the tank

Fig. 4. Layout of accelerometers on the front walls (a) and bottom (b) of a 5 m? fire trucks tank on the
MAZ-5337 chassis (all dimensions in mm)

To conduct the research, the following parameters and conditions characterizing the
features of the movement modes of fire trucks to the place of fire occurrence were
determined: mode No. 1 — movement along a straight section of an asphalted road at a speed
of 50 + 2 km/h; mode No. 2 — driving on a dirt road of category VI-b with a permissible speed
of 20-30 km/h [10]; mode No. 3 — driving on a straight section of paved road at a speed of
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50 + 2 km/h, followed by slowing down the engine to a speed of 10—15 km/h to enter the left
turn by 90°; mode No. 4 — acceleration from a standstill on a straight section of paved road to
a speed of 30 £ 2 km/h and emergency braking to a complete stop of fire trucks (Figure 5).

Experiments in each mode of movement of fire trucks were carried out with a repetition
of 3 times. A total of 12 measurement cycles were carried out. The length of the test sections
for mode No. 1 was 850-900 m; for mode No. 2 — 480-500 m; for mode No. 3 — 280-300 m;
for mode No. 4 — 100-110 m.

(d)

Fig. 5. Investigation of acceleration values arising under the action of inertial loads in the construction of a
tank with a volume of 5 m® of fire trucks on the MAZ-5337 chassis when driving in mode No. 1 (a); mode
No. 2 (b); mode No. 3 (c); mode No. 4 (d)

Figure 6 shows an example of the recorded results of the maximum acceleration values,
arising under the action of inertial loads in the structure of a 5 m? fire trucks tank on the
MAZ-5337chassis, which were obtained by accelerometer No. 2 after data processing by the
Larson-Davis 2900 measuring complex.

The obtained experimental data were processed in accordance with GOST R 8.736-2011
[11] and [12]. The arithmetic mean of the obtained maximum acceleration values is taken as
the measurement result, in which corrections have been previously introduced to exclude
systematic errors. The table shows the maximum values of acceleration arising under the
action of inertial loads in tank structures with a volume of 5, 8 and 10 m® under the studied
modes of movement of fire trucks on the MAZ-5337 and MAZ-6317 chassis after processing
experimental data.
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Fig. 6. The dependence of the acceleration values arising on the time of fire trucks movement on a dirt
road of category VI-b with an allowable speed of 20-30 km/h, recorded by accelerometer No. 2

Table. Maximum acceleration values am. (m/sec?) recorded in tank structures during fire trucks tests

Tank volume and fire trucks’ chassis model
Motion mode 5 M> chassis 8 M chassis 10 m> chassis
MA3-5337 MA3-6317 MA3-6317
Mode No. 1 7,4+0,7 92+0,8 10,8 £0,9
Mode No. 2 23+1/7 246+ 1.8 252+19
Mode No. 3 17.0+ 1.4 18,115 194+15
Mode No. 4 15,8+1,2 22,7+ 1,7 229+ 1,8

The results obtained indicate that the magnitude of inertial loads arising in tank
structures largely depends on the driving modes of fire trucks. Thus, when fire trucks are
moving along a dirt road of category VI-b with an allowable speed of 20-30 km/h, the highest
acceleration values were recorded, which amounted to 22.3 m/s? for fire trucks with a volume
of 5 m® on the MAZ-5337chassis; 24.6 m/sec’ for tanks with a volume of 8 m® on the MAZ-
6317 chassis and 25.2 m/sec? for tanks with a volume of 10 m* on the MAZ-6317 chassis.

4. Conclusions

Experimental studies of the general level of acceleration occurring in tank structures
under various modes of fire trucks movement were carried out using the Larson-Davis 2900
measuring complex and piezoelectric accelerometers 352C18. As a result of testing and data
processing, dependences were obtained linking the parameters (speed, acceleration, braking,
turning) and conditions (type of road surface) characterizing the features of the modes of
movement of fire trucks on the chassis of MAZ-5337 and MAZ-6317 with the values of
acceleration arising under the action of inertial loads in the structures of tanks with a volume
of 5, 8 and 10 m>. The results of experimental studies have shown that the modes and
operating conditions of fire trucks determine the high load of tank structures. The obtained
results can be used for further strength calculations using finite element modeling software
products.

30



References

10.

11.

12.

Vysotskiy M., Pleskachevsky Yu., Shimanovskiy A. Dynamics of truck and rail tanks. Minsk,
Belautotractorbuilding Publ., 2006, 320 p.

Liguori, A. Study of Tank Containers for Foodstuffs / A. Liguori, A. Formato, A. Pellegrino,
F. Villecco // Machines, 2021, Vol. 9, pp. 1-21. DOI: 10.3390/machines9020044.

Orlov D., Makhov V., Katsan I. Diagnostics of vibrations of vehicle assemblies by the method
of wavelet analysis of the boundaries of a focused optical image. Engineering Bulletin of the
Don, 2014, No. 3, pp. 1-14.

Hajdu, F. Examination of chaotic vibrations during operation of a fire truck / F. Hajdu, R. Kuti
// MAC-EITAL. Prague, 2018, pp. 163—-170.

Shock and vibration measurements. Characteristics to be specified for seismic pick-ups.
GOST R 8042-2002 — Introduced. 01.04.08. — M.: Inter-State Council for Standardization,
Metrology and Certification, 2002, 8 p.

Kostyukov N., Naumenko A. Fundamentals of vibroacoustic diagnostics and monitoring of
machines. Textbook. Omsk. Publishing house of OmSTU, 2011, 360 p.

Yanchich V. Piezoelectric sensors of vibration and shock acceleration. Textbook. Rostov-on-
Don, 2008, 77 p.

Vibration converters of the company GLOBALTEST [Electronic resources]. Available at:
https://globaltest.ru/product/preobrazovatel-vibroskorosti-av02-01-0-8/ (accessed 02 september
2023).

Kovtun V., Korotkevich S., Zharanov V. Computer simulation and research of the stress-strain
state of fire tank truck structures. Journal of civil protection, 2018, Vol. 2, No. 1, pp. 81-90.
DOI: https://doi.org/10.33408/2519- 237X.2018.2-1.81.

Roads: Building codes 3.03.04-2019. — Introduced. 26.12.19. — Minsk: Ministry of Construction
and Architecture, 2020, 55 p.

Multiple direct measurements. Methods of measurement results processing. Main principles.
GOST R 8.736-2011. — Introduced. 13.12.11. — M.: Federal Agency for Technical regulation
and metrology, 2011, 23 p.

Grebennikova V. Methods of mathematical processing of experimental data. Textbook: method.
manual. Yekaterinburg. Ural Publishing House, 2015, 124 p.

31


https://globaltest.ru/product/preobrazovatel-vibroskorosti-av02-01-0-8/

Bulgarian Society for NDT
International Journal “NDT Days” ISSN: 2603-4018
Volume VI, Issue 1, Year 2023 eISSN: 2603-4646

Equipment and Machines for the Production of Foam Glass Materials and
Composite Products

Krasimira TONCHEVA, Lyuben LAKOV, Bojidar JIVOV, Marieta GACHEVA,
Gergana MUTAFCHIEVA, Gabriel PEEV, Dimo MIHAYLOV

Bulgarian Academy of Sciences, Institute of Metal Science, Equipment and Technologies
with Hydro- and Aerodynamics Centre “Acad. A. Balevski”,
67, “Shipchenski Prohod” Blvd, 1574 Sofia, Bulgaria,
e-mail: krasiton4@abv.bg

Abstract

The characteristics of standard and developed innovative machines and equipment based on Bulgarian
inventions, protected by patents and applicable to the production of foam glass materials (with a cellular
structure), obtained by recycling waste silicate raw materials, were examined. Original design solutions are
proposed, allowing more efficient execution of individual technological stages of the production cycle. A
technological approach for obtaining a diverse assortment of non-combustible, waterproof and durable
composite products prepared with the participation of foam glass granules and inorganic binders is presented.
The organization of the production process complies with the requirements for ensuring safe working conditions,
compliance with existing environmental norms and prevention of the release of harmful and toxic products into
the environment. The main possibilities for potential application of the developed materials for the construction
of external thermal insulation systems of buildings (of different types), insulation of the areas around doors and
windows and various equipment have been analysed.

Keywords: waste glass, sodium silicate, foam silicate granules

C’bOp'b)KeHI/IH U MAaIllTUHHU 34 MPOU3BOACTBO HA NNICHOCTHKJIICHN MaTE€pHaJIud U
KOMIIO3UTHH H31cIUA

Kpacumnpa TOHYEBA, JIro6en JIAKOB, boxunap 2&KUBOB, Mapuera TAYEBA,
I'eprana MYTA®UUEBA, I'abpuen [IEEB, lumo MUXANJIOB

1. YBoa

l'onsima 4YacT OT M3rpafieHUTE B MHHAJIOTO MAacUBHM Crpaaud (OT pa3iauydeH THUIl) C
pa3Hoo0pa3Ho (YHKIIMOHATHO MpeIHA3HAYCHHE, MOICKBT Ha CAaHMpPAaHEe W peHoBupane [1].
B ToBa OTHOLIEHME M3KIIIOUUTEIHO CBHIIECTBEH € JENbT HAa IOCTPOCHUTE B CTpaHara (Ipe3
BTOpaTa mnojioguHa Ha XX BEK) MHOropaMWIHM S>KWIMIIHU Craad OT NAaHeJleH THIl,
CBhCPEJOTOUYEHU B KPYMHHU >KUJIMIIHUA KOMIUIEKCH B rpajosere. [loHacTosEeM ce U3BbpIIBA
MOHTaX Ha Torwon3onanuonHu tiockoctu (XPS, EPS u nmpyru), npeaumMHO Ha OTIEITHHU
4acTU OT CTpajd, KOETO MMa OrpaHMyeH eHeprocmectsBan] eekr [l] U ChIIeBpeMEeHHO
OKa3Ba HeecTeTH4eH eeKT Ha (acaaure.

l'onsima 9acT OT IIMPOKO NPUIIATaHUTE TOIUIOM3OJIALIMOHHM MaTepuaiau (aKTUBHO
U3IOJI3BAaHU U TPH CTPOUTENICTBOTO HA HOBU CTpajid) C€ XapaKTepu3upaT C OTHOCUTEIHO
HUCKa YCTOMUYMBOCT B yCJIOBHUS Ha nokapH [1-4] u orpaHudeH ekcruioaTalMoHeH cpok. ToBa
CBHILIECTBEHO MOHIKAaBa CUTYPHOCTTA Ha crpajauTe U o0yciaBs HEOOXOIUMOCTTa OT MOAMSHA
Ha TOIUIOM30JIALIMOHHUTE CUCTEMHU CIIE]] OIIPEIEIEH EKCILUIOATallMOHEH NTEPUO/L.

WMHTEeH3MBHOTO HapacTBaHe Ha MPOMUIILIEHOTO MPOU3BOJICTBO, YBEIHMUEHATA aKTUBHOCT
B CEKTOpa Ha YCIYIHTE€ M BB3JCHCTBUETO HAa OUTOBHTE MOTPEOMTENM Ca CHIPOBOACHU C
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yBeIUYaBaHE Ha KOJWYECTBATa pa3HOOOpa3HH OTHAIBYHHU MpoAaykTH [5,6]. KaTto ontumanna
HAcOKa 32 ChBPEMEHHOTO PA3BUTHE Ha peAMILia OTpaciu Ce pasriexaa MPUIOKEHUETO Ha
€HEeproe(EeKTUBHU YUCTHU TEXHOJOTUH 3a ONOJI30TBOPSIBAHE HA OTMAIb4HU MaTtepuanu [5-10],
B pojsiTa Ha U3XOJHM CYPOBUHH 3a TIPOM3BOJACTBOTO HAa NBJIHOLUCHHHU H3AEIHS.
LenechoOpazeH TEXHOJOTMYEH M EKOJOTHMYEH MOJXOJ TPEACTABISABA PEHUKIMPAHETO HA
3HAYUTEIHU KOJUYECTBA OTNAJbYHHU CTHKIOBHJHU MaTepUald, MOPAAN TEXHUTE MOIXOISALIN
(U3MKOXMMHUYHU XapaKTEPUCTUKH, IBITOTPAHHOCT U YCTOMYMBOCT B €cTecTBeHa cpena [11-
16]. B npoMuIIeH! yCIIOBH ca BHEIPEHU MPOU3BOACTBEHH METOJM 3a ONOJI30TBOPSBAHE HA
OTNAaJbUYHU CTHKJIOBUJHM CYPOBHHM 3a MPOM3BOJACTBO Ha NEHOCTHbKIEHHM Mmarepuanu [11],
KOMTO HaMHpaT NpPUIIOKEHHE MoJA (opmaTra Ha P3HOOOpPA3HU MPOAYKTU: TPaHyJH, YaKbl,
IUIOCKOCTH 32 TOTIJIOM30JIAIUS Ha CTpaju, Mpo(uin 3a TepMUYHA U301 Ha 000pyABaHE U
Jpyru. Ynorpebara Ha TOMJIOU30JIAMOHHU EHOCTHKICHH MaTepHalIy IpU CTPOEKa Ha HOBU
U PEHOBUpPAHE Ha CBHINECTBYBALIM CTpaad OTCTPaHABa HEOOXOJUMOCT 3a TOAMSIHA Ha
TOIUIOM30JIalIMOHHATA CUCTEMA B PAMKHTE Ha LIETUs eKCIUIOATAIMOHEH IIMKBI Ha oOekTa [11].

CpIeBpeMeHo ca pa3pabOTeHH WHOBATUBHU KOMIIO3UTHH MaTE€pHad C y4yaCTHETO Ha
rpaHyJIMpaHO TEHOCTBKJIO M HEOpPraHWYHU CBBp3Bamu BemiectBa [17-21]. UsrorBenute
KOMIIO3UTH IPEACTaBIsABAT MOTEHIMAJIHA KOHKYypeHTHa anTtepHatuBa [17-19] Ha penuuna
TPaJULMOHHM M CTaHJAPTHU TOIUIOM3OJIALIMOHHU TPOJYKTHU 3a CTPOUTEICTBOTO. 3a Io-
HATaTBIIHOTO MOJU(HIMPAHE Ha MaTepuaa ca pasrieaHd peaulla acleKTH Ha MOJyYeHHUTe
7a00paTOPHU JTAHHU OT Pa3IMYHUA TeMAaTUYHU HAacoku [22-29]. [lepcnekTMBHA BH3MOYKHOCT 3a
JOIIBJIHUTEITHO (PYHKIIMOHAIHO pa3BUTHE Ha Kommo3uTa [20] e pa3paboTBaHETO Ha MPOILYKTH
C MO-CNEUUAIN3UPAHO MPEIHA3HAYEHUE, KATO M10KapOyCTOMUUBY M30JAllMOHHU €JIEMEHTH U
TPYTH.

Ilen Ha HacTosmaTra paboTa MpeACTaBlIsABa ONPENEISIHETO HAa HEOOXOOUMHMS OCHOBEH
MallMHEH @apK, MPWIOKHUM 32 pPEUMKIMpPAaHE Ha OTNAAbUHU CTBKIEHU CYPOBHHU U
IPOM3BOJICTBOTO HA TPAaHYJUPAHO IEHOCTBHKIO W CHWJIMKATHU KOMIIO3UTHHU IPOAYKTH B
yCIOBHATA HA KOHKPETHO MPOMUILICHO npeanpustue (O6eneduiment). 3BbpiieHata
JeMHOCT € choOpa3eHa C IUIAHUPAHUTE €TalM Ha YTBBPAEHO MPOEKTHO NpeasokeHHue (Ha
KOHKYPCEH NPHUHIHII), MPEABWKAAIO0 MOI00p Ha aJeKBaTHO 00Opy/ABaHe, pa3paboTBaHE Ha
MHOBAaTHUBHU CHOPBKEHUS, PELENTYpHU ChCTaBM M PEHTAOMJIEH TEXHOJOTMYEH PEXHMHU 32
IPOU3BOJCTBO HAa ACOPTHUMEHT OT HETOPUMH JBJITOTPAliHU M3JENNA, YAOBIETBOPSBALIU
ChbBPEMEHHUTE U3MCKBaHUSA 32 EHEProe(PEKTUBHO CTPOUTENICTBO U MOXKapHA O€3011aCHOCT.

2. CbhopbiKeHHS M TEXHOJOTHYHHU eTANHU

PasrnenanusaT mMammHEH MapK OT CTaHJIAPTHU U MHOBATUBHHU CHOPBKEHHUS OCUTYpsBa
HEOOXOJUMOTO JAOMBJIHUTEIHO 000pYyIBaHE HA MPEANPHUATHETO 32 pas3lIupsiBaHe HA HETOBUTE
TE€XHOJIOTMYHU BB3MOKHOCTH 34 CaMOCTOSITEIHO PELUKIMpaHE Ha OTMAJb4YHO CTBKIO U
peHTaOUITHO MPOU3BOACTBO Ha PazNU4HMU (PaKIUM MEHOCUIMKATHU T'PaHyJId U aCOPTHUMEHT
KOMIIO3UTHU HW3J€IMsl, INPWIOKUMH B CTPOMUTEICTBOTO. IIpeAcTaBeHMAT KOMIUIEKC OT
BHCOKOTIPOU3BOAUTEIHO 000pY/IBaHE MO3BOJISBA U3TPAXkKIAHETO HA TEXHOJIOTHYHA JIMHUS ChC
CHEIMAJIN3UpPAaHU KJIOHOBE 3a IIBJIHOLEHHO IIPOBEXKIAHE HA OTICJIHUTE €Talld Ha
TEXHOJOTHMYHUSA Tpouec. JlombIHUTETHH TNPOU3BOACTBEHH BB3MOKHOCTH M IO-BHCOKA
e(EKTUBHOCT OCUTYpPSIBAT CBHOPHKEHHUATa TMPOEKTUPAHM Ha Oa3aTa HAa HMHOBAaTHBHU
KOHCTPYKTUBHU DEILIEHUS, KOWTO TIOBHUIIABAT HSIKOM HEYJOBIECTBOPUTEIHU TEXHHUKO-
€KCIIJIOATAllMOHHU XapaKTEPUCTUKU Ha MPEIXOJHU IMOKOJIEHUS MalnMHU. OChILECTBIBAHETO
Ha IUIaHMpaHaTa MPOU3BOJCTBEHA ACHHOCT B MPOMUIIJICHH YCJIOBHS MpPEIBHXKAAa aKTHBHATA
EKCIUTIOaTallus Ha ChIECTBYBAIlaTa 3aBOJICKa HHPPACTPYKTYpa U CKIIaJOBO-JIOTUCTUYHA Oa3a,
KaKTO U 000CcO0siBaHE Ha JIOMBIHHUTENEH CIEHUATU3UPaH Y4acTbK. XapaKTePUCTHUKUTE Ha
ChOPBKCHHUATA W OpraHu3alMATa Ha IPOU3BOACTBEHHUS TMPOLEC ca ChOOpa3eHU C
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M3HCKBaHUATA 32 OCUTYpsiIBaHE Ha OE€30MAaCHU YCJIOBMSI Ha TPy, Clla3BaHE Ha JEHUCTBAIIUTE B
CTpaHaTa €KOJIOTHYHHM HOPMH M MPEIOTBpaTsIBaHE Ha OCBOOOXK/IaBAaHETO HA BPEAHU EMUCHU U
TOKCUYHM NPOAYKTH B OKOJHATa CpeJa IMpH IPOBEKIAHE HA TEXHOJOTHYHHUTE ETallH.
OOpaboTkara, TpPaHCHOPTBT M CBHXPAHABAHETO HA TOJJIOKEHaTa Ha CMMJIaHE [0
IPaxo00pa3HO ChCTOSHUE CTHKIOBUHA CYPOBHHA CE€ OCHIIECTBSIBA B 3aTBOPEHU ChOPBKEHUS
Opy HaJMYMe Ha aCHUPALMOHHM CHUCTEeMM 3a e(peKTHUBHO oOe3mpaiiaBaHe B pPabOTHUTE
nomenieHusi. ChIIEBpEMEHHO B TPOM3BOJCTBEHHUSI NPOIEC CE€ TPEABIKAA yrnoTpedara Ha
MOIU(UIMPaH IBPBUYEH CYPOB I'PaHyJIaT C IO-HUCKU MPAXOBU EMUCHH.

A.Cb31aBaHe ¥ M3NPOOBaHe HA MAIIMHU M CHOPbKEHHS 32 MOAT0TOBKAa HA CYpOBHHATA
3a MPOM3BO/JCTBO — PA3JIMYCH BUJ TPOIIAYKH, MEJIHUILIM, XOMOTE€HU3aTOPH, TPaHyJIaTOPH.

[IpouechT Ha ECTPYyKTypUpaHe Ha W3XO/IHATA CYPOBHHA € MHOTO BaXKEH 3a MOJy4yaBaHe
Ha KaueCTBEH MPOIYKT.

3

- bRk
i

[l =

=

-F= -

@ur 2.HoBaTHBHA BUOPAIIMOHHA MEJTHHUIIA C

®@ur. 1.TonkoBa MeJiHUIA 32 1 TOH CypOBHHA
npou3BoAUTETHOCT 250 Kr /4ac-

= ~,
1
|

4 fp—— o P - =
ﬁ M= =] .\_1_{. y (&) T ; = _’_,\_5
<‘; | kY ?l\._ ' M =, P
it ' J__ s 1 pr=—ty (8]
Ke._.
pl=
§
|

m NEYS e i :
= () _ o
R - / |
=[H=i1=| == Ll F}:ﬁ
11 ] 10/ ,-a-xfl" oo B T
a 0

®@ur. 3. MeJIHUYEeH KOMILIEKC 3a: a) TONKOBA MeJIHUIA: 0) BUOPALIMOHHA MeJTHHLA

CTpKIEHUTE OTMAIBIM OT Pa3lMyueH TUIl C€ HATPOIIABaT C TPOIIAYKH HA KbcueTa OT
okosio 5 — 10 MM U cjex ToBa ce CMUJIAT Ha Mpax B MOAXOJAIA METHUIA PA3IMYEH BUJ —
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TonKoBa — ¢ur. 1, BuOpanuonHa ¢ur.2 wim npyra. Hail-BaxxHo e Mesemure Tena 1 CTSHUTE Ha
MEITHHLIUTE J1a Ca N30JMPaHU C HEMETAIHU TBBPAN MaTepualii KaTo KOPYHI, KPEMBK U APYTH.
MenHunuTe ca caMo €JIeMEHT OT METHHYHHS KOMIUIEKC (UT.3, OCHTypsiBaIll CMUJIAHETO JI0
olpeieNieHa ejpuHa Ha MaTepuasa — B Cllydas 10 YaCTUIM C pa3MepH 10 63 MUKpOHa — WU
710 pasrbHaTa miony 5500 — 6000 m%/g.

Crnen cMuIaHeTO ce M3BBPIIBA XOMOIE€HH3HpAaHE Ha CypOBMHATa C INEHUTENS WIH B
MOCTICIHUST €Tall Ha MEJICHETO WJIM B OT/AEIHA MENHHIAa — XoMoreHuzatop. OT pasnudHuTe
BUJIOBE NEHUTENH € Moja0paHa KOMOHMHALUS OT TJIMIEPUH M BOJHO CTBKJIO B ONPEIENICHO
CHOTHHIICHHUE.

[lopagu 3ambpcsBaHe Ha JBIDKCIIUTE YacTH HA CHOPHKCHHMATA M OT JBITH
EKCIEpUMEHTH Ce CTHUTHA 10 M3BOJAa Ja c€ NOJy4yaBaT NEHOCTHKICHH MaTepHalld HE OT
MOATOTBEHHUS Npax, a OT CYpOBH TpaHylIH, NOJTy4aBaHH B TPaHYJIAaTOp, H3CYIIaBaHH B
MOIXOASIIA CYIIWIHA W CIIeJ TOBa pasNeHBAaHM — 3a IUIOCKOCT WJIM CaMOCTOSITETHO
M3MO0JI3BAaHN TPAHYJM 3a KOMIIO3UTEH MaTepHal WM 3a JIeKH OeToHH. TedHus meHuTen —
TJIMIEPUH U BOIHO CTHKIIO C€ M3MO0J3BA M KaTO CBHP3BAILIO BELIECTBO MPH IPaHyIHpaHE.

I'panynatopsT € noka3an Ha Owur.4.

@ur. 4. 'panynaTop — ¢ BbPTALIA Ce TABA 32 arjioMepUpaHe (CBbp3BaHe HA CTHKJIEHUTE YACTHIU U
NeHnTEs1.)

b. PazBuTne Ha KOHCTPYKTUBHaATa HAEHA 3a Cb3JaBaHC¢ HA MAIIMHU U CHOPDBHKECHUA 3a
NpOou3BOACTBO Ha IE€HOCTBKJ0, 3allIUTCHH C 6Lnrapc1m NaTeHTH — MNpPEeAUMHO
XOPHU30OHTAJHH U BEPTUKAJHHU NMCIHU arperaTu.

b.1.ITonyyaBaHe HAa MacMBHO NMEHOCTBHKJIO BbB (p)OpMA Ha IJIOCKOCTH OT HEMPEKbCHATa
JICHTA, TIOJTyYeHa TI0 BEPTUKAICH OBJITapCKH METO/I.

[TomyuyaBaHeTo Ha TEHOCTBKJIO cTaBa B memu npu HarpsBane a0 700 — 850°C B
3aBUCHMOCT OT BHJIa HAa OTNAIbYHOTO CTHKJIO. Kilacuueckuss HaUMH 3a MoJlydaBaHE CTaBa B
XOPU3OHTAJIHU TICUIM TYHEJICH TUIl. TeXHHUs HEJOCTaThK € TOJEMHUS pa3XxoJ] Ha CHEprusl.
Pe3yntarsT € CKbII0 IEHOCTHKIIO.

bobiarapcku yuyenu omie 70-te roguHu Ha 20-THM BEK Ch3[aBaT BEPTHUKAJIICH METOJ 3a
MOJTy4yaBaHE Ha MEHOCTHKO BbB BEPTUKAIHU IIAXTOBH MEIIIH.
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®@ur. 5. U300peTeHune Ha npog ®@ur. 6. N300peTenne Ha ®@ur. 7. U300peTeHne Ha
BeusieB Ne 51611 aBTOPCKMS KOJTeKTHB Nt 65718 aBTOPCKHSA KOJIeKTHB Ne 65745

Konektus ot MHCTUTYT 1O MeTaio3HaHUE, cekiusi Hemerannu matepuanu pa3paboTsa
YCHBBPIICHCTBAWKHM IThPBOHAYAIHATA HWJES 32 BEPTHUKATHO IOJydyaBaHE Ha IEHOCTHKIICHA
HEeNpeKbCcHaTa JeHTa ¢ aedenmuna 1o 200 mm — ¢ur.5, 6 u 7. Bp3 ocHOBa Ha U300peTeHUAITA €
Ch3IaJICH peaJieH OMUTeH oOpa3ell Ha memnra — pur.8

Bb3 ocHOBa Ha Te3u M300peTeHHs € HaIpaBeH MPOeKT, peammsupan 2013 r., karto e
OCBIIIECTBCHO EKCIIEPUMEHTATHO MTPOU3BOJICTBO HA TICHOCTHKIICHA JICHTA.

®ur. 8. Peanno n3pa60TeHa " EKCIIEPUMEHTHPAHA BEPTUKAJIHA MELI 32 MEHOCTHKJICHH HENMPEKbCHATH
JICHTH
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®@ur. 9. HoBo TexHHY€eCKO pelieHue 3aluTeHo ¢ naTeHT Ne 66903 no BepTUKATHUSA METO 32 MOJyYaBaHe
HA NMEeHOCTHKJIeHA JIeHTa.

B pesyarar ot onura, HaTpynaH IO BpeM€ Ha €KCIIEPUMEHTUTE € Ch3[aJeHO U HOBO
KOHCTPYKTUBHO perieHue Gur 9. ¢ n30ersatu HIKOM HEJOCTAThIM Ha MPETUITHUTE PEIICHUS
— IPeIMMHO CKbCSIBAHE Ha pa3leHBalllaTa riasa.

Karo komOuWHaIusi OT BEPTUKAIHHS W XOPU3OHTAIHUS METOJ Ha U3ITbIHEHUE
KOHCTPYKIUATA HA TEIITa € Ch3/1aJICHO HAal-HOBOTO KOHCTPYKTHUBHO pEIICHUE, MPU3HATO Ha
07.07.2023 r. ¢ uzobperenue Ne 67554, KbAETO pa3NEHBAHETO CE OCHIIECCTBSIBA B HAKIIOHEHA
pazneHBama rjaBa, a ;[pyrI/ITe TCXHOJIOT'NMYHU Hpouecn CC OCBIICCTBABAT B XOpI/I3OHTaJIHaTa
yacT Ha ypeabara — ¢wur.10.

®ur. 10. TexHuuecko peuieHue Ha nei, pa60Te1ua mo KOMGHHPlpaH METO] 32 moJiyyaBaHe Ha
NMEHOCTBHKJICHA JICHTA ¢ HAKJIOHEHA pa3lieHBalla rjiasa 1os3. 17 - n306peTeHne, 3AIMTCHO C MATCHT
Ne 67554.
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B.2. TlosryyaBaHe Ha MEHOCTHKJI0 BbB (popMa HA rPaHyJIH 32 TOJTyYaBaHE HA KOMIIO3UTHH
U3JeNusl — IUIOCKOCTH, MoyyTpbOwm, , I 0O0pa3Hu m3nenus 3a mpemMuHaBaHe Ha TpbOHA U
NPOBOJHUKOBA CTpajjHa KOMYHHKAIIMs, MAacUBHH OJIOKOBE 3a Haps3BaHE Ha TUIOCKOCTH 32
U30JIA1Ms] U1K HEHOCEIW CTEHU M I'PaHyJIM 3a n3pa0oTBaHe Ha JEKH OCTOHH.

OCBeH TEHOCTBKJICHHM IUIOYM Ca M300pEeTeHH KOHCTPYKTHBHHM pEIICHHS 3a
IPOM3BOJICTBO HA MEHOCTBHKIEHU I'PaHYJH, Ype3 KOMTO C€ Ch3AaBaT pasivyHM 1Mo (opma u
pa3Mepu CTPOUTEIHH €JIEMEHTH OT KOMIIO3UTEH MaTepHall — CMEC OT IIEHOCTHKIICHH TPaHyJN
U IIMMEHTOBA CBBp3Ballla CyOCTaHIMsA, IUITBTHO OMAKOBallla pa3lEeHEeHUTE I'PaHysH, 32 KOETO
CBIIO € CB3/aJEHO pelIeHHe, 3aluTeHo ¢ mareHT Ne 66666. HoBure KOHCTpyKIMM ca
npeacTaBeHu Ha ¢wur. 11.

e f
®@ur 11. U300peTeHne 3a noty4yaBaHe Ha IPAHYJIH U KbCOBe MEHOCTHLKIIO Ne 66666

HOJIy‘-IeHI/ITe OT NpCAXOOHHA TCXHOJIOTMYCH C€Tall OTACIHHU q)paKI_II/II/I rpanyJIvupaHo
NEHOCTHKIIO TPEJCTABISIBAT OCHOBEH KOMIIOHEHT 3a IPOW3BOJCTBO HA AaCOPTUMEHT
KOMITIO3UTHH MMPOAYKTHU HA 6a3aTa Ha XUAPAaBJIMYHU CBBbP3BAllld BCUICCTBA (HOpTHaHIII_[I/IMeHT,
3€0JIUT U IPYTH).

@ur. 12. KomouHauus oT BepTHKAJIEH H XOPHU30HTAJIEH METO/I 32 NMOJIyYaBaHe HA pa3lieHeHH TPaHyJIH —
nareHT Ne 67553

3a M3roTBsiHE Ha pPa3pabOTCHUTE pPA3IUYHM KATETOPHUH MPOAYKTH C€ MpPEaBIKIA
BBBEKJAHETO KBbM [IIbPBUYHUTE PELENTYPHU CBHCTABU HA 3€0JUT U JONBIHUTEIHHU
KOMIIOHEHTH C apMmupama poisi (HeopraHmyHu ¢GUOpH) WIM  TOIUIOM30JAlMOHHU
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XapaKTePUCTUKU (JICKM TIOPECTH HACHITHA MaTepuaid, Qpakmue [0 HIKOJIKO mm).
[ToarotoBkara Ha U3XOAHHUTE CHCTaBH, (POPMOBAHETO Ha MonyhadpUKaTUTe U OKOHYATETHATA
00paboTka Ha KpaWHUTE WU3JEIUsITa CE€ OCBHIIECTBSIBA B 000COOEH CaMOCTOSITEICH
TEXHOJOTHYEH Yy4YacThK, O0OpYyJBaH ChC CIEUUATH3UPaH HAOOp KOPpaKHM HHOBATUBHU
Matpuid. OTOeTHUTE eTand Ha TEXHOJIOTMYHMS TIPOIeC TPU MPOU3BOJACTBOTO Ha
KOMIIO3UTHHUTE MPOAYKTH Ca pasriieJaHu MoApoOHO B Mpeaxonuu myonukanuu [17, 18] u He
MpeICTAaBIISIBAT IPEIMET Ha HacTosaTa padoTa.
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®ur.13.TexHOTOrHYHY JTUHUH 32 IPOM3BO/ICTBO HA NEHOCTHKJIEHH MaTePUAJIM:
a) onuTeH 1eX; 0) peI0BeH LeX 3a MPOU3BOACTBO

Cp3mazieHa € omuTHA TEXHOJIOTHYHA JIMHKS | 1I€X 3a pefloBHA ekcrutoaTarus (dur 13) 3a
HpOI/IBBOI[CTBO Ha MAaCHUBHU ITJIOCKOCTU U rpaHme OT IICHOCTBKIIO U CTpOI/ITe.HHI/I n3acIud OT
komno3uteH matepuan [30, 31].
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Creun(puyHUTE €KCIUIOATallMOHHHU XapaKTEPUCTUKU Ha MPeo0II1ajaBalliTe KOMIIOHEHTH
B KOMITO3UTHHS MaTepHai (MIEHOCWIMKATHH arperatd ¢ KiIeThbUHa CTPYKTypa U IIMMEHTOBA
¢daza), Mo3BOJSABAa U3rOTBSHETO HAa HE3alalldMH, IBITOTPAaiHU, BOJOYCTOWYUBU TOILIO- U
3BYKOHM30JIAIIMOHHM TIOCKOCTH, TPO(QUIN U CIIEHUATHU W30JIAMOHHH €JIEMEHTH (32 MOHTaX
OKOJIO BPaTH U MPO30pPIH), OTTOBAPAIIM Ha CTPOUTEIHO-TEXHUUYECKUTE MPaBUiIa U HOPMHU 32
ocUTypsiBaHE Ha 0€301acHOCT MPH MOXKap.

3. U3Boan

[IpencraBeHn ca OCHOBHHUTE HWHOBAaTHBHH CBHOPBKEHHS, CB3JaJE€HH TO OBITapCcKH
NaTeHTH C MOKa3aHO pa3BUTHE Ha MHOBATHBHATA e, HEOOXOIMMH 32 OCHOBHO 00OpyIBaHE
Ha POMHMIIUICHO TPEANIPHUITHE U Pa3MIMPsIBAaHE HA HETOBUTE TEXHOJOTHYHU BB3MOKHOCTH 32
CaMOCTOSTEIIHO PEUMKIMPAaHe Ha OTMAJbYHU CTHKIOBUAHU CYPOBHHH, MPOM3BOJACTBO HA
TpaHyJMpPAaHO TICHOCTBKIO M AaCOPTUMEHT OT KOMITO3UTHH IUIOCKOCTH, TPOGWIN |
CTenUaTN3UpaHy H30IaMOHHN eIEMEHTH, TIPHIIOKHMHU B ChbBPEMEHHOTO CTPOUTEIICTBO.

TexHUUECKUTe  XapakTepPUCTHKH HAa  CHOPHKEHUS W  OpraHM3WpaHETO  Ha
IPOM3BOJICTBEHHUS] TIPOLIEC Ca CHOOpa3eHM C M3UCKBAHUATA 3a OCHTYpsBaHE Ha OE30MacHU
yCIOBHS Ha TPYJ M CHa3BaHE Ha CHIIECTBYBAIUTE EKOJOTMYHM HOPMH B CTpaHara.
[IpenBuneHn ca KOHTpodHMpaHa M Oe3omacHa oOpabOTKaTa, TPAHCHOPT M CHhXpaHEHHE Ha
npaxoo0pa3HuTe (Ppakiuu Ha MOJYyYCHHTE CYpPOBMHH M Moiy(daOpukaTéH B XoJa HA LENUs
IPOU3BOJICTBEH MPOLIEC.

[To-BucOoka e(pEeKTUBHOCT OCUTYpsiIBa MPUJIAraHEeTO Ha pPa3pabOTEeHHUTE WHOBATHUBHU
CHOPBKEHUS C TIOBUIIICHA TIPOU3BOAUTEITHOCT, CIIPSMO MIPEAXOAHH MMOKOJIEHUs 000pyIBaHe.

[TpoekTupaHa € TEXHOJIOTUYHA JIMHUA (CHC CIECNUATU3UPAHU KIOHOBE), ChBMECTHUMA C
0011 IPOU3BOCTBEH MOTEHITMAN Ha OeHEUITMEHTA U KalalluTeTa Ha HeroBara JOTUCTHYHA
6aza. Cneunukara Ha TEXHOJIOTWUYHHUS MPOLEC IO3BOJSIBA YaCTMYHO HMHTETPUpAHE Ha
HEOOXOUMOTO 00OpyJIBaHE B  ChIIECTBYBamlaTa 3aBOJCKa HWHGPACTPyKTypa, HO
CHILIEBPEMEHHO H3HMCKBAa JOMBIHUTETHO M3TrpakaaHe Ha 000co0eH crhenuanau3upaH
MPOU3BOACTBEH yUaCTBHK.

baaroxapuocTtu

ABTOpHUTE W3Ka3BaT cBOsATa OsarofapHocT Ha HarponanHus uHOBalMoHeH (OHI U
M3nenHuTENHATa arcHUMs 3a HAachbpyaBaHE HA MAJKUTE M CPEIHUTE MNPEANPUATUS KbM
MuHHCTEpCTBOTO Ha MKOHOMHKaTa Ha PemyOnuka bwiarapus 3a ¢unHaHcupaHe Ha Hay4HO-
npwioxeH npoekT / goroBop Ne 13 Ud-02-21/12.12.2022 r. mexay Bb3ioxkuren MAHMCIIT
U u3nbaHuTenu — Oenepunuent ,MAI'™ OO/ c nmaptabop UMCTLXA-BAH ,,Axan. A.
banescku®.
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Investigation of the Effect of Non-Stick Coatings Based on Corundum,
Zircon and Graphite on the Formation of the Surface of Complex Relief
Castings in Combination with the “Capillary Molding” Method
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Abstract

The present paper is related to investigating the possibility of obtaining complex-relief castings by wax models
combined with the “Capillary molding” method and use of coatings guaranteeing low surface roughness. Using
the “Capillary Molding” method, it has been found that a very good bond is achieved between the coatings used
and the mold support over the entire surface. Coatings based on corundum, zircon and graphite and binder water
glass and carbophen resin were used. The influence of the coatings used on the formation of the surface of
complex relief castings is significant because coated surfaces are obtained with low roughness (Ra = 1.2 + 1.5),
corresponding to the coating roughness. Also, there are no gas defects in the volume of the casting, which
indicates that the gases formed as a result of the interaction of the melt and the non-stick coating are insignificant
and do not get into the volume of the casting, but seep into the pores of the casting mold as a result of its
vacuuming.

Keywords: vacuum casting, surface roughness, the non-stick coating, capillary molding

N3cnenBane BIUSAHMETO HA MPOTHBONPUTAPHU 00MA3KH HA OCHOBATA HA
KOPYH/I, HUPKOH U rpa¢uT BbPXY GOPMUPAHETO HA MOBLPXHOCTTA HA
CJI0KHOpesie()HU OTIMBKM B ChUeTaHue ¢ MeTona ,,Kanuasipuo
popmoBane*

Hanunemna CITACOBA
1. YBoa

KauecTBOTO M CBONCTBaTa Ha OTJIMBKHATE 10 TOJIIMA CTEIEH C€ ONPEAEHAT U OT
Ka4ecTBOTO Ha NMOBBPXHHMHATa Ha OTJIMBKara. [10-100poTO KauecTBO Ha MOBBPXHOCTTA HA
OTJIMBKATa MTOBUIIIABA TOYHOCTTA HA OTJIMBKUTE, HAMAJIABA TPYJOEMKOCTTa Ha ONEPALIMUTE 110
NOYKMCTBaHe, NMOJ00psABa 00paboTBaeMOCTTa M HaMaisBa JOMYCKHUTE 3a oOpabotka [1, 2].
KauecTBOTO Ha NOBBPXHOCTTA HA OTJIMBKATA C€ OLEHABA C OIpEACHsHE Ha HEHWHaTa
IpanaBoCT, KOSATO 3aBUCH OT HAJIMYME HA MOBBPXHOCTHU jAedekTu mox ¢opmaTa Ha MpHUrap
[3].

[Tpurapst € cioit oT GOopMOBBUHA MM CHPIIEBA CMEC, 00pa3yBaH OT B3aUMOICHCTBHETO
Ha CTONMJIKATa ¢ KUCIOopoja B aTMocdepaTa. Toll € 34paBo 3aKpeneH BbpXy OBbPXHOCTTA Ha
OTJIMBKATa, KOETO PSA3KO BIIOIIABA KAYECTBOTO HAa MOBBPXHMHATa M. Paznuuasar ce Tpu BUIa
IpUrap — MEXaHW4eH, XMMUYEeH U TepMUYEH. 3a J1a ce MPeA0TBpaTH 00pa3yBaHETO HA MpUrap
Ha TMOBBPXHOCTTA Ha OTJIMBKATA, BbPXY CTEHUTE HA JiegpckaTa (popMa ce HaHACAT OOMa3KH,
KOWTO TPEIOTBpATABAT B3aUMOCHCTBUETO HAa CTONUIIKATA ¢ Jesipckara opma [2, 4].

Jpyr BaxkeH MOMEHT 3a MoxoOpsiBaHE KauecTBO OTJIMBKAaTa € Ja ce NpPEeIOTBPaTH
OTJENSHETO Ha Ta30Be, KAKTO Ha MOBBPXHOCTTA, Taka U B 00eMa Ha OTJIMBKATa, KOETO MOXE
Jla ce OCBILECTBH Ype3 BaKyyMUpaHe Ha Jiesipckara (oopMa B MOMEHTa Ha 3anuBaHe. JleeHero
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C BaKyyMHUpaHe Ha Jiespckata opMa e eJHa OT ChBPEMEHHHUTE TEXHOJIOTHH 32 TIPOU3BOJICTBO
Ha TPELU3HU OTJIMBKH, C MajKka JeOerHa Ha CEYCHHETO M TaKUBa, KOUTO U3UCKBAT BHCOKO
Ka4eCTBO Ha CTOMMIJIKAaTa, OCBOOOJCHA OT BCIKAKBHM HEMETAJIHHM BKIIIOUBAHMS WM ra3oBe [5, 6].
CrpIIHOCTTa Ha Mpolieca ce ChCTOM B TOBA, Y€ CIUIaBTa 3allbjiBa KyXHMHAaTa Ha JiespcKara
dopma mox neiicTBre Ha pasiMKaTa B aTMOC(EPHOTO HAIATaHE W HAIATAHETO, CH3AAJICHO B
KyxuHata Ha (opmara, upe3 BakyymupaHeto . C HM3MEHEHHETO Ha pa3iuKaTa MeEXay
aTMOC(EPHOTO HAJSITAHE W HAATAHETO CH3JaJICHO B JIespcKkara popMa MoKe Ja ce peryimpa
CKOPOCTTa Ha 3ambJiBaHe Ha (popmara chc cTomuiakara. Upes jeeHe B YCIOBHS HA BaKyyM Ce
MOJTy4aBaT ThHKOCTEHHHU OTIIMBKH, ¢ e0enrHa Ha cTeHuTe 1-1.5 mm, 6e3 Hanmu4ne Ha ra3oBU
ne(deKTH, C BUCOKA TOYHOCT Ha pa3MEPUTE U MOBUIIICHU MEXaHUYHUTE CBOMCTBA [5].

B nHacrosimara paboTta ca OTpa3eHH pe3yiTaTUTE OT M3CJIe/BaHE Ha BB3MOXKHOCTTA 3a
MoJly4yaBaHe Ha CJIOXHO-pelie(HU OTIMBKU IO CTOIMSEMU MOJIEIH B YCJIOBHS Ha JIEEHE BbB
BaKyyM, B CbhbueTaHwe ¢ Meroaa ,KamwisipHo ¢opmMoBaHe M H3MOJI3BaHE HA OOMa3Ku
rapaHTHpaIyd HUCKA rparaBoCT Ha MOBbPXHUHUTE. ,,KammispHo GopmoBaHe™ € CpaBHUTEITHO
HOB METOJX 3a wu3paboTBaHe Ha Jespcku Qopmu, 3ammreH c¢ nateHt [7]. Ilpum
KOHBEHIIMOHAJTHUTE METOAM 3a M3pabOTBaHE HA CIIOXKHOpEIe(hHU OTIUBKH MO CTOMSEMHU
MOJIEJIN C€ M3MOJI3BAT CTUIICHINKATHU Y€PYNKOBH (OPMU, WIK JESIPCKUA POpMH, U3pabOTeHU
OT TEYHOHAJIUBHU (DOPMOBBYHHM CMECH, KOUTO Ca C HUCKA ra30IpOMyCKINBOCT, U 32 KOUTO CE
W3MCKBa M3MWYaHe Ha QopmaTa NMpU BHUCOKM TEMIEpaTypu Mpeau na Obae 3ansta. B
HACTOSIIIIUTE M3CienBaHus € u3bpaH metona ,,KamunspHo dhopmoBaHe®, onmucaH B T. 2, T.K.
YIOBJIETBOPSIBA CIICHUTE M3UCKBaHWs: 1) mpu ¢opMoBaHe Ha OomopHaTa 4act Ha (opmara,
KOATO TPsiOBa Ja Oblie mopecTa, ¢ BUCOKA Ta30MpONMyCKIMBOCT, HE TPsOBa Ja ce HapyllaBa
[EJOCTTa, Ha OOMa3KaTa, T. K. U3IMOJI3BAaHUTE OOMa3Kud B CypOBO CHCTOSIHUE HMMAT HECKA
TEXHOJIOTHYHA SIKOCT; 2) HEOOXOIMMO € Jia C€ OCBHIINECTBH MHOTO J00pa Bpb3Ka MEXIY
oOMa3kaTa ¥ omopHaTa mopucta ¢opma; 3) 3a Ja HE ce HApYIIH IEJIOCTTa Ha oOMaskaTa €
HeoOXxoaMMa HHUCKaTa TeMmreparypa Ha Harpsisane Ha opmara (150-200°C).

[Ipu cwh3mageHUAT METOJ 3a KamwisipHO (OpMOBaHE Ce OCBHINECTBABA MHOTO no0pa
BpB3Ka MEXKIY W3MOJI3BaHUTE OOMa3KH M OMOpHaTa 4acT Ha ¢opmara, T.K. B 0OMa3KUTe Ha
OCHOBaTa Ha KOPYHJ, IMPKOH M TrpaduT, KaTo CBBP3BAMIO BEIIECTBO Ca W3IMOJI3BAaHU
kapOodeHoBa cMoa M BOJHO CTHKIJIO, KaKTO M MpU M3paOOTBAHETO HA OTMOpHATA YacT Ha
nespckute Gopmu. [IpenaBun Ha TPUIOKUMOCTTA HA TaKbhB BapHaHT Ha H3pabOTBaHE Ha
Jesipcku  pOpMH, EKCIepUMEHTHTE Osfxa HAacOUYeHH KbM U3IIOJI3BAaHE HAa MeJHA CIUIaB
CuZn38Pb2 3a nmomyuyaBaHe Ha CIOKHOpENE(HHH OTIUBKH.

2. EkcniepuMeHTaJIHA 4YacT
2.1 Ilpuzomeane na npomugonpuzapuume 00OMa3Ku

Kakro Oeme cnomenaro B T. |, W3mon3BaHM ca OOMa3KM Ha OCHOBaTa Ha KOPYHI,
IIUPKOH U TpaduT, YUHTO CHCTAB € JaJeH B Ta0uI. 1.

Ta6auna 1. ChcTaB H3M0/I3BAHNTE POTHBONMPUTAPHU 00MAa3KH

O6ma3ka | OcHOBHA cbeTaBHA | JIOMMBIHU MaTEepHAIH

1 KOpYH]L Kap6odenona cmona ALKAFEN C 150- 4%, Bona (1:3)
2 KOpYH] Bogano cTpkino- 4%, Boaa (1:3)

3 LIUPKOH Kap6odenona cmona ALKAFEN C 150- 4%, Bona (1:3)
4 IIUPKOH BonHo cThki0- 4%, Boga (1:3)

5 rpadut Kap6odenona cmona ALKAFEN C 150- 4%, Bona (1:3)
6 rpadur Bonno ctbkio- 4%, Boaa (1:3)
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[Tpensun 0OCTOATENCTBOTO, 4Ye OOMa3KUTE €€ HaHACAT BbPXY CTOMAEMHUS MOJEN
(13paboTeH OT BochbUHO-TIapadHEHa cMec), a He BbPXY IMOBbPXHUHATA Ha JesipckaTa Gopma,
n300pa Ha CBBP3BAlIM BELIECTBAa 32 OOMaszKkuTe Oelle ompezeseH OT 0O0CTOSTEICTBOTO, Ye
TpsiOBa na ObJaT CHIIKUTE, KAKBUTO Ca CBBP3BAIIMTE BELIECTBA HA ONOpHAaTa dYacT Ha
aesipckaTa Gopma, 3a Ja ce U3rpaau 3/paBa Bpb3Ka MEXIy oOMaskara u jespckara ¢opma.
Bceekn eamH Bua oOMaska ce WM3MOJ3BAa B JIBa BapHaHTa — CbC CBBP3BAIIO BEIIECTBO
KapOoQeHoBa cMoJIa U ChC CBBP3BAIIO BEIIECTBO BOAHO CTHKIJIO. EnpuHaTa Ha yacTuIMTE Ha
OCHOBHMS TBJIHHUTEN € ¢ pasMepu 2-10 pm, a cBBP3BAIIOTO BELIECTBO HE TpsiOBa na ce
pa3pexnaa ¢ Boga moseue ot 1:4.

2.2 H3pabomeane na neapckama gpopma

[TbpBOHAYANHO, € 11€] YTOYHSABAHE HAa NapaMeTpUTe Ha PaOOTHUS PEKUM, MOJEIUTE Ce
u3paboTBaxa ¢ ornpocTeHa (opma, BB BUJI Ha IUIOCKA MTpU3Ma ¢ iebenuHa 3 mm, 0T BOCBYHO-
napaguHeHa cmec. Ha mo-kbCeH eranm eKCIEepUMEHTUTE C€ NPOABIDKUXA C U3IOJI3BAaHE Ha
cinoxxnopenednu moaenu. M3paboreHust BOChUeH KOMIUIEKT (MOJAET U JIESKOBA CHCTEMaA) ce
oOmasBar ¢ n3bpaHara 3a 1enaTa ooMaska.

OcHoBHaTa MJes Ha HACTOSAIIMTE EKCHEPUMEHTH € Aa ce u3pabotu jespcka ¢opma,
KOSITO /1a € IOpPHCTa U B ChYETaHUE C OOMa3KHTE Ja OCUTYpH MOJIy4aBaHETO Ha KaueCTBEHA
OTJIMBKa, KaTo JespckaTa ¢popma a Obae Harpsra 1o remnepaTrypa He nosede ot 150-200°C.
Ta3u Temmeparypa € AOCTaThbuHA 3a OCBOOOXKAaBaHE Ha Jedpckata (GopMa OT CTOMsIeMHUs
MOJZI€], 3@ pa3jidKa OT KOHBEHIMOHAJHUTE METOAM, KbIETO € HeoOXoIuMa BHCOKA
TeMIepaTypa Ha W3NW4aHe Ha ¢opmara, pecrHeKTHMBHO oOMa3kara. Te3u Temmeparypu 3a
runcoBure opmu ca 750°C, 3a xepamuuHuTe Ha Oa3zaTa Ha eTwicwiukar ca Hax 900°C.
Kakro Oemie cnomeHaro mo-rope, Te3u yCiIOBUS €€ yIOBIETBOPSBAT C U3MOJI3BaHE HA METOAA
~Kammisapao gopmoBane*. XapakTepHOTO 3a METOJA €, Y€ NMPUTOTBSIHETO Ha (hopMOBHUHATA
CMeC ce OCBIIECTBSIBA B camara Jiespcka kKaca M (OpMHpPaHETO Ha HEOOXOJUMMS CIIOH
CBBHP3BAILIO BELIECTBO OKOJIO IMSACHYHUTE 3bpHA, T.€. MOJy4YyaBaHETO Ha (popMOBBUHATA CMEC,
ce OChIIeCTBsIBa 0€3 NpuiaraHe Ha MEXaHUYHO BB3JCHCTBHE BBPXY KOMIIOHEHTUTE M.
Metoaukara 3a u3pabOTBaHE Ha JISIPCKH (HOPMU 110 TO3U METOJI € BU3yaln3upaHa Ha ¢ur. 1.

N3paboTBaneTo Ha Jesipckara popMa ce OCBILECTBSIBA B CJeHATA MOCIEeI0BATEIHOCT:
BBPXY QUITBHpHATA Mpeka 8 ce MO3ULMOHNpPA CTOISIEMHUAT MOJIEI € IIPEIBAPUTEIHO HAHECEHA
obmaska. [IpoctpancTBOTO MEX Iy MOziena S5 u kacarta 1 ce 3ambiBa cbC CyX Mmsichk 2 (Dn.3. =
0.20 mm), KOHTO ce JOyIUIbTHSBA, upe3 Jieku BuOpauuu. Bbpxy msceka ce HaiauBa
CBBP3BALIOTO BelIECTBO (KapOodeHoBa cMoOlIa MM BOJHO CTHKJIO pPa3peieHUu C BOja, B
croTHOmIeHUE 1:2). Ciex KoeTo ce BKIIOYBA BaKyyM CHUCTEMaTa U B PE3YyJITaT HAa pa3jINKaTa B
HAJIATAHETO HaJl CBBP3BAIlOTO BEUIECTBO M IOJA HEro, TO MPHUHYAWUTEIHO IPOHUKBA B
KallWISIPHUTE MPOCTPAHCTBA MEXKIY ISICBUHUTE 3bpHA, KAaTO T'M OMOKpS MO Iilata UM
HNOBBPXHOCT. BakyyM cuctemara npoabikaBa ga padoTu, JOKAaTO MOYTH LSJIOTO KOJUYECTBO
CBBP3BAIIO BEIIECTBO MOMaaHe B MeXIuHHNA chA 10. B nespckarta ¢opma ocraBa camo Taszu
4acT OT CBBbP3BAIOTO BEIIECTBO, KOATO € OMOKpHJIA NIEChUMHKUTE B JespckaTta ¢popma. Taka
nojlyuyeHata Jjesipcka (opma, u3rpazeHa oT ISIChbK, OMOKPEH ChC CBbP3BAIllOTO BEIIECTBO
KapOoQeHoBa cMoJla MM BOJHO CTBKJIO c€ BTBBpAsABA upe3 mnpoayxsaHe ¢ COz. Tosa e u
€IHO OT IpPeMMCTBATa Ha TE€3HM CBBP3BAIlM BEIIECTBA, Y€ CE€ BTBHPAABAT 0€3 M3NHUYaHE NPU
BUCOKM Temmepatypu. TpsOBa na ce orOenexu, 4e Ipu NpOIyXBaHE C BBIJICPOJIEH JIBYOKHC
OT ropHaTa cTpaHa Ha (hopMara, BaKkyyMcucTeMaTa NpoabikaBa fa padotu. [lo To3u HauuH
ce HMHTEH3U(UIMpa NPOHUKBAHETO HA BBIVIEPOAHHUS JIBYOKHC B MPOCTPAHCTBOTO MEXIY
nschbUHUTE 3bpHA. OCBOOOXKIAaBaHETO Ha Jespckara (opmara OT CTOMSIEMHS] MOJEN ce
ochuiecTBsiBa npu Temmeparypu 150°C, B npoabsmxenue Ha 1 ydac. ToBa e Temmeparypara,
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HaJ[ KOSITO CBBP3BAIOTO BEMIECTBO KapOodeHoBa cMoira ryOr CBOsiTa CBBhp3BAIla CIIOCOOHOCT
1 oOMa3kara 3arouBa Jia C€ POHHM, a MPH U3MOJI3BaHE Ha CBBHP3BAIIO BEUIECCTBO BOJHO CTHKIIO
HaJl Ta3M TeMIepaTypa, oOMa3KaTa ce HalyKBa.

PECUBEP

BAKYYM
NOMAA

®urypa 1. JlabopaTopHa ypenda 3a 3aJuBaHe B yCJIOBUS Ha BaKkyyM; 1 - Jesipcka Kaca, 2 - CTOIMIIKA,
3 - hopMoBBYHA cMec, 4 - 00Ma3Ka, 5 - KyXHHA Ha JiespckaTa (popMma, 6 - yILIbTHeHHe,
7 - mnoagMoeIHA 1044, § - MpeAna3Ha kamepa, 9 - Me:KIuHeH cbj, 10 - BAKyyMMeThbp

3. Pe3yaraTu u aHau3u

3.1. Pezynimamu u ananu3u om npoeeodenuss CmpyKmypeH aHaaiu3 Ha u3zciedeanume
oopazyu

Kakro Oeme ka3aHo mo-rope, IbpBOHAYAIHO, C IIeNl YTOYHSIBAHE HA TapaMeTpuTe Ha
paboTHUS pEeXUM, MOJAENUTEe ce u3paboTBaxa c ompocTteHa (opma, BbB BUJA Ha IUIOCKA
npm3ma. Ot ¢dur. 2 ce BWKIa, ye oOMa3kara € B3auMOJEHCTBaia ¢ Jespckara Gopma, HO
0o0pa3yBaUAT ce€ CIIOI ce OTCTpaHsBa JIECHO U TOJ HEero MOJyYeHUTE OTIUBKU Ca C BHIAUMO
HHUCKa rpanaBocCT.

@ur. 3. [IpodHM OTIMBKH: a - ¢ IPOTHBONPUTapHA 00Ma3Ka 0T KOPYH/I H CBBP3BAII0 BeleCTBO BOJHO
CTBKJIO; § - C IPOTUBONPUTapHa 00Ma3Ka 0T HUPKOH U CBBP3BaII0 BellleCTBO Kap0odeHoBa cMoJ1a

46



ExcnepumentuTe, mpoBeAeHH B JeApCKH (OpMH CBhC CBBP3BAIIO  BEIIECTBO
KapOoQeHoBa cMoJIa, CbOTBETHO U ¢ 0OMa3Ku ChC CBBP3BAIO BElIECTBO kKapOodheHoBa cMoIa,
He Jazioxa 0coO0eHo 1o00pH pe3yiTaTH. BuanmMo noBbpXHOCTTA € MOIy4YHd C HUCKA IPanaBocCT,
HO IIPU MPOBEIEHUS MUKPOCTPYKTYpPEH aHalIM3 ce HaOJrojaBaxa ra3oBH JAeQeKTH B OJIM30CT
JI0 TTIOBBPXHOCTHUS CIIOH, W TIPU TpUTE BUAa oOMasku (¢ur. 3), BRIPEKH 4Ye 3IMBAHETO Ha
JesipckaTta (hopMa ce OCHILECTBH B YCIOBUS HA BaKyyM. XapaKTepHO 3a CMOJIUTE €, Ye UMaT
BHCOKa Ta30TBOpHA CIIOCOOHOCT, M T.K. KaTO CBBP3BALIO BEIIECTBO CE€ H3MIOI3Baxa B
o0Ma3KuTe, TOBA € JOBEJIO J0 B3aUMOECHCTBUE HA CTONMMIIKATA C OTAEIHIUTE Ce ra3oBe Npu
u3rapsHeTo Ha KapOogdeHoBara cMoiia OT oOMa3kara M BIOCIEICTBHE J0 0oOpa3yBaHE Ha
ra3oBU JAe(eKTH BbB OBBPXHOCTHHUS CJIOH Ha OTJIMBKATA.

@ur. 3. MUKPOCTPYKTYPa HA NPOOHHU OTJIMBKM: @- ¢ IPOTHBONIPUTapHa o0Ma3Ka oT UWMpPKOH x100,
0- ¢ IPOTHBONPHUIapHa 00Ma3Ka OT KOPYH/ X635, 6- ¢ IPOTHBONPUIapHa o0Ma3Ka oT rpadur x35 u
CBBP3BalLIO BellecTBO Kap0odeHoBa cMoJIa

Tbi KaTO MaJKO MO-JO0pW pe3yNTaTH Ce MOJMydYhXa MPHU OTIUBKUTE, YHHUTO MOJEI €
oOMa3aH ¢ rpaduTHa U KOpyHA0Ba oOma3ka (¢ur. 3, B), To 051Xa MPOBEACHU U EKCTIEPUMEHTHU
3a n3pabOTBaHE Ha CIOXHOpENe(hHH OTIAMBKH — (Ur. 4, KaTO CBHP3BALIOTO BEIIECTBO HA
obOMa3kata (kapbodeHoBa cmona) ce pa3penu B mo-Hucka konuentpauus (1:4). Ho u npu te3u
eKCIIEpUMEHTH Ce HaOJoJaBaxa ra3oBH JIEPEKTH B MOBBPXHOCTHHUS CJIOW Ha OTIMBKATa,
BBIIPEKU Y€ MPUBUAHO c€ MOodydyaBaxa ¢ HUCKa rpamnaBoct (pur. 5).
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@ur. 4. CroxxHopenedHa 0TIMBKA, NPU @ur. 5. [IpodHM OTIMBKH: a- ¢ TPOTHBONPHUTapHA

KOSITO Mo/ieJia € o6Ma3aH ¢ rpaguTHA 00Ma3Ka 0T KOPYH/ M CBHP3BaIll0 BELIECTBO
NPOTHBONPUTapHA 00Ma3Ka U CBBP3BaII0 kapoodenoBa cmoua x100; 6- c npoTUBONPUTapHA
BelllecTBO kap0odeHoBa cMoJia o0Ma3ka ot rpaduT ¥ CBLP3BaII0 BelIECTBO

kapoogeHnoBa cmoua x100;

B cnyuauTe, B KOUTO OmoOpHaTa 4acT Ha jesipckara (opMa ce M3rpagu ChC CBHP3BAIIO
BEIIECTBO BOJHO CTHKJIO M CHOTBETHO CHIIOTO C€ W3IOJI3BA KATO CBBP3BAIIO BEIIECCTBO MPHU
MPOTUBONPUTAPHUTE OOMAa3KH, pe3ylNTaTUTE ca 3HAYUTEeNHO Mo-100pu. Ha d¢ur. 6 ca
MOKa3aH! TIOJYyYEHUTE CIIOKHOpeaehHN OTIIMBKU. KakTo ce BmkAa OT Gur. 6 BIUSHUETO Ha
U3IOJI3BAHUTE 00Ma3KH BEPXY (POPMHUPAHETO HAa MOBHPXHOCTTA HA OTIUBKHUTE € 3HAYNMO, T.K.
BUJIMMO OOMa3aHUTE MOBBPXHWHM ca C J0Opa rpamaBocT. Bmkaa ce cbino, ue B odbeMa Ha
OTNIUBKATa JHICBAT ra3oBu nedektu (¢dur. 7), KOETO MOKa3Ba, 4e ra3zomeTe, (hopMmupaHu
BCJIE/ICTBHE Ha B3aMMOJICHCTBHE Ha CTOMMJIKATA M 00OMa3KaTa ca HE3HAYMUTEIHU U HE IT0Ia1aT
B oOema Ha OTIMBKAaTa, a MPOMHUBAT B MOPUTE Ha Jespckara ¢Gopma, CIEICTBUE HEHHOTO
BakyymupaHe. Te3u pe3ynratd Joka3BaT, 4ye oOMa3KkaTa HE Ce HapyllaBa NpH H30paHUS
METO/ 33 KamuiisipHO (DOPMOBaHE U CHIIO TaKa ca KOCBEHO J0Ka3aTeJICTBO 3a MOI00psiBaHEe Ha
Bpb3KaTa MEXy oOMa3KaTa M omopHarta 4acT Ha ¢opmara. ChIo Taka 3a ga ObJe 10Ka3aHO
TOBa TBBPJCHUE, B €JMH OT €KCIIEPUMEHTUTE OOMa3KaTa ce HaHece YaCTHYHO (BbPXY eIaHaTa
MOJIOBMHA) II0 TOBBPXHOCTTA Ha cTomsieMus Mmoxen. Clex OTIMBaHE C€ YCTaHOBH, Y€
MOBBPXHOCTTA Ha 0OMa3aHaTa yacT Ce MOJyYd KaKTO MPU OCTAHAIUTE €KCIIEPUMEHTH, T.€. HE
Ce € TMOJY4YWIO pa3pylIaBaHe Ha oOMa3karta 1o u30paHusi MeToa Ha (OopMOBaHE, CHINO TaKa
HSIMa HAJIM4YUe Ha Ta30BH JIe(eKTH, a B 00IacTTa Ha HeoOMa3aHaTa 4yacT ce HaboJaBa CUITHO
u3pa3eH MexaHudeH npurap (dur. 7, a).
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3oHa Ge3 HaHeceHa
MPOTHBONIPErapHa
obMaska

a

®@ur. 6. CnoxHopeedHU OTITMBKH, NIPH KOUTO MOAEJIBT € 00Ma3aH ¢ IPOTHBOIPUIAPHA 00Ma3Ka CbC
CBBP3BALIO BeLIeCTBO BOAHO CTHKJIO HA OCHOBATA HA: @ — KOPYH/; 6 — TpaduT; 6 — HUPKOH

Heo6mazana OGMazaHa
IOBLPXHOCT TIOBBPXHOCT

®@ur. 7. MUKPOCTPYKTYpa Ha CJIOKHOPesie(hHN OTJIMBKHU ¢ MPOTHBONPUTapHa 00Ma3Ka: 4 - HHPKOH U
CBBP3BAII0 BelIEeCTBO BOAHO CTHKJIO X100, 6 - KOPYHI ¥ CBHP3BAII0 BeNIECTBO BOAHO CTHKJIO X635,
6 - TpaUT U CBHP3BALIO BelecTBO BOAHO CTHKJIO X100,

2 - YacTHYHO o0mMa3aHa ¢ rpa¢uTHa odMa3Ka x35
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3.2. Pe3yﬂmamu u anaau3u cieo uimepeéane cpanasocmma Ha omjiueKume

W3mepBaHusTa Ha IpamnaBoOCTTa Ha M3CJIEIBAHUTE OOpa3ly ca M3BBPIIECHU C MOMOIITA
Ha [Ipodunomersp-npodunorpad ,,Kamudsp 205 no cranmaptau metonuku — BJIC [ISO]
4287/17, ISO 4288 [8, 9]. U3mepBaHuaTa ca yCpeAHEHHM OT 5 M3MepBaHHs o 0Oa3zoBa
aeikuHa 0,08 mm. IlomydeHuTe CTOMHOCTH Ha CPEIHOAPUTMETUYHOTO OTKJIOHEHHE Ha
penedpa Ra u BucoumHata Ha peneduutre HepaBHOCTH ¢ 10 Touku Rz, Ha obOpasuwure, ca
JaneHu B Tabi. 2. Bepeku, ye mpyu eKCepuMEHTUTE ChC CBBP3BAIIIO BEIIECTBO KapOodeHoBa
cMoJia ce HaOoaBaxa ra3oBu AedeKTH B OJMU30CT 0 MOBBPXHOCTHHSI CJIOH Ha OTIIMBKUTE,
ce B3¢ pEIlIeHHE Ha MO-CIONyWIMBHUTE OT TAX J1a CE€ MU3MEPH I'palaBOCTTa Ha MOBBPXHUHUTE.
Ot nanHUTE B Ta0I. 2 ce BWXKA, Y€ OTJIMBKUTE, IIPH KOUTO M 32 0OMa3KHUTEe, U 3a U3padoTBaHE
Ha Jiesipckara Gopma, € M3MOJI3BAaHO CBBHP3BAIIO BEIIECTBO BOAHO CTBHKJIO, Ca IMOJYyYEHH C
rpamaBoCT TO-HHCKa OT Te3W C KapOodeHoBa cmona. Ilomydyenute croitHocTn 3a Ra ce
oOsicHsiBaT ¢ (hakta, ye mpaxooOpa3Hara (pakius Ha Te3W OOMAa3Ku € C MPUOTUZUTEITHO
€HAKBU pa3MepH Ha MpaxooOpazHUTE YaCTHUIM (OT MOpsSAbKAa HA HIKOJIKO MUKpOHa- 2-5 pm
), IOpaJil KOETO TParaBOCTTa HA TMOJTYYCHUTE MPOOHU OTIIMBKU € MPUOTU3ZUTEITHO €THAKBA,
T.e. opMHpanaTa ce rpanaBoCcT Ha MOBbPXHUHATA HA OTJIMBKATA CE OIMpeeis OT eApuHaTa Ha
TBhpaata (pakuus. [lomydeHure OTIHMBKU ca ¢ 1 cTENeH HAa TOYHOCT HAa MOBBPXHOCT Ha
ornuBka [10], a cpaBHsBalikM TpamaBoCTTa C TPAMaBOCTTa CJeJ MEXaHW4YHa 00paboTKa,
MoJTydeHaTa MOBBPXHOCT HAa MPOOHUTE OTIIMBKU CHOTBETCTBA HAa MOBBPXHOCT MOJYUYECHA CIIE]
¢buHO cTpyroBaHe u rpy0o nundoBaHe.

Tabnauua 2: [MosryyeHu CTOHHOCTH HA CPETHOAPUTMETHYHOTO OTKJIOHeHUE Ha pejie¢a Ra u Bucounnara
Ha pejie¢puute HepaBHocTH ¢ 10 Touku Rz

O6paser | [IporuBonpurapaa oomaszka | Ceep3Baiio BemectBo | Ra, um | Rz, um
1 KOPYH]I KapOodenora cmona | 2.2 11.1
2 rpadur Kap6odenosa cmona | 1.8 9.2
3 KOPYHJ BoaHo cTBKII0 1.3 5.8
4 IIUPKOH Boauo crekiio 1.5 6.6
5 rpadut BoaHo cThKI10 1.2 5.6
4. U3Boau

Bp3 ocHOBa Ha NpOBEAEHUTE H3CIEIBAHUS M IOJyYEHUTE pE3YyJITaTH MOXKeE Ja
3aKJIIOYMM, Y€ C M3MOJ3BaHe Ha MeToja ,.KamwisipHo (gopmoBaHe™ ce OCHILECTBSIBA MHOTO
no0pa Bpb3Ka MEXIy H3IMOJI3BAHUTE OOMAa3KuM W OMOpHATa 4acT Ha ¢opmara Mo IsuiaTa
noBbspxHOCcT. CTaBa JyMa 3a TEXHOJIOTHS, IPU KOSTO JiespckaTa hopMa He ce U3Muya, KakTo €
B KJIACHYECKUTE TEXHOJOIMM 3a IIOIy4aBaHE Ha CIOXKHOpelne(HHM OTIMBKHM, a CaMo ce
u3cymasa 10 150-200 °C. Ilo To3u HauYuH HarpsBaHeTo Ha (opmara ce MOHMKABA C HAKOJIKO
CTOTHH Ipajayca, KOETO caMO I0 cebe CH € NPEeANocTaBKa 3a MO- HUCKAa €HEProeMKOCT Ha
npolieca U ChIIO Taka HHCKAaTa TeMmIlepaTypa Ha HarpsBaHe Ha (opmara e mpearnocTaBka 3a
noyiydaBaHe Ha hopma 6e3 MyKHATHHHU.

BnusiHuero Ha m3non3BaHWTe 0OMa3Ku (Ha OCHOBaTa Ha KOPYHJ, LIUPKOH U rpaduT U
CBBP3BAILl0 BEIIECTBO BOJHO CTHKIO) BbPXY (OpMHpAHETO Ha TOBBPXHOCTTa Ha
CJIO’KHOpene(HU OTIMBKH € 3HAYMMO, T.K. OOMa3aHWTE MOBBPXHUHM CE€ IOJyyaBaT C HHUCKA
rpamaBocT (Ra = 1.2 + 1.5), choTBeTCTBaIIa Ha TpamaBocTTa Ha oOMas3kara. ChIIO Taka B
o0ema Ha OTJIIMBKAaTa JIMIICBAT Ta30BU JAe(EeKTH, KOETO IMOKa3Ba, ye ra3oBeTe, (popMupanu
BCJIEJICTBHE HA B3aUMOJICHCTBHE HA CTONMMWIKATA U oOMa3Kara ca HE3HAYUTEIHH U He Ionajar
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B oOema Ha OTJMBKAaTa, a MPONMBAT B MOPUTE Ha Jespckara ¢opma, CIEICTBUE HEHHOTO
BakyyMupaHe. Te3u pesyintaTH JOKa3BaT, ye oOMa3kaTa HE ce HapyllaBa Npu H30paHus
METO/]I 32 KalmWIIPHO (JOPMOBAHE M CHIO TaKa ca KOCBEHO JIOKA3aTEJICTBO 3a MO100psIBaHe Ha
Bpb3KaTa Mexay oOMa3kaTa M OIOpHaTa 4yacT Ha ¢opmara. 3a ChXKaJeHHE HE Taka CTOU
BBIIPOCA ca C 0OMa3KUTEe HAa OCHOBAaTa Ha KOPYH[, IIUPKOH U IpadUT U CBHP3BAIIO BEIIECTBO
kapOodeHoBa cMouIa, T.K. IOBBPXHOCTTA C€ MOJy4yaBa ¢ HUCKa rpanaBocT Ra = 1.8 +2.2, HO B
OJIM30CT 10 TIOBBPXHOCTHUS CIION c€ HaOJII01aBaT ra30By Ae(PEKTH.
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Abstract

This paper presents a 3D system for “layer-by-layer construction of metal parts” that involves the use of
selective plasma remelting by metal fusion and adapted torch drive from a commercially available 3D polymer
printer modified by us that deposits successive layers of metal in such a way that it forms a 3D solid.

Keywords: WAAM, 3D system, layer

IToc/10iiHOTO U3rpakaaHe HA 1eTANJIN — HHOBAIIMOHHA TEXHOJIOTHUS B
MeTaJI000padoTBaHETO

Esrenn TOHI'OB, Kpym IIETPOB, Manaxun TOHI'OB,
Scen XAIDKUTOHAOPOB, ITnamen TAIIIEB

1. YBoa

ITocnoWHOTO M3rpaklaHe Ha JETAWIN ChC CEJIEKTHBHO IUIA3MEHO IPETOISIBAHE 4pe3
cunte3 Ha MeTal(WAAM) e By aguTUBEH MPOU3BOJCTBEH Mpouec. WAAM chiecTByBa OT
HSIKOJIKO JIECETUJIETHUS, HO CKOPOILIHUSAT HANpeIbK B TEXHOJOIMMTE IO HAIpaBH IIO-
MOMYJIIPEH U MPUIIOKHUM 3a IPOU3BOACTBOTO Ha jAetainiv ot metan. [lpu tunnuen WAAM
Ipolec MeTalHa Tejl Cce IoAaBa Ipe3 3aBapbyHa TIOpEKa, KOATO € MOHTHpaHa Ha
poboTu3upana pbka. ['openkaTta cbh3laBa eIeKTpUUYECKa abra MEXAy 3aBapbuHaTa Tell U
OCHOBaTa, KOSITO MOXeE Ja ObJe IMJIocKa IUIoYa WM ChIIECTBYBAIll JETailsl, MOAJEeXall Ha
peMOoHT wiu Monudpukanus. TormauHaTa TeHepupaHa OT Abrarta, CTOIMSBAa 3aBapbyHATa T,
KOSATO CJIEJI TOBA CE€ OTJiara BbPXY OCHOBATa, CJIOW IO CJIOMW, 3a Jla ce mu3rpaau kemanata 3D
dopma. EqHo ot ocHoBHHTe mpeaumcTBa Ha WAAM e BB3MOXKHOCTTa J1a C€ MPOU3BEXKIAT
TOJIeMH METAIIHA KOMIOHEHTH Obp30 1 peHTabmiHo. Thil KaTo mpomechT U3MOI3Ba TEl, a He
mpax WIA TEYHOCT, TOM eNUMUHHpAa HEOOXOJUMOCTTAa OT CKbIIa M OTHEMalla Bpeme
MOJTrOTOBKa M 00paboTka Ha MaTepuasia. OCBEH TOBa MPU TO3M METOJ MOXKE Ja C€ M3IOJI3BA
TOJsIMO pa3HOOOpa3ue OT METAlHU CIUIaBU, BKIIOYUTEIHO allyMHHH, CTOMaHa U THTaH,
KOETO I'0 TIpaBy YHUBEPCATHO MPUIOKUM. WAAM e 0coOeHO moAXOo/s1Il 32 KOCMUYECKaTa 1
aBTOMOOMIIHATA IPOMUIILIEHOCT, KBAETO Ca HEOOXOAUMHU TOJIEMH, CIIOKHU JACTAUIN OT METAJl.
Hanpumep WAAM ce n3non3sa 3a NpOU3BOJICTBO HA KOMIIOHEHTH 3@ CAMOJICTHU JIBUIATENIN
KaTo TOPUBHU KaMepu M TypOMHHH JIOTATKH, KAKTO U aBTOMOOWJIHU YacTH 332 OKAYBaHETO U
cnupayHaTta cuctema. WAAM Moxe aa ce M3MO0J3Ba 32 MPOU3BOJCTBOTO HAa IMPOMUIIIEHU
MalHu, HeTEHO U Ta30Bo odopyasane u Ap. [11,[2],[3].[4].
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2. PazuckBaHe Ha npodJiema

Bonpeku mHororo cu npeaumctea WAAM nMa U HIKOM OTpaHUYECHHsI, KOUTO TpsiOBa
Ja ce uMaT B mipenBua. EnHo oT ocHoBHUTE npenu3Bukarenctsa ¢ WAAM e mocturanero Ha
MOCNIE0OBATEIHO M PAaBHOMEPHO OTJIaraHe Ha MeTainHaTa Ted. ToBa Moxke Aa Oble TpyAHO
MOCTH)KMUMO, OCOOEHO TPHU CJIOKHU TE€OMETPUU M MOXKE Ja JIOBEJE J0 HEPAaBHOMEPHOCT Ha
MEXaHUYHUTE CBOMCTBa U MOBbPXHUHUTE. OCBEH TOBa MPOUECHT U3UCKBA BHUMATEIEH
KOHTPOJI Ha MapaMeTpu KaTo CKOPOCT Ha IOJaBaHE Ha TeliTa, HANPEeKEHHE Ha Jbrata u
CKOPOCT Ha JBHM)KEHHUE, 32 Jla Ce TapaHTUpa, Y€ Pa3TONEHUSAT MaTepHual e Obe KaueCTBEHO
HariacteH. [lomyyenuTe nerainm ca ¢hC CPAaBHUTEITHO BHCOKA IPAMaBOCT HA MOBBPXHUHUTE,
KOETO Hajara 3aJb/DKUTENIHa MeXaHW4Ha oOpabotka [5],[6],[7]. B HAkou cmyuam ce
HaOMrofaBa M BB3HMKBAHE Ha BBTPEIIHM HAMPEKEHUS B JETailliuTe, KOETO Hajara
JOMBIHUTETHA TePMUYIHA 00paboTKa.

3. Iloaxox m MeTOoOJIOTHSA

C ornex Ha HW3JI0KEHOTO TO-TOpE W C IeJ MOCTHUraHe Ha MO-JA00pH pe3yiTaTH HHe
paspabotuxme 3D cucrema 3a ,,IOCIOMHO HM3TPAXKIAAHE HA NETAWIM OT METal", KOSATO
BKJIIOYBA M3IOJI3BAHETO HAa CEJIEKTUBHO IIA3MEHO IMPETOISBaHE 4Ype3 CHHTE3 Ha MeTall U
aJIalITUPAHO 33JIBUKBAHE Ha TOpEJIKaTa OT ChIECTBYBAIIl Ha Ta3apa Moauduiupan ot Hac 3D
NPUHTEP 3a TOJIMMEPH, KOWTO OTJIara MoCJIeIOBATEIHN CJI0EBE METAIl 110 TaKbB HAYMH, Y€ J1a
o0pasysa 3D TBBpIO TSIIO.

C men HamansiBaHE Ha pa3XOoAWTE M BpeMmMeTo 3a wu3paboTBaHe Ha Hamara 3D
NPUHTHpAIla CHCTEMa 4pe3 CEJICKTUBHO IUIa3MEHO MPETOISBaHE, PEHIMXME Ja M3IM0JI3BaMe
rotoB 3D mpunTep 3a moimMepu mapka Wanhao monen Duplicator 12 D12/500 D12-500
Double Extruder, ¢ur.1.

®urypa 1. Wanhao Duplicator 12 D12/500 D12-500 Double Extruder
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Crnen aerailTHO 3acHEMaHE Ha pa3MEpPUTE OT CHINSCTBYBAIWS TPUHTEP B cpela Ha
SolidWorks moctpouxme 3D CAD moxmen Ha mpunTepa. ToBa HHM Jajie Bb3MOXHOCT Ja
u3npoOBaMe pa3MYHA MOAM(PUKAIUU Ha 3aJBIKBAHETO W Jia M30epeM HaH-TIoaXosImaTa
KOMOUWHAIMS, KOATO Ja peaju3upame Ha mnpaktuka. Ha ¢wur.2 e mokaszan 3D monena Ha

IIPUHTEPA.

®urypa 2. 3D Moaes1 Ha NPpUHTepa

3a Ja peanu3upaMe 3aJBIDKBaHE Ha IUIa3MeHaTta ropenkata oT 3D mnpunHTepa
npeMecTuxMe naturka 3a BucounHa “3D Touch”, koiiTo € MOHTHpaH Ha IPUHTHpAIIATa TJIaBa

¢ur.3. au 0.

pnog ag

®@urypa 3. a. [IpuaTHpama raasa c ,,3D Touch“
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®urypa 3. 6. HoBa no3uuus Ha ,,3D Touch“

3a 3axBallaHe Ha TUIA3MEHHUTE TOPENKA IMPOEKTHUpaxMe W H3pabOoTHXME CIieruaiHa
cK00a, KOSTO MOHTHpAaxXMe Ha MSCTOTO Ha OpUTHMHATHATA MPUHTHUpAIA I1aBa. brarogapenue
Ha mpoOuTe, KouTo HampaBuxme npeasaputenaHo ¢ 3D CAD moxaena Ha mpuHTEpa ckobaTa
Oellle MPOEKTUpPaHa, Taka 4Ye MPU MOHTAXAa W J1a HIMA HUKAKBU MPOMEHU B OpUTHMHAIIHATA
KOHCTPYKIIUS Ha MpuHTEpa Qur. 4.

®@urypa. 4. Cko6a 3a 3axBamaHe Ha ropeJjkara.

3. 3akiaouyenue

Bb3 ocHoBa Ha 3D moxaena Ha mpuUHTEpa W ACTAWIUTE, KOUTO MPOCKTUPAXME M
u3paboTUXMe, yCTHemHo MOAUuQUIMpaxMe chllecTByBamus 3D mpuHTEep, MpenHa3HayeH 3a
M3MOJI3BaHe Ha TJIacCTMAcoBH J00aBku B 3D cucrtema 3a ,,TOCIIONHO M3rpaKaaHe Ha JeTanIn
or wmeran“ ¢ur. 5. Peammszupaxme craOWIHO 3axBalllaHe Ha 3aBapbyHaTa TOpETKa.
Ocurypuxme MJIaBHO U PaBHOMEPHO JBIDKEHHE Ha TOpeliKaTta, KOeTO € IMpEeArocTaBKa 3a
MOCTUT'AaHE Ha TMO-BUCOKO KayeCTBO Ha MpUHTUpaHuTe Jnertaiinu. llocturHaxme mbiaHa
cUHXpoHu3aIus Mexay 3D npuHTepa u 3aBapbuHUs U3TOYHUK. [Iporpamupaxme codryepa 3a
TeHepUpaHe Ha KOHTPOIHHS (aiill, Taka 4e J1a MoJydyruM ycToiuuB mporec Ha 3D npuHTHUpaHe
Ha METaJIHU JIeTallJIM Ype3 CeJIEKTUBHO IJIa3MEHO MPETOINsIBaHE Ha METall.
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®@urypa. 5. 3D cucrema 3a ,,l10CI0i{HO H3rpaKAaHe HA AeTANIU Ype3 ceJJeKTHBHO JIAa3MEeHO
NpeToNsiBaHe HA MeTaJl.
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Abstract
The article presents existing methodologies for hybrid (MIG-MAG and plasma powder) layering on flat surfaces.

Keywords: MIG-MAG, plasma powder layering

MeToauka 3a KOMGI/IHI/IpaHO HaIv1aCcTABaHEe HA IIJIOCKHM IIOBbPXHUHHU

Huxonait HUKOJIOB, Tarsaa MEUKAPOBA, Huxkomait BBJIHEB
1. YBOoa

B nacrosimata paboTa ca u3cielBaHH Pa3sHOBUAHOCT Ha METOAMTE 3a (opMHpaHEe Ha
3alllUTHU CJIOEBE upe3 KOMOMHMpaHE Ha KIACHMYECKUTE METOIU 3a IUIa3MEHO IpaxoBO
HAIJIACTSABAaHE ChC METOAUTE 3a MOJIyaBTOMAaTUYHO HaBapsiBaHe upe3 fooasbyHa e (MAT).

Heo6xonumocTTa OT KOMOMHHMpaHE Ha KJIACUYECKUTE METOIU CE MOpaXkJa OT Ch3/laBaHe
Ha 3alIUTHU CJOEBE OT CKBIM M PEAKM METAIU U CIUIaBH, IOJIO)KEHU BBPXY MAacoBO
U3I0J3BaHU 0a30BM METaJIM CbC CPAaBHUTEIHO HHUCKA LeHa. MeToabT € MNPHIOKUM B
XMMHYECKaTa U T€XKKa KOTJIOBA IPOMUIIIEHOCT, KBAETO CpelaTa € XUMHUYECKU arpeCUBHA U C
NOBUIIEHU TeMIlepaTypu. Bbp3MoxKHOCTUTE 3a NpUIIOKEHUE Ha XUOPUIHUTE METOAU € KaKTO
3a MoJy4aBaHE Ha CJIOEBE BbpPXY NOBbPXHUHHUTE HA HOBOU3IPAJAECHU METAIHU KOHCTPYKILHH,
Taka U 32 PEMOHTHO BB3CTAHOBUTEIIHU MPOLIECH NPH CHIIECTBYBALU Ae()EKTUpaIN TaKuBa,
KBJETO MOIMSHATA Ha 000PYABAHETO C HOBO € HKOHOMHMYECKH HEU3TOHO.

2. TexHOJOrHYHH PAa3HOBUIAHOCTH HA ME€TOIUTE

2.1. MUT memoou 3a nannacmsaeane Ha NOBBLPXHOCMHU C10€6€ Ol 8UCOKOINEUPAHU
cCmomanu

Meronst MAI' 3a monyaBTOMAaTMYHO HAIUIaCTABaHE B 3alllUTHA ra3oBa cpeaa ¢
n00aBbUHA TEJT € HAMEPHJT IITMPOKO MPHIIOKEHUE MPU PEMOHTHO BH3CTAHOBUTEITHU MPOIIECH.
XapaKTepHO 3a METOJa € Ch3/1aBaHe Ha CIION C MO-MaJ'bK IIPOBAp, a HAIUIACTEHUST Y4acThK €
¢ mo-rojsiMa BucounmHa ot Tasu Ha PEJ[3. T.e. mMoxeM pga roBopuM 3a roJsimMa
MPOU3BOAUTEIHOCT, Thi1 KATO J1aBa Bb3MOXKHOCT U 3a roJiiMa aBTOMaTH3aLUs.

Cxema Ha MeTo/1a 1 001l BU HAa 00OPYABAHETO € IpeAcTaBeHa Ha ¢urypa 1.
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MATI saBapsBaHe TenonogaBawo

YCTPOUCTBO

AKTUBeH ras

~ HaBapeH
WLSEESER

OcHoBeH MeTan

TOKOB M3TOMHUK

®urypa 1. Cxema u o0y Bug Ha od6opyasane 3a MAI' (MAG) HaBapsiBaHe

2.2. IThazmenu memoou 3a naniacmsaeane

[Tna3mMeHuTe METOAM ca C MO-BUCOKAa ce0ECTOMHOCT Ha OOOPYIBAaHETO M C IO-BHCOKA
CHeluanu3anus Ha omeparopa, moi3Baml oOopyaBaHeTo. Te ca MO-M3MON3BaHHU TPU
BBTpEIEX0Ba ynorpeda Npu H3rpaxkJaaHe Ha HOBO oOopy/aBaHe. ToBa T'M MpPaBU IMO-PSAKO
U3IOJI3BAaHU OT JApyruTe Mmeroau. JleGennHara Ha HAIJIACTEHUTE CIIOEBE € IMO-Malka OT Ha
MAT merona, HO TYK ©IMamMe Bb3MOXKHOCT J1a TOITUM KaKTO I00aBbYHA TEJl, TaKa U Ipax.

Cxema 1 cHUMKa Ha 000pyABaHETO ca MoKa3aHu Ha ¢urypa 2.

Tk

5,

N

AN

®@urypa 2. [Ina3meHo NpaxoBo HANIACTSABaHe:
1- xopIyC Ha IIa3MOTPOHA; 2- BOI(PaMOB eJIEKTPOJ; 3- OXJIaXIaeM aHo[; 4- KaHaJ 3a [10JjaBaHe Ha rasa;
5- KaHaJl 3a [I0/J]aBaHE Ha Ipaxa; 6- IIa3MeHa CTpPysl; 7- HaIUlacTsBaHa IOBBbPXHOCT

58



2.3. Komounupanu memoou

A) Eonospemenno naniacmsasame

Cnen mompoOHO TpoydyBaHE B HAyYHH IyOJMKAIlMHM, Ca YCTAHOBCHH 3HAYUTEITHH
U3CIIeIBaHMs Ha CTPYKTYpa, aXe3MOHHA BPb3Ka, MEXaHUYHH CBOIMCTBA U XMMHUYEH ChCTAB Ha
Ch3JIa/IcHH 3aIUTHU CJIOEBE NPH KOMOMHMPAHO M3IIOJI3BAHE HA JBAa METOJa IUIA3MEHO U

NOJTyaBTOMaTHYHO B Ta30Ba cpeja HaruiacTsBane. Ha ¢urypa 3 e mokaszan nmpumep 3a TakbB
nporec.

MaHunynatopsa ! E
aBToMaTU3auuWA Ha
npoueca

i MnasmeHo
i OBbrogo

i HannacTABaHe
i

T meToa Ha
HannacTtABaHe

—
| basoB meTan |2

| 5083Al cnnas ABVaKeHne

®urypa 3. Komounnupano Ilnazmeno-MHUI" HanuiacTsiBane

b) Ilocneoosamenrno (Xxubpuono) nanacsane Ha cioeseme.

[Ipy mpoyyBaHEeTO Ha HAyyHATa JIUTEpaTypa HE ca HAMEPEHH MHOTO JaHHU U
U3CIIeIBAHMS 32 MPOIECUTE, KOUTO MPOTHYAT MPH TOCIIEA0BATEIHO (XUOPHIHO) HaHACSHE HA
3alIUTHY cioeBe. HemocTaThuHO ca M3CieBaHN U CTPYKTYPHUTE, aJIXE3UOHHH U MEXaHUYHU
MOKa3aTesu, KOETO MPaBH U3CIICIBAHUATA B Ta3U MIOCOKA 0COOCHO aKTyaTHH.

1-karon; 2-mr03a aHox; 3,4- oXJaxKaaHe; S- m1a3Mooopa3ysai ras; 6-
IIpax CMecC C Tra3; 7- Mpeana3eH eKpaH; 8-MOKpUTHE; 9-cToMaHa

®@urypa 4. [11a3MeH0 MPaxXoBo HANJIACTABAaHE ®@urypa 5. Ctenj 3a HaBapsiBaHe
ype3 MAI meron
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3. Ilpuiio:xkeHne HA KOMOMHUPAHUTE METOIU

KoMmOuHuMpanuTe MeTOoau  HaMupaT  MOMYJSAPHOCT OCHOBHO B PEMOHTHO
BH3CTAHOBUTEIHUTE TEXHOJOTUH, KBACTO MOIMSHATA Ha JAePEKTHPAIO TEXHOJIOTHYHO
000py/IBaHE € MHOTOKPATHO MO-CKBIIO0 OT BH3CTAHOBSIBAHETO MY.

TexHonoruurte 3a XUOPUAHO WM KOMOMHHPAHO M3MOJI3BaHE HA KIACHUYECKUTE METOIU
3a HaBapsSBaHE W HAIUIACTSABAHE HAMHUPAT MPWIOKEHHWE W TP H3pabOTBaHE HA HOBO
o0opyaBaHe, KOraTo MaTepUAINTE UM Ca CKBITH WIH PEAKH.

[IpenuMcTBO Ha CBH3/aBaHUTE CJIOEBE € HE CaMO HMKOHOMHYECKaTa M3roja, HO U
CHh37aBaHETO Ha KOMIUIEKCHU CTPYKTYpHH M MEXaHHYHHM CBOMCTBa, C KOETO C€ pa3lIupsBa
obnacTra  Ha  TNpWIOKEHHE  (KOPO3HMOHHAa  yYCTOMYMBOCT,  HM3HOCOYCTOWYHBOCT,
TOTJIOYCTOMYMBOCT U Jp.). 32 J1a ce TMOCTUTHE TOBa € HEOOXOAMMO Jla ce MOIy4H A00pa
XUMHUYHA BPH3Ka MEKAY OTICITHHUTE CIO0CBE ¢ MUHUMAIHH HAINPSIKEHUS U AePeKTH. 3a Ta3u
e € BaXHO Jia ce mojdepaT MOAXOIANIN A00aBbUHM MaTepHalld U PeXUMH Ha padoTa Ha
TEXHOJIOTHYHOTO 00OpY/ABaHE.

Henocratbk mpu KOMOMHHpaHETO HAa METOAMTE € YCIOXKHSBAaHE Ha amaparypara u
HeliHOTO ympaBieHue. HeoOxomauMmu ca CTEHIOBE (aBTOMATH W MAaHHWITYJIATOPH), KOUTO Ja
HOCSIT MOJABIKHUTE BB3IU M MpPEHACTpoiiBaHe Ha OJ0Ka 3a yNpaBieHHE Ha TEXHOJIOTHYHUTE
pexumMHu (TOK, HAIIPEKCHUE, TI0JJaBaHe Ha T0OABhUYCH MaTepHal U TEXHUICCKH ra30Be).

XubOpuaHUTE TEXHOJOTMH OT CBOSI CTpaHa HAMAT TO3M MpoOJIeM TMOHEXe He ce
Pa3KOMIIJIEKTOBAT OTJIEIHUTE anapaTypu, a c€ M3MOJI3BAT MOCJIEA0BATENHO €/1HA CIIEl Apyra.
B TaxHa mon3a e M BB3MOXKHOCTTA 3a Mpelu3upaHe nedenrHaTa Ha OTACITHUTE CIOEBE U
XUMUYHATA BPH3KA MEXKTY THX.
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