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. Non-destructive inspection methods

- Non-destructive testing methods (ultrasonic, penetrant, magnetic, visual,
infrared thermography, radiography, leek, etc.);

- Non-destructive and destructive inspection of the integrity, structure and
physico-mechanical properties of materials;

- Application of non-destructive and destructive testing methods for
inspection in energy, transport, engineering, construction, chemical
industry, etc.;

- Structural health monitoring of equipment and structures with non-
destructive testing methods (vibration diagnostics, acoustic emission,
infrared thermography, etc.);

- Advanced non-destructive testing methods and techniques (phased array,
TOFD, computer and digital radiography, tomography, automatic
system for inspection, etc.);

- Training, certification, accreditation and standardization in scope of non-

destructive inspection and conformity assessment of materials,

equipment and structures.

2. Techniques for material processing and condition monitoring of

equipment

- Design and construction;

- Life cycle condition monitoring;

- Material sciences;

- Manufacturing, exploitation, maintenance and repair;

- Innovation methods and techniques for modernization;

- Metal casting, welding, soldering bonding, machining,
treatment;

- Mathematical modeling of technological processes;

- Load treatment and deformation;

- Training.
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Comprehensive Approach of Testing and Evaluation and Involvement of
NDT in the Ammunition Life Cycle

Petko BONCHEV, Delyan NEDELCHEV
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Abstract

In this article, we propose NDTs involvement as a part of comprehensive approach to support reliable evaluation
of tools during ammunition life cycle. The comprehensive approach is based on the mix between traditional
standardized (chemical stability, live-fire, etc.) and the non-destructive methods. This approach support adequate
quality assurency, but most important ensures precisely evaluate safety and reliability during service life, to
compensate existence of mixed results obtained from different parts of lots. In result of long storage, elements of
ammunition are subjected to degradation by impact of environmental factors. Changes of temperature can
accelerate these processes. During transport and service manipulations, mechanical damage can happen leading to
formation of places susceptible to damage. Pyrotechnical materials undergo physicochemical changes (e.g.
chemical reactions like decomposition, oxidation, and phase transitions). In whole, this triggers different hazards.
The main problem for implementing NDT is the lack of standardization in this area, but in case the non-destructive
methods applications is to provide additional information in order to “transfer” precisely the results obtained from
destructive standardized methods over the whole lot, but non-destructive methods can be use widely as support
tool adding valuable test data. Compensating the lack of standardization, this study conceptualize non-destructive
methods and tools as a part of comprehensive approach.

Keywords: ammunition life cycle, ammunition service life, solid propellant rocket motor, non-destructive testing
1. Introduction

Nowadays, the emphasis in military understanding is on the provision of military capability, to
which the weapon systems and ammunitions probably are the most significant and directly
referred add of the materiel [14]. From logistics prospective, for ammunitions this means
establishment of large stockpiles in order to ensure current and future operational or training
activities and needs [8]. From manufacturing perspective the adequate structure for ensure
quality of products and control of manufacturing processes. Being one-shot devices, the most
important task during their life cycle is to ensure their safety during service life' and of course
their performance. Starting in very early phase (in design and development stages) and
continues during service, safety and performance lie on the munitions system reliability. To
ensure it, the periodical tests, predominantly destructive ones, plays significant role.

The service life period seems more complex [8]. Service life assessment begins in the
development phase and monitoring programs must be developed and implemented during the
life span of the system and two interacting iteratively paths to produce current service life
estimates are used [9]. One path is analytical which assesses the rate of material aging, the effect
of material aging on the system (i.e., stability, performance, integrity, etc.) and the statistical
probability of system failure during service life. The typical approach is to specify conservative
service life period, determinated under harsh environment conditions and severe service
loadings. Generally, the base for service life period for the whole system is this of the non-

! The service life is defined as the time that ammunition is able to operate reliably, safely, accomplish the setted
requirements under the real life loads [8]
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replaceable part with energetic material with the shortest service life period, nevertheless that
the designed ammunition/missile or their elements can be used safely longer (Table 1) [8].

Table 1. Expected service life for different tactical missiles components

Expected
Components service life, Posible degradation
years
Pyrotechnics 20 - Destruction of pressed or glued joints
: [8];
Composite propellants (sealed) 2035 - Depletion of chemical precursors [5];
- Diffusion [5];
Propellants (sealed) 20+35 - Micro and macrocracks generation [8];
- Moisture [5].
. - “Electronic” aging;
Electronic components 25-30 - Damages after service loads [8].
Optical components 50 - Darpages after service loads;
- Moisture.
Power units 10-20 [9]
Contact surfaces - Damages of seals;
- Contact corrosion.
. - Damages after service loads;
Rubber and plastics components 10-20  Thermal degradation.
Metal components =50 - Damages after service loads;

- Thermal degradation [2].

Why the service life assessment is more important. During storage and deployment of
ammunition and missiles, uncontrolled thermal environments and random vibratory loads due
to transportation induce random stresses and strains in the propellant, which provoke
mechanical damage [9]. In addition, structural capability degrades due to environmental
conditions and induced stresses and strains as well as material capability parameters have
inherent uncertainties [7]. In this proposed probabilistic service life prediction, uncertainties
along with degradation mechanisms are taken into consideration [6]. Vibration loads are
accounted by utilizing acceleration spectral density values, which are induced during various
deployment scenarios of ground, air, and sea transportation [8, 9].

Furthermore, thermal loads are represented with a mathematical model being a harmonic
function of time [8]. Throughout the finite element analyses, a linear viscoelastic material
model is to be used for the propellant. Change in the structural capability of the propellant with
time could be calculated using Laheru’s cumulative damage model [8]. Moreover, to include
aging effect of the propellant, Layton model could be used [8]. To determine the effects of
induced stress and strains under variations and uncertainties in the random loads and material
constants, mathematical surrogate models are constructed using response surface method.
These suggestions are valid for the majority of them use solid rocket motors and most of the
propellants [8].

During its life cycle, ammunitions, and missiles elements experiences thermal loads under the
variation of environmental storage temperature, but also vibrational and impact loads because
of transportation and service handling. All of these affect on the rocket motor in distinct way
depending from [8]:

- Design, materials and used technologies;
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- Overall climatic profile of service life;

- Reaction of energetics to real environmental and service handling loads;

- Current service life period.

Negative combination from these factors could lead to irreversible changes in chemical
composition and mechanical properties, cracking and other damages, which compromise
normal engine performance. As a result, unstable combustion may occur, and worse —
destruction or even explosion of the rocket engine and poor ballistic performance of propellants.
[8].

Current munitions and their elements are designed to function within narrow performance
boundaries. In order to guarantee safety and performance we must be able to predict their
behaviour, as well as determine their residual life span after the system has been subject to
handling and storage under varying conditions, which are not always being completely
recorded.

The second path is system surveillance, which includes system observation and system trend
analysis. As a result, the service life estimate may predict a minimum service life (safe interval)
that will likely be extended on testing at a later period. All aspects of service life issues for solid
rocket motor will be addressed including chemical and physical aging mechanisms,
methodology and techniques for determining service life, application of the service life
methodology and techniques to systems and non-destructive test methods. For these paths,
except non-destructive methods, existing system of standards and best practices [8]. Most of
them is based on the destructive methods — live firings, chemical analyses, aging, mechanical
tests, etc. [8]. In turn, the non-destructive methods (NDT) methods are powerful tool for many
industry areas, but due to their inherent limitations and complementary nature of different types,
many of them need to be applied depending on their suitability as a service life estimation tool
[8].

Unfortunately, they are not so popular tool (except the visual methods) in service life of
ammunitions (except the production phase) (see Fig. 1) [8], following to the main problems for
implementing NDT for qualification of the ammunition — the scope and lack of standardization.
For inspection at various stages of its production and service life for instance [8]:

- NDT methods such as radiography, ultrasonic testing and dye-penetrant testing are being
employed for the inspection of hardware [1, 3,4, 5, 6, 7, 8, 12];

- Magnetic methods for shells and mortar bodies [10, 13],

- Ultrasonic testing is applied for checking the bond-line integrity of case, ammunition
elements and insulation layer [5, 10] and

- X-ray radiography is employed for evaluating both the integrity of propellant mass and the
bond-line integrity of propellant and insulation [3, 8].

. 89-93%
65-90% NDT destructive testing

ﬁ 5-10% visual testing 3-5% visual testing
[———2 [————+1

S
ﬁ 5-20% diagnostic system 1 3-3% diagnostic system
[—— T

— 0.2-3% functional || __ 0.2-1% functional

[——a [——=]

Fig. 1. Coverage of different methods in the industry (left) and in ammunition life cycle (right)
(Adapted by [8])
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This was compensated in previous studies [5, 6, 7, 9] and in thesis [8], where some non-
destructive methods were verified and this is stimuli for proposal in this study a methodology
incorporated standardized destructive and non-destructive methods.

Table 2. Review of applications in ammunition life cycles on non-destructive testing methods with their
advantages and disadvantages [7]

NDT
Testing Area Applications Advantage Disadvantages
Methods g PP g g
Easy detection of
. . cracks, fractures, Time consumed in data
Acoustic Cracking, . . . ) .
- . Composite, debonding, processing, required skills
emission debonding and . . . > )
LS. fiber materials microcracks in and experience, existence
(AE) delamination :
matrix and of external loads.
delamination
Elements .
. ’ Easy to detect, Testing process on
. Material nonmetals, . . ]
Ultrasonic . precession to find complex objects is
surface and forging .
uT) . : defects and adaptable  complicated and more
internal defects material and .
. defect area process time.
glued joints
. . . Crack detecting is not
Material Material defects i.e., oy g18
Internal . . possible in perpendicular
. casting, non- porosity, slags, . .
X-ray material . axis; not possible to
metal parts and material abnormal
defects . . measure depth; costs are
composites penetration h
high.
. . Th rational Deli in signal n
Material Electrically ¢ operationa clicate in signals owing
Eddy . equipment is edge effect, suddenly alter,
surface and conductive :
current . advanced; less time  easy to allow the wrong
small defects material .
to complete the test display.
Calculate . . To detect the material
. Metallic and Noncontact of testing
thickness, . . : defect depth, complex
IRT . Nonmetallic object, working area . .
interlayers, and . . algorithm/mathematical
materials is large . i
surface calculations are required.
) It is low cost,
. Material . . .
Magnetic Ferromagnetic portable and Restricted to ferromagnetic
: surface and ; .
Particle materials subsurface defects materials.

small defects also detected

2. Concept for comprehensive approach for assessment of ammunition and
missiles

2.1. Justification of combined use of classical and non-destructive methods

The current approach is periodically to test in field environment and initiating elements and
electronics is subjected to laboratory testing [8]. Due to the fact most of these methods have got
destructive outcome, quantities subjected to testing are low. The negative combination from
this inefficient approach for surveillance and testing, lack of environmental records and the age
of ammunitions and missiles often “produces” mixed results (see fig.2) when classical approach
is used, based only on sampling of some numbers from one lot.
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It is well a fact that the input elements, units, and aggregates change their characteristics [4, 5],
and for munitions, producers tie the aggravable deadlines of the individual with the prescribed
lifetime. The term aging is marked by the generalized change in mechanical and chemical
factors as compared to properties immediately after production.

Non-safe

Predicted conditions

Required reliability Service life prolongation

Harsh conditions

Reliability

Relieved conditions

Service life period f
Fig.2. Different service life expectations for different specimens from one lot

Usually, the associated problems during the service life are related to explosives in rocket
motors (solid propellant and pyrotechnics). During the service life they change their properties
[10], the integrity of solid propellant is disturbed, the bond-lines are disintegrated, and defects
like cracks, voids and depletion appear (fig. 3). Also, during the service life, the continuing
changes in chemical composition are appeared. In detail, the aging processes in different

energetic materials and their displays is described in [20].
The pyrotechnics are even more vulnerable, mainly because the trend to absorb the moisture.

188U LS. 886

Fig. 3. “Sharpening” (first row, left), “rounding” (first row, right), micro (second row, left) and macro
cracks (second row, right)
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Complexity of these can affect negatively on performance and safety during service life and
field and laboratory testing cannot provide reliable results [8].

To monitor these changes during service life in this study we propose comprehensive
methodology for evaluation of ammunitions and tactical missiles.

2.2. Comprehensive approach for service life assessment of solid rocket motors

Schematic view of methodology for evaluation of ammunitions and missiles is showed in
Figure 4. For expensive and complex systems, the number of sampled units for destructive full-
system tests, which are considered the gold-standard measurements of the performance of the
system, may necessarily be small and it’s hard task to make conclusions for whole lot
performance based on the full-system test result of several test samples [8]. Fortunately, there
are other sources of information on the system or component level and in this methodology, we
incorporate many other types as an alternate sources of information — from functional tests on
component level to non-destructive testing, that practically could be performed on the whole
lot [8]. Logically, the relative proportion of data available from these alternate sources may
reduce the need for full-system and in our case — subsystem tests, and can enhance precision of
evaluation [8].

The key aspects of this approach will be explained in some detail in this paper are: (1) how non-
destructive methods can be added to “classical” destructive methods to produce single
informative platform and (2) a unified methodology for precisely evaluating solid propellant
rocket motors system level that combines with prediction up from the component level data,
but for clarity of presentation we will not go into details for incorporation of data because this
process we described well before — in [8] the author demonstrate Bayesian approach to
incorporate data from different sources and here we present only the results on sub-system level.
Also, due to same reasons, the sub-system decomposition process is not presented in details
here.

The proposed methodology is divided into two brances — “destructive” and “non-destructive”.
“Destructive branch” includes performance tests, all applicable standardized and validated
methods, described in standardized documents (mainly STANAGs and allied publications) and
specialized documentation — manuals, guidances etc.

The “non-destructive branch” combines different techniques. Two of them (Ultrasound
technique implementation for aging characterization and X-Ray technique for defects
characterization) are validated by the author in [8] and here only cursory notes are added. The
rest non-destructive tests are well-known [8].

The proposed ultrasound technique, based on different propagation velocities for different aged
samples. The technique is well described in [8] and here we will not go into details. This
technique may give significant advantage, because other known techniques is based on
chemical composition changes and related with destruction of the solid propellant. Otherwise
using this ultrasound technique could be automated easily, it’s fully non-destructive and hence
all the lot could be subject on testing. The ultrasound technique is proposed as an additional
tool in existing system of standards for service life qualification of solid rocket propellants. The
method is partially proof for propellants include nitrate esters on micro level by electronic
scaning microscopy.

Some notes regarding X-Ray technique proposed. It is verified by medium power industrial
system with film with passable quality for relatively small rocket motors with thin metal case
[8]. The results obtained showed possibility for detection of flaws with diameter less than 0,7-
0,8 mm, that is not perfect but fully acceptable result for the designed purposes. Understandable,
the limitations of x-rays (and y-rays) in the control of materials with a small atomic number in
the presence of materials with a large atomic number (a classic example is metal-lined
explosives) still exist and we cannot expect to detect relatively small defects.
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| System characteristics |

) Lot records
size, lot number, testing plan and results

Lot Environmental and service
handling profile

Sample batch destructive
testing
@ |Aging/Normal 0% | Cost Efficiency Analysis |----- -
""""""""""""""""""""""""""""""""""" ' | | M&S Critical defects

e o

é.[Chemical analysis)  Live firing | Si?;ﬁg _ ;

Solid propellant Functional testing |}
i mechanical” testing | |whole unit, subsystem|;

--------------------------------------------------------------------------------

X-ray radiography for evaluating integrity
of propellant mass and the bond-line |}
integrity of propellant and insulation

( X-ray radiography for defects detection ]
Results destructive testing —
% Chemical stability

% Thermal stability m Ultrasonic testing for checking the bond-
% Performance parameters line integrity of case and insulation layer |3
% Material parameters i @ : " : i
% Service life prognosis based on [ PR e T S DA ey ];=

H .
------------------------------------------------------------------------------------

stabilizer (other elements)

— [ Other non-destructive methods ]
Reliability data i
fom training | | e
. . O
—— : Results NDT/E
Lot reliability evaluation % Existence/propagation of defects

% Solid propellant porosity -
% Bond-line integrity (if applicable)
% Service life prognosis based on
ultrasound parameters

Satisfatory
lot reliability

Maintainability Analysis

—

YES

Cost Efficiency Analysis

Service life prolongation

% Period
% Surveillance schedule repair Demilitarization
% Life cycle support
prescriptions YES > Repair program
Legend:
(- standardized method/process (- verified/validated method/process [8]

(- verified/validated method/process [5] (@) - partially verified/validated method/process [8]

Fig. 4. Comprehensive approach for service life assessment of solid-propellant rocket motors [8]
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3. Selected results — X-Ray

The results from X-Ray is shown on Figure 5.

Performed cost-efficiency analysis (subject on other article) showed that the (expected) whole
cost of the performed test X-ray and ultrasound test is between 0,01 and 0,1 times of price of
one unit in dependence of the type of the rocket. Nevertheless, one of the directions for future
development, as well as improving sensitivity, precision, and productivity of the NDT methods)
remains the cost reduction.

Fig. 5. X-Ray testing bet and result: a) solid propellant; b), ¢) and d) artificial flows; e¢) X-Ray film from
rocket motor unit; f) X-ray system; g) sample with X-ray film.
Copied from [8]

Summary

In this study we propose comprehensive approach for service life assessment of ammunitions
based on the mix between traditional standardized (chemical stability, live-fire, etc.) and the
non-destructive methods. Because of the lack of standardization of non-destructive methods in
this neurological area, their usage is only as an additional tool, improving awareness.

The initial results are encouraging and implementation of these methods definitely improved
accuracy of evaluation and practically could nullify existence of mixed results obtained from
different parts of lots in performance tests. In the near future the comprehensive approach for
every type munition will be developed.
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Abstract

A mathematical model of the process of mechanical activation of the initial components of nanocomposites with
a metal matrix has been developed. This model is based on the mathematical description of the processes of van
der Waals interaction of carbon nanostructures, their separation and distribution at the mechanical activation. The
mathematical model, taking into account the criteria for the effective separation of agglomerates of carbon
nanostructures and distribution carbon nanostructures in the process of mixing nano- and micro-sized initial
components of composite materials, makes it possible to determine the energy values of the van der Waals
interaction of carbon nanostructures, the energy values supplied by the mixer-activator at given technological
parameters of mechanical activation, and also to predict the optimal time of mechanical activation of a powder
system of various masses, sufficient for the destruction of agglomerates of carbon nanostructures and their
distribution in a powder metal matrix.

Keywords: powder, nanocomposite, mathematical model, carbon nanotube, agglomerate, mechanical activation,
van der Waals interaction.

1. Introduction

Composite materials with a metal matrix filled of carbon nanostructures materials really
promising for practical application in the mechanical engineering, automotive and aviation
industries. Powders of both pure metals and their alloys are used as matrices of these materials.
Carbon nanotubes (CNTs) are the most studied and used carbon nanostructured filler [1, 2].

The distribution of carbon nanostructures in a metal micro-sized matrix is a serious
problem. Nanosized filler tends to form micro-sized agglomerates [3]. The process of
distribution of a nano-sized filler in a metal matrix can be interpreted as the supply of
mechanical energy to the initial components of the powder system for the separation of micro-
sized agglomerates and fixing carbon nanostructures on the surface of micro-sized particles of
a metal matrix. In this case, the counteracting factor that makes difficult of separation the
nanosized components is the binding energy that keeps the nanoparticles in the agglomerate.

Thus, it is possible to establish criteria for the effective degradation of agglomerates and
separation of CNTs in the process of mixing nano- and micro-sized initial components of
composite materials. First, the applied energy must exceed the binding energy of CNT
agglomerates. This will break up the micro-sized agglomerates of nanoparticles. Second, the
amount of energy supplied should not exceed the energy required to destroy a single CNT. This
will make it possible to preserve the structure and high physical and mechanical characteristics
of individual CNTs. Therefore, the optimal method for separating agglomerates of a nanosized
filler should provide a lower limit of the applied energy sufficient to break the bond of
agglomerates and an upper limit of energy insufficient to destroy individual CNTs [4].
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For the destruction of agglomerates of carbon nanostructures and distribution of carbon
nanostructures in a metal matrix, it is reasonable to use mechanical activation methods. Supply
additional energy to the powder system makes it possible to separate and distribute nanosized
components in a metal micro-sized matrix. Replacing the mixing process with mechanical
activation prevents the segregation of carbon nanostructures and their subsequent re-
agglomeration. Thus, the purpose of the work was to develop a mathematical model of the
process of mechanical activation of the initial components of nanocomposites with a metal
matrix.

2. Mathematical model

The shape and geometric dimensions of CNTs differ. The forces of interaction between
pairs of nanotubes can be estimated using theoretical models.

The van der Waals interaction of two CNTs was analysed using the Hamaker constant
[5]. In this case, the interaction energy was determined by modeling each CNT as a mesoscale
rod continuum [6]. It was experimentally shown in [7] that for the van der Waals attraction
between the outer layer of a multilayer CNT and a metal surface in vacuum, the Hamaker
constant is Ay =60 x 1072°J.

It can be assumed that this constant between the side walls of the CNT will differ slightly
from the given value. Knowing the Hamaker constant, one can determine the energy of the van
der Waals interaction between a pair of parallel CNTs. The solution of this problem is similar
to the solution that describes the van der Waals interaction energy between two parallel

mesoscopic cylinders of length /, diameter dyr, separated by a gap H [8]:
H 5 _3
E//zﬁ-l-déNT-HZincaseHZHC (1)

where Ay is Hamaker's constant, Ay = 60x1072° J; [ is the CNT length, m; d.yr is the CNT
diameter, nm; H is the distance between interacting CNTs, m; H, is the distance between the
graphene layers of a multilayer CNT, H, = 3.4 x 1072’ m.

The interaction energy of two CNTs can be modeled by two perpendicularly crossed rods
of diameter d.yr located at a distance H [8]:

AH dCNT
Ey = —-
t7 12 H

in case H < dgyr ()

Energy of van der Waals interaction of carbon nanosized filler in the sample:
- for parallel arrangement:

E, = 0.5n¢cyr - Ey) 3)
where ngyr is number of CNTs in the sample, pcs.
- for cross arrangement:

E. = 0.5ncyr  E, 4)

Total interaction energy:
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The homogeneous distribution of CNTs in the metal matrix determines the properties of
the composite and is a significant problem. Thus, the influence of the spatial arrangement of
the carbon nanostructured filler on the value of the agglomeration energy has been shown.

Based on the analysis of the presented formulas, we can draw the following conclusions.
The energy values of the van der Waals interaction in the case of a parallel arrangement of
CNTs significantly exceed the energy values in the case of a crossed arrangement, which is
explained by the significant length of the interaction. Increasing the distance between
interacting CNTs significantly reduces the interaction energy [4].

However, deagglomerated CNTs tend to form new agglomerates. Therefore, they must
be fixed on the surface of micro-sized particles of the copper matrix.

Let us calculate the energy required to fix CNTs on the surface of matrix particles. This
energy will be the work that needs to be done to introduce CNTs into the copper matrix, subject
to its local deformation.

The energy required for the introduction of CNTs into the copper surface:

Ecnr—cu = Nent * Orcu” Sent * 6 (6)

where or¢,, 1s the yield strength of the matrix metal, for copper o, = 68.5 MPa; Scyr is the
CNT projection area, m?; § is the penetration depth of CNTs, m.

Sent = L dCNT (7

Also, in the process of mechanical activation, energy is spent on the deformation of the
particles of the metal matrix. The amount of energy for deformation of matrix particles can be
calculated as follows:

Ecy = Ney  Orcy " Scu " Ocu (8)

where S, is the projection area of a copper particle, m?; 8., is the value of deformation of
copper particles, um; n¢,, is the number of matrix particles in the sample, pcs.

T dé
SCu = Tu (9)
where d,, is the copper particle diameter, m.
The amount of energy supplied to the activated system per unit time [9]:
T 1ny\3
P=0.5-Ka-K§-Kv-mb-(¥) ‘R%-N, (10)

where K, is the coefficient depending on the elasticity of the impact; K}, is a constant that
depends on the geometry of the working elements of the mixer-activator; K,, is a constant
depending on the design features of the working chamber of the mixer-activator; m; — mass of
one active working body, kg; n — frequency of rotation of the working chamber, min™'; R is the
radius of the circle of the working chamber of the mixer-activator, m; N, — the number of active
working bodies; ¢ is the operating time of the mixer-activator, s.
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The design of the mixer-activator is shown in Figure 1. This mixer-activator creates
percussion effect, rolling, intensive mixing and activation of the surface of the initial
components of the powder composite material under the action of vibration. As a result, a
sufficiently uniform distribution of the nanosized filler in the metal micro-sized matrix is
ensured [10].

A
1 — working chamber; 2 — axles; 3 — flanges; 4 — drive; 5—7 — ridges; 8 — cover;
9 — sealant; 10 — heating elements; 11 — contact bushings

Fig 1. Mixer-activator

Thus, the energy calculation of the process of preliminary mechanical activation of
copper-CNT powder systems showed that the amount of energy supplied depends on the
rotation frequency and dimensions of the working chamber of the mixer-activator, the diameter
and material of the active working bodies. Comparing the required amount of energy with the
amount of energy supplied when using a mixer-activator, it is possible to calculate the time of
mechanical activation:

1
A 13 4 d
OanNT<ﬁldgNTH 2+1_g CI;IIVT+>
t(n): 3 —_——, 3 )
05- Ko K2 - K, my-(T5g0) -R2- N 11

Nent * Orcw *Sent * 0 + Ny Orcu " Scu * Ocu

. 3
05Ky~ KZ-K,-my-(50) -R2 N,

41y pp
my =

(12)
where 1, is the radius of the working body, m; p;, is the density of the material of the working
body of the mixer-activator, kg/m>.

Border conditions:
H < dcpnr
6 <dcnr (13)
6Cu < dCu
n < Ne
where n., — critical frequency of rotation of the working chamber, min™'.

H > H,
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Thus, a mathematical model of the distribution of carbon nanostructures in a powder
metal matrix has been developed. The model is based on the ongoing physical processes at the
technological stage of activation. This mathematical model takes into account the shape, size
and properties of the initial dispersed components of various structural levels, the rotation
frequency and design features of the working chamber of the mixer-activator. The developed
model makes it possible to establish the optimal time of mechanical activation of a powder
system of various masses, which is sufficient for the destruction of agglomerates of carbon
nanostructures and their distribution in a powder metal matrix.

The analysis of the developed mathematical model made it possible to draw the following
conclusions. For a composite system based on a copper matrix filled with 0.07 wt. % of CNTs,
the amount of mechanical energy supplied over a period of 55 to 60 minutes at a frequency of
rotation of the working chamber of the mixer-activator from 80 to 90 min™' is sufficient to
destroy agglomerates and distribute CNTs in a metal matrix (Figure 2). In this case, the amount
of energy supplied makes it possible to preserve the structure of the dendritic particles of the
copper matrix.

Mechanical activation time,
mi
(0]
o
1

50 60 70 80 90
Frequency of rotation, min-!

Fig 2. Dependence of mechanical activation time on the frequency of rotation of the working chamber of
the mixer-activator

Thus, when processing composite materials based on powder systems “copper —
nanostructured filler” in the mixer-activator, simultaneous processes of destruction and
reduction in the size of agglomerates of carbon nanostructures, distribution and fixation of filler
nanoparticles in the surface layer and in the interdendritic space of powder particles of the metal
matrix occur, which ultimately ensures an increase in the number of metal-to-metal contacts.

3. Conclusions

A mathematical model of the process of mechanical activation of a powder mixture based
on a metal matrix and carbon nanostructures has been developed. This model takes into account
the processes of van der Waals interaction of carbon nanostructures, as well as the shape,
dimensions, and physical and mechanical properties of the initial dispersed components of
various structural levels, technological parameters of mechanical activation, and design features
of the working chamber of the mixer-activator. The mathematical model, taking into account
the criteria for the effective separation of agglomerates of carbon nanostructures and their
distribution in the process of mixing nano- and micro-sized initial components of composite
materials, makes it possible to determine the energy values of the van der Waals interaction of
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carbon nanostructures, the energy values supplied by the mixer-activator at given technological
parameters of mechanical activation, and also to predict the optimal time of mechanical
activation of a powder system of various masses, sufficient for the destruction of agglomerates
of carbon nanostructures and their distribution in a powder metal matrix.

Using the developed mathematical model, it was found that for a composite system based

on a copper matrix filled with 0.07 wt. % of CNTs, the amount of mechanical energy supplied
over a period of 55 to 60 min at a rotational speed of the working chamber of the mixer-activator
from 80 to 90 min-1 is sufficient to destroy agglomerates and distribute CNTs in a metal matrix.
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Abstract

The possibilities of short ultrasonic pulses for measuring the transmission of layered metal-polymer structures and
for monitoring the curing process in a polymer layer were demonstrated. Probing ultrasonic pulses were excited
by means of optoacoustic conversion also known as laser ultrasound. The nanosecond laser operating in the Q-
switched mode at a wavelength of 532 nm was employed. The absorption of optical radiation in a thin near-surface
layer creates thermoelastic stresses, as a result of which a longitudinal pulse was excited with a pronounced
compression phase and a broadband spectrum covering the frequencies range from 0.5 MHz to 50 MHz. Ultrasonic
pulses passed through the layered structure and were detected by a broadband piezoelectric transducer from the
opposite side of sandwich structure. The sensitive element of the transducer was made of a polarized film of
polyvinyldylene fluoride (PVDF) with a thickness of 25 um and a diameter of 3 mm.

Keywords: Laser-induced ultrasound, time of flight, epoxy resin, aerospace, layered sandwich structure
1. Introduction

Metal-polymer layered structures allow reduce weight and vibration of construction that
is crucial for aerospace applications. The curing time is an important parameter of sandwich
technology. During the hardening, the physical and mechanical properties of the polymer
component are changing, in particular, the rigidity, which affects the speed of ultrasound and
therefore the time of propagation of elastic pulses through the layer of adhesive. Measurement
of the characteristics of ultrasound transmission by such a structure can be used to solve the
tasks of quality control of adhesive joints and monitoring the process of resin polymerization.
This paper suggests the solution by means of laser-induced ultrasonic pulses. The excitation of
short-time probe ultrasound is carried out by ten nanosecond laser pulses illuminating the metal
surface of the sandwich structure. The detection of the transmitted ultrasound has been done by
a piezoelectric PVDF film transducer. This approach allowed non-contact excitation of
broadband ultrasonic pulses and analysis with high temporal resolution, while the pressure
pulses can be measured by cost effective traditional contact or immersion methods in
comparison with all-optical technique [1-3].

2. Experiment

The metal-polymer structure comprised of two D16 (Russian notation) aluminum plates
and a adhesive layer of two-component epoxy glue Scotch (3M, Taiwan). The thickness of the
aluminum layers is 2 mm, the epoxy layer has been placed between aluminum plates separated
by a steel washer with an internal diameter of 8 mm and a thickness of 1.3 mm that fixed the
distance between the plates. The curing of epoxy occurred at room temperature of 22 °C during
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the experiment. The measurement of laser-induced ultrasonic pulses is carried out by the
immersion method according to the shadow scheme shown in Fig. 1.

l Laser pulse l ;tiPhotodiode

Aluminum 2 mm Oscilloscope
Epoxy resin 1.3 mm

Aluminum 2 mm -/\ﬁ\f
L L

\ Water 2 mm \

| PVDF

Fig. 1. Scheme of experimental arrangement

The radiation of an LS-2131M-10 laser (Lotis TII, Belarus) operating in the Q-switched
mode illuminated the upper aluminum plate. The energy of a single laser pulse was 20 mJ, and
the duration was < 12 ns. The power density of laser radiation did not exceed 10 MW/cm2,
which corresponded to the thermoelastic regime of ultrasound excitation [2]. Absorption of the
laser radiation with a wavelength of 532 nm in the metal occurred over the area of the light spot
at a depth of no more than a few tens of nanometers that led to local heating of the near-surface
volume. During the laser pulse heat penetrated into the bulk of aluminum to a depth of
approximately 1 pm, the estimated temperature raise is above 100 °C. Fast heating induced
expansion and thermoelastic stresses, the relaxation of which caused ultrasonic pulse. Without
radiation focusing in the thermoelastic mode of optoacoustic conversion, longitudinal waves
are excited most efficiently compared to shear, surface and guide waves. In the experiments,
the diameter of the laser spot was 5 mm, the diameter of the sensitive element of the
piezoelectric transducer was 3 mm that allowed to neglect the influence of diffraction during
the propagation through the sandwich structure. The exited ultrasonic pulse possesses
pronounced compression phase of about several tens of nanoseconds duration that provides
high temporal resolution for velocity measurement tasks. An excited probing pressure pulse
propagated to the rear side of the layered structure. A layer of 2 mm thick distilled water
between the structure and the piezoelectric transducer provided acoustic contact. The transducer
operates only as receiver of ultrasound. The transducer is based on 25 pm thick polarized
polyvinylidene fluoride (PVDF) film (Piezotech, USA). The construction of transducer allowed
broadband detection of ultrasonic pulse. The preamplifier was built into the transducer housing
operated in short-circuit mode that ensured registration of the frequencies with an upper limit
reaching 90 MHz [4].

The pulses were recorded using a DS1104Z digital storage oscilloscope (Rigol, China),
with its two channels involved, the digitization frequency was 500 MHz. The oscilloscope was
triggered by the rising edge of the electrical signal of PIN photodiode S5971 (Hamamatsu,
Japan), which determined the moment of irradiation of the metal surface and provided the
beginning of time interval of ultrasound propagation through the sandwich structure and water
layer to the PVDF receiver. An example of the signal measured 30 min. after start of experiment
is presented in Fig. 2.
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Fig. 2. Ultrasonic signal measured 30 min. after curing start

In the course of the experiment, for a sequence of measured optoacoustic signals, the
energy of laser pulses was fixed at a level of 20 mJ, which provided conditions for stable
excitation of ultrasound in aluminum. The curing of the epoxy causes an increase of its elastic
moduli and acoustic impedance of the material. The determination of the degree of change in
the mechanical characteristics of the resin during polymerization was carried out by the
propagation time of ultrasonic pulses through the sandwich structure. The measurements of the
transmitted ultrasonic signals were carried out with a variable time interval.

As it is shown in Fig. 2 the profile of detected pressure pulse yielded a bipolar form,
starting with a positive and ending with a negative peak with a characteristic descending edge
between them. The travel time of ultrasound through the layered structure was determined from
the midpoint of the descending front of the pressure pulse. The dependencies obtained for the
aluminum / epoxy resin / aluminum structure are collected in Fig. 3, where for the clarity only
parts of the signals overlapping the first falling fronts are shown.

304
204

ML
TR P
10+ L s

U, mv
LY

Ly 1 = ==-60 min.
T RN === 90 min.

O I | ': ........... 1
10l ‘v: WRTAR 7 420 min.
-20 FE R

-30

. . . . . . .
2.50 2.55 2.60 265 2.70 2.75
Time, ps

Fig. 3. The sequence of the first falling frons of ultrasonic pulses during epoxy resin curing

The time of arrival of the first registered pulse in a series of measurements was used. The
onset of measurements was 5 minutes after the production of the sandwich structure, the next
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time is on the right in Fig. 3. The falling front of the first measurement is located before 2.65 ps,
the peak-to-peak amplitude of the pulse is a bit less than 20 mV. The arrival time shifts to the
left and the peak-to-peak amplitude exceeds 20 mV after 30 min. An hour later, there is the
further increase of the peak-to-peak amplitude up to 35 mV. The signal recorded after 7 hours
has the peak-to-peak amplitude of approximately 60 mV. So the falling fronts of pressure pulses
gradually shift to the left side of time axis with an increase of peak-to-peak amplitude, that is
explained by a changes of the mechanical properties of the epoxy resin.

The reference value of the cured epoxy ultrasound speed is 2.5 km/s. Based on the results
of the measured sequence, a decrease in the arrival time of the falling front of the first pulse by
100 ns was established. As the thickness of epoxy layer is known the estimated ultrasound
velocity in the liquid uncured resin is approximately equal to 2.0 km/s. Polymerization
increases the speed due to the hardening of resin and growing stiffness. The velocity also affects
the acoustic impedance, which is a product of density and speed of ultrasound in the material.
Reference value of aluminum acoustic impedance is approximately 17x10° Pa s/m, impedance
of cured epoxy resin and water are 2.95x10° Pa s/m and 1.49x10° Pa s/m, respectively [5]. The
increasing of the resin impedance reduced the transition loss across the aluminum / epoxy resin
/ aluminum interfaces.

3. Conclusions

Thus, it is shown that the measurement of the amplitude dependence of laser-induced
ultrasonic pulses makes it possible to monitor the curing process of the inner epoxy resin layer
of sandwich structures via the decrease of arriving time which is defined by elastic properties
of polymer. The suggested experimental arrangement can be applied to optimize the technology
of metal-polymer sandwich structures and to developed nondestructive method to assess the
mechanical properties of the adhesive layers and the quality of adhesive joints.
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Abstract

This article examines the potential of Eddy Current Array (ECA) as a non-destructive testing (NDT) technique for
aviation components. Experimental investigations were conducted using a specially prepared sample with various
defects. The scanning results demonstrated ECA's enhanced detection sensitivity, high inspection speed, and
ability to characterize defects. The study emphasizes the need to optimize the inspection process and utilize
automated subsystems for signal filtration and result evaluation. The findings support the adoption of ECA as an
effective NDT technique in the aviation industry, contributing to improved safety and reliability. This research
provides valuable insights for the development of guidelines and standards, enhancing the overall efficiency of
aviation inspections.

Keywords: Eddy Current Array, non-destructive testing, aviation components, defect detection, inspection process
optimization, reliability

1. Introduction

The aviation industry demands high levels of safety and reliability, making effective inspection
and evaluation of components a critical aspect of maintenance and quality control processes.
Detecting defects in aviation components is of paramount importance to prevent catastrophic
failures and ensure the optimal performance of aircraft systems. Traditional inspection methods,
such as visual examination and manual testing, have limitations in terms of accuracy, efficiency,
and the ability to detect hidden defects. As a result, there is a growing need for advanced non-
destructive testing (NDT) techniques that can provide more accurate and reliable defect
detection capabilities [1, 2].

One such advanced NDT technique that has gained significant attention and recognition in
recent years is the Eddy Current Array (ECA) inspection method [1, 3]. ECA offers numerous
advantages over conventional techniques, making it an attractive solution for the detection and
evaluation of defects in aviation components. This article aims to explore the advantages and
potential of ECA in enhancing the safety and reliability of aviation systems.

Advantages of Using Eddy Current Array:

- Enhanced Detection Sensitivity: ECA combines multiple closely spaced coils in an
array, allowing for improved coverage and increased sensitivity to small defects. This
enables the detection of defects that may go unnoticed by traditional inspection
methods, enhancing the overall effectiveness of inspections [4].

- High Inspection Speed: ECA's ability to simultaneously scan multiple channels and
collect data in a single pass significantly reduces inspection time. It offers faster
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inspection rates, making it suitable for large-scale inspection campaigns and reducing
aircraft downtime during maintenance [5].

- Defect Characterization: ECA provides information about the size, shape, and
orientation of detected defects. By analyzing the amplitude and phase information
from the collected signals, it is possible to accurately characterize the nature of the
detected defects, aiding in their evaluation and subsequent decision-making processes
[6].

- Quantitative Data Analysis: ECA produces digital data that can be processed and
analyzed using advanced algorithms. This allows for quantitative assessment and
precise evaluation of defect characteristics, enabling engineers and inspectors to make
informed decisions regarding the acceptability and repair strategies for aviation
components [7].

- Surface and Subsurface Defect Detection: ECA is capable of detecting defects both on
the surface and within the subsurface of aviation components. This makes it effective
for identifying cracks, corrosion, delaminations, and other hidden defects that may
compromise the structural integrity of the components [6, 8].

To validate and further explore the advantages of Eddy Current Array for the detection and
evaluation of defects in aviation components, experimental investigations have been conducted.
These experiments involve the use of specially prepared sample with known defects,
representing typical flaws that may occur in aviation components.

2. Experimental Preparation
2.1 ECA system

Eddy current array technology is known for its ability to drive multiple eddy current sensors
positioned side by side in the same probe assembly [9]. This enables ECA to inspect large
surface areas in a single pass, maintaining high resolution and improving both inspection speed
and the probability of detection [10]. The results can be displayed using color-coded mapping
(C-scan), which enhances inspection performance and analysis. An ECA system consists of
three fundamental components: an instrument, software, and a probe.

In this study, the Olympus Omniscan MX eddy current flaw detector with an ECA probe
(Fig. 1) was used. The employed ECA probe is of the flexible type, made of a PCB-based film,
and consists of 32 coils, each with a diameter of 3 mm. The probe used in the probe is of the
absolute type.

Fig. 1. ECA probe

The used flaw detector allowed for the control of the matrix sensors using a multiplexing pattern
to avoid mutual inductance. It was also equipped with specialized software for creating C-scans
and displaying the signals as a hodograph.

85



2.2 Testing object

Before the experiment, a sample made of the aluminum alloy 31T5 (AD31T5), commonly used
in the aviation industry, was prepared. The sample has artificially created defects of various
configurations and sizes. Fig. 2 showcases the prepared sample with the following dimensions:
a length of 360mm, a width of 120mm, and a thickness of 5mm. This sample contains two types
of defects: longitudinal crack-type defects (1-4 on Fig. 2) and circular defects with varying
cluster densities (5-12 on Fig.2, Fig. 3a and 3b).

1 2 3 4 5 6 7 8
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9 10 11 12
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Fig. 2. Sample made of AD31TS5 alloy (1 — 12: defects of various types and sizes)

III,IIHIIHI|IIII|IIH I

Fig. 3. Circular defects of varying cluster densities in sample (a — defect Ne10, b — defect Ne8)

The longitudinal defects have a width (B) of 1mm and penetrate the material with depths (h)
ranging from 1mm to 4mm. The circular defects have a depth (hd) of 4mm and a diameter (d)
of 0.5mm. These circular defects are positioned in different cluster densities adjacent to each
other. However, it is worth noting that some sizes may be too small for testing using the
available eddy current array equipment.

3. Result and discussions
The scanning results in the form of C-scans for parts of the sample are presented in Fig. 4 (for
convenience, the scanning results are divided into three zones and the defect numbering from

Fig. 2 is used). The following settings were used during the scanning process: scanning
frequency of 80 kHz, excitation coils signal amplitude of 1 V and gain of 78 dB.
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Fig. 4. Scanning results in the form of C-scans for sample sections

As seen from Fig. 4, the color representation of defects 9 and 10 (Fig. 4c¢) is least noticeable
with the given scanning settings. Detecting defect 9, which is represented by a single hole with
a diameter of 0.5 mm, is challenging without prior adjustment and calibration of the matrix
transducer, indicating the necessity of selecting an optimal scanning mode for defects of such
size. Additionally, the settings for displaying the results are also important, as adjusting the
sensitivity level using the color scale can enhance the visualization of such defects, but there is
a risk of noise and interference affecting the results.

4. Conclusion

The experimental data obtained from these studies provide valuable insights into the
performance, reliability, and limitations of ECA, supporting its adoption as an effective non-
destructive testing (NDT) technique in the aviation industry. Through the analysis of
experimental results and the examination of various parameters' influence on inspection
outcomes, the necessity of optimizing the inspection process and enhancing the capabilities of
ECA for aviation component inspections is demonstrated. The findings from these experiments
contribute to the development of guidelines, best practices, and standards for the application of
ECA in the aviation sector.

In conclusion, the advantages offered by Eddy Current Array make it a promising technology
for the detection and evaluation of defects in aviation components. Through experimental
investigations and research, the capabilities of ECA can be further utilized, leading to improved
safety, reliability, and efficiency in the aviation industry. The results of these studies prompt
the exploration of signal-filtering possibilities at different stages of working with measurement
outcomes. Additionally, considering the implementation of automated subsystems for selecting
filter modes based on the evaluation of filtered results is worthwhile.
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Abstract

One of the most used technologies that has been rapidly developing in recent years is related to the application of
3D printing. Layer by layer luilding of details through selective remelting or sintering processes is based on
different welding (or similar) processes. Metals, polymers and ceramics in the form of powder or wire are used as
materials for additive manufacturing. Of the high concentrated heat sources the most commonly used are the laser
beam, the electron beam and the plasma arc.

Keywords: additive manufacturing, processes, selective melting, electron beam, Issser, plasma arc.

TexHOJOrHYHHU nmpouecu 3a MOCJOMHO H3rpaxKaaHe Ha I[eTaﬁHH

Brnagumup ITETKOB, Manaxun TOHI'OB, Mapuna MAHMUJIOBA,
Panoctnna 3SAEKOBA, Banentun AHI'EJIOB

1. YBoa

TeXHOIOrMYHUTE MPOLIECH, KOUTO CE€ U3IO0J3BaT 3a MOCIOWHO U3rpaXkJaHe Ha JeTaliu
HE MOrarT Ja OCTaHaT BCTpaHM OT MpoOieMuTe, peQuIeKTHpaIly BbpPXY EHEpruiiHara
e(peKTUBHOCT, KOMTO cCjeaBa Ja ObJaT pellaBaHW HE3aBUCUMO OT Halpeabka B
TEXHOJOTMYHOTO U OOLIECTBEHO pa3BUTHE. 3aBAPBUHNUTE TEXHOJIOIMYHHU POLECH, B YaCTHOCT
OpPUEHTUPAHUTE KbM HaHACSIHE Ha CJIOEBE, KOUTO Ca B OCHOBATa HAa IOCOYCHUTE TEXHOJIOTUYHU
BapHaHTH, HE MPaBAT M3KIIOYEHHE B TOBa OTHOUIeHHE. [Ipu HaHacsHETO Ha ClOeBe upe3
IpeToIsiBaHe Ha J00aBbYHMS MaTeprall KOJIMYECTBOTO U3IOJI3BaHA EHEPIus 3a eAMHUIA 00eM
(MM Maca) HaBapeH MeTall KaKTO M KOJMYECTBOTO €HEPIUs BJIaraHa B U3JEIUETO € CUIHO
3aBHCHMMa OT HM3MO0J3BaHUs MeToA. [lpyra BakHa XapakTEpUCTHKa Ha Ipoleca € HeroraTa
IPOM3BOJUTEIHOCT — KOJUYECTBOTO HAHECEH METal 3a eauHMLa Bpeme. [lo oTHomeHne Ha
TOIJIMHHOTO BB3JEHCTBHE BBPXY MOIy4aBaHUAT WIM 0OpaboTBaH JeTailn Haif-noOpu
pe3ysTaTy AaBatr JIbYEBUTE U IJIA3MEHUTE METOAM. JIbueBUTE METOAM UMAT IPEIUMCTBO, Y€
JIECHO MOJKe J1a ce perynupa (POKyCHpaHeTO U He OKa3BaT ra30AMHAMUYHO Bb3EUCTBUE BHPXY
00paboTBaHUs MaTepuall, KOETO TH TpaBH MNOAXOAALIM TPH MpaxooOpaseH H00aBbUYCH
matepuan. [lnasmenara nbpra cb3jaBa BbB3MOXKHOCT 3a IIOCTUTAHETO Ha IO-BHUCOKA
IPOM3BOJUTEIHOCT OT IJIEJHA TOYKA HAa KOJMYECTBOTO CTOIEH MeTaj 3a €IuHHIA Bpeme. B
CBIIOTO BpEME BBIIPOCHT C YNPABIIBAHETO HA HEMHOTO (POKYCHUpaHE HE € peleH. Y COpPeIHO
C TOBa MpOLIECUTE B Jbrara BOJAT JIO CBIIECTBEHO Ta30JMHAMUYHO HAJIATAHE BBHPXY
oOpaboTBanus Marepuai. ToBa 3aTpyAHsBa H3IMOJI3BAHETO Ha IMpaxooOpa3HU J100aBBYHU
matepuanu. [Ipu nznonsBaneTo Ha 100aBbYHU MaTepUany oA Gopmara Ha Tel MpeIUMCTBaTa
Ha IJIa3MEHUTE TEXHOJOIMM Ca CHIIECTBEHU MOpaau MO-TOJIEMHUST pa3Mep Ha IMETHOTO Ha
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HarpsiBAaHE W OYEBHMHATA BB3MOXKHOCT 32 H3KIIOYBAHE HA TIOJNyYaBaHUAT NeTain (Wim
oOpaboTBaHaTa TIOBbPXHUHA) OT €JIEKTpUYECKaTa Bepura (WM3IOJI3Ba CE HEmpsiKa Ibra) B
pes3ynTaT, Ha KOETO CHIIECTBEHO HaMasiBa JbJI0OOYMHATA HA mposapa. OT apyra cTpaHa Io-
TOYHOTO IMO3HABaHE HAa CHEPTHIHUTE XapaKTEPUCTUKU HAa TOIUIMHHMS M3TOYHHK W TAXHATA
3aBUCHMOCT OT ITapaMETPUTE Ha Ipolieca JaBa Bb3MOXKHOCT 32 MO-e(h)UKAaCHO M3IOI3BaHE HA
TEXHOJIOTUYHATA ajanTanus (MpoOMsHA Ha TEXHOJOTWYHUTE MapaMeTph Ha Ipoleca Ha
3aBapsiBaHe. B 3aBUCHMOCT OT MOMEHTHOTO CHCTOSIHHE W MPOCTPAHCTBEHOTO TOJIOKEHUE Ha
00paboTBaHaTa MOBBPXHUHA 110 BPEME Ha peallu3upaHe Ha MPOoLeca), KOSTO HaBIM3a IIHPOKO
B [IPAKTHUKATa Ype3 poOOTU3MpaHuTe cucteMu. TpsOBa fa ce 0TOenex u, ue BbIIPEKU OTPOMHHUTE
yCWIHsS Ha W3clenoBaTenuTe, padoremy B o0nacTra Ha 3aBapbYHATE M CPOAHU HA
3aBapsBAHETO MPOIIECH, BCE OILlE MEXaHU3MBbT Ha paslpe/ie]IeHue Ha CHePrusaTa Ha TOTUTMHHHS
M3TOYHUK HE € HAIIBJIHO M3ACHEH. M3M0I3BaHeTO HAa eKCIIEPUMEHTAIHN U N3YHCIUTENTHH (Ha
OCHOBATa Ha MaTEMATUYECKO U CUMYJIAIIMOHHO MO/IETIMpPaHe) METOIU JaBa Bb3MOXKHOCT, KAKTO
3a TO-3aIbJ00YCHO TO3HABAaHE HA NPOLECHTE M MNPOTHYAIINTe (U3NYHU SIBICHHUS NPHU
CEJIEKTUBHO IUIa3MEHO MPETOIsBaHe, Taka M 3a MOJIy4aBaHETO Ha PEe3yJITaTH, MPUIOKHMHU B
eTarna Ha MPOSKTHPaHEe Ha TEXHOJIOTHYHHS IPOLIEC U IIPH CaMOTO My peaH3upaHe.

2. CbCcTOsIHME HA U3CJICABAHUATA 10 MPodJIemMa

JlHec ce HaOMOaBa OTPOMEH MHTEPEC KbM IMPOLECUTE HAa aJIMaTHBHOTO IPOU3BOICTBO
(TEXHOJOTUUTE 32 TPUU3MEPHO OTrHeuaTBaHe). O4akBa ce Te3U MPOIEeCH KOPEHHO J1a IPOMEHST
HauMHA ¥ OpraHU3alysaTa Ha IPOMHUIIUIEHOTO MPOU3BOACTBO. B ocHOBaTa Ha T€3U O4YaKBaHUS
ca KOMIMIOTHPHOTO MPOEKTHPAHE; Bb3MOKHOCTTA 32 U3pabOoTBaHE HA JAETANIN, KOUTO € TPYIAHO
WIH HEBH3MOXKHO Ja ObAar u3pabOTeHH MO Jpyr HAYMH;, H3paOOTBAHETO HA JCTAMIU
HEMOCPEACTBEHO MPH MOTPEOUTENSI; YHUBEPCATHOCT MO OTHOIIIEHUE Ha (hopMaTa Ha JeTalInTe;
npepasnpeensHe Ha IPOU3BOACTBOTO OT TOJEMH KbM MAJIKHU MPEANPUSTHS; OHWKABaHE Ha
EHEpruiiHUTE Pa3xoJy U MO TAaKbB HAUMH HaMalsiBaHE Ha BB3JCHCTBUETO BBPXY OKOJIHATA
cpena. Beuwuku Te3u metomu [1]+[5] umar emna oOmia yepra — MOCIOWHO HM3TpaXkaaHe Ha
JeTaiiia U OoTnajaHe Ha HEeOoOXOIMMOCTTAa OT M3MOJ3BAHETO HA PAa3IMYHO TEXHOJOTUYHO
o0opyBaHe U TUTAHUPAHETO Ha MHOKECTBO MOCJICIOBATEIIHU TEXHOJIOTHYHHU ONlepalnuu. 3acera
n3pabOTBAHETO HA JIETAlVIM Ha KOHKYPEHTHHU LIEHHU € HaCOYEHO TJIaBHO KbM TE€3H, 32 KOUTO ca
NPUIOKUMHU TIOJTMMEPHU MaTeprainu (0OMKHOBEHO TepMoIuiacTh) [6]. eraitnute oT MeTanu u
CIUTaBH BCE OILE TPYAHO JOCTUTAT XapaKTEPUCTUKUTE Ha MTOJIy4aBaHUTE Ype3 KOHBEHIIMOHATHU
TeXHOJOTuH. ToBa 03Ha4aBa, 4ye ca HEOOXOAMMH 3aJbJI00UYCHN HAyYHU W3CIEABAHUS B Ta3u
obnact. Knacudukanus Ha OCHOBHHUTE HM3IMOJ3BaHM METOJM 3a M3rpakJaHe Ha JEeTaliu OT
METaJIU U CIUIaBHU € TIoKa3aHa Ha ¢ur. 1.

Ennu or mbpBUTE TEXHOJOTMYHM TMPOLIECH, M3CIEIBaHM IO OTHOIIEHHWE Ha
NPWIOKAMOCTTa MM 3a HM3TpaXkJaHe Ha TPUU3MEPHH ACTalIM OT METalld W CIUIaBH, ca
cenekTuBHOTO Ja3epHo (Selective Laser Melting — SLM) u enextponnoiapueBo (Electron-Beam
Melting — EBM) mnperonsBane (CJIII u CEJII, pecnextuBHo) [4]+[7]. Bmocnencreue
npwioxenne Hamupar enekrpoabropure ([7]+[17]) u mmazmenure ([18]+[22]) metomm.
[Ipouecure na CJIII Beue ce n3mon3Bar 3a NPOU3BOACTBOTO Ha MeTainHU u3nenus [23]. Tesn
MPOLIECH J1aBaT BH3MOXKHOCT 3a IMOJIy4aBaHE Ha MPOJYKTU Ype3 CTOIsBAaHE Ha mpaxoolOpa3Ha
CMEC OT pa3IMuyHd METaaul U CIUIABU C TMOCIEJBAIla KPUCTANW3alus Ha CTOMMIIKATA.
[IpenuMcTBaTa ca BUCOKAa CTENEH Ha JACTalIM3UpaHE Ha IMOJyYaBaHUST MPOAYKT, BHUCOKA
WIBTHOCT (10 99%), KaKTO M TOYHOCT OT MOpsAIbKa Ha + 5 mukpoHa. B cwuioro Bpeme CJIIII
uMa peluia OrpaHUYeHUs:: HeoOXOIUMOCTTa OT M3IOJ3BaHE HA CKBIIO 000pyABaHE; BUCOKHU
eKCIJIOATAIMOHHA Pa3XOJd; BHUCOKM EHEPrUiHU pPa3XOJM; HHUCKA TMPOU3BOJAUTEIHOCT
(06ukHOBeHO He moBede oT 10 [cm*/h]; n3MmoN3BaHe Ha CKBIN 106ABBYHN MATEPHAIHN C BUCOKH
W3HUCKBaHUS [0 OTHOIICHWE HA TPAHOMETPUYHHMS W XUMHYHUS CbCTaB, JUHAMUYHUS
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BUCKO3UTCT U APYIU XaAPAKTCPUCTUKH; HCAOCTATHBYHO BHCOKH AKOCTHU XAPAKTCPUCTUKH Ha
MMOJIy4YaBaHUTC U3JCIINA (B CpaBHCHHEC C KOHBCHIIMOHAJIHUTC TCXHOJIOFI/II/I).
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@ur. 1. Knacudgukanus Ha MeTOAUTE 32 H3IPAKIaHe HA JeTANIHM OT METAIN U CIUIABH.

B penuia nzcnenoBatencku nentpose (rimaBHo B CAILl — Hanmpumep u3caeq0BaTeICKus
neHTbp Ha HACA B Jlenrnu (XrocThH) 1 KocMudeckus 1eHThp JkoHchH (XamnTeH) [23]) ce
pa3paboTBaT MPOLECH C U3MOJI3BAaHE Ha EJIEKTPOHEH IIb4: H3paboTBaHe Ha M3IENUsi C
npousBoiHa ¢opma (Electron beam freeform fabrication — EBF3) u enextpoHHOTBUEBO
npetorsiBane (Electron-Beam Melting — EBM). Ilpu TexHomorusita 3a u3paboTBaHE Ha
JETAIN ¢ MPOU3BOHA (hOpMa ENEKTPOHHUST JTbY C€ MU3IMOI3BA KATO U3TOYHHUK Ha SHEPrus 3a
TONEeHe Ha Jo0aBbUYeH MaTepuai moja dopmarta Ha Ten. JleMOHCTpHUpaHU ca pe3yiTaTd Hpu
QITyMUHUEBU U TUTAHOBM CIUIaBM, NPEACTABISABAIIY HHTEPEC 3a KOCMUYecKa HHAyCTpus [23].
Mma Bb3MOKHOCT 32 M3MOJI3BaHETO Ha CIUIABM HA OCHOBATa Ha HUKEIN U kKeJst30. M3non3Banero
HA TEXHOJOTHITA B IPYT'HM WHAYCTPUH C€ OTpaHHYaBa OT OTHOCUTEIHO CKBIIaTa amaparypa,
BHCOKATa 1IeHa Ha MPOAYKTa, OTpaHUYCHUTA 3a pa3MepuTe Ha 00paboTBaHUTE JETAIN U JIp.

B [23] e nmangena cinenHata XpOHOJOTHSI HAa ONUTUTE 3a W3MOJ3BAHE HA 3aBapbyuHU
TEXHOJIOTHH 3a IMOJIydaBaHe Ha TPUU3MEPHHM METaJHH KOHCTPYKIUH ChC CIOXKHU (popMH 1O
METO/Ia Ha MMOCIOMHO U3TPaKJaHe Ha JIeTaila WM 4acT OT HETO:

— 1926 r. — maTeHToOBaHO € ,,M3MOJI3BAHETO Ha EJIEKTPUYECKA Jbla KaTO M3TOYHHUK Ha
TOIIMHA 3a IOJIy4aBaHe Ha 00EMHHU MpPeIMETH 4Ype3 NPbCKaHE Ha Pa3TONEH MeTal B
HAHACSIHUTE CIOCBE";

— 1971 r.— mpousBeneH € CbA 32 BUCOKO HAJIATAHE C M3IOJ3BAHETO HA €JIEKTPOIBIOBO
3aBapsieane (Mitsubishi, Sfmonus), enekrpouutakoBa u BUI TexHomorus 3a
MOJTy9aBaHe Ha MPOAYKT ¢ (PYHKIIMOHATHO TPAINCHTHU CTCHH,

— 1983 r. — B CAIll ce m3non3Ba (acoHHO 3aBapsiBaHe (KOMOWHHpAH TpPOIEC Ha
3aBapsiBaHe W IuacTMyHO Aedopmupane) (Shape Welding) 3a mpous3BoACTBOTO Ha
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TOJIEMU TI0 pa3Mep M3ACNUs OT BUCOKoJiernpaHa cromana (20MnMoNis) ¢ terio 79
TOHa,

— 1993 r. — B CAIll e nareHToBaHa KOMOMHHMpaHa TEXHOJIOTHS 3a HaBapsBaHE U

¢dpe3oBane Ha mammHa ¢ L{ITY (Shape Deposition Manufacturing — SDM);

— 1994-99 r. — pazpaborena e TexHonorus 3a ¢acoHHo HaBapsiBaHe (Shaped Metal

Deposition — SMD) 3a mpou3BOACTBO Ha KOPIYCH Ha JABHTATENU 32 KOPHOpPAIHTA
Rolls Royce (Benukobpuranus).

B T'epmanuss mpe3 60-Te TOOMHM ca TPOBEXKIAHH H3CIEIBAaHHS 3a Ch3IaBaHE Ha
TPUHU3MEPHH METAJTHH KOHCTPYKIIMHU C ITOMOIITa Ha ()acOHHO 3aBapsiBaHe. B3 0cHOBa Ha TO3H
npouec komnanuu kato Krupp u Thyssen ca opranusupaiy npou3BOACTBOTO HA TOJIEMU YaCTH
C TIPOCTa TEOMETPHUsI, HaPUMEP ChA0BE 1Mo Haysirane ¢ Terio 10 500 Tona [23]. Komnanusita
Babcock & Wilcox (CAILL) mpunara npoueca Ha ,,ToneHe ¢ npecosane® (Shape Melting) 3a
IPOM3BOJICTBO HA TOJIEMH METATHH KOHCTPYKIIMM M HM3JENHS OT ayCTEHHTHU CTOMaHHU [7].
[Tonacrosmem Rolls-Royce Corporation (Benukobputanus) paboTu BbpXy U3MOJI3BAHETO Ha
€JIEKTPOBIOBO 3aBapsiBaHE, 3a Ja YBEIWYM MPOM3BOIUTEITHOCTTa Ha (popMOBaHETO W Ja
HaMaJli HUBOTO Ha OTHAIbLHU PH MPOU3BOJCTBOTO HA MPOJAYKTH OT CKbIH crutaBu [23]. Tazu
TEXHOJIOTHS € YCIIEUTHO BHEApPEHa 3a MPOW3BOACTBOTO HA PA3MYHHM YACTH 32 CaMOJIETH OT
CIIaBH Ha OCHOBATa HA HUKEJ U TUTaH.

Upes enektpoabroBo HamapsiBane ¢ ten (Welding Arc Additive Manufacturing —
WAAM) ce w3paboTBaT JETalllM OT pa3NIM4YHUA MaTepuald — KOHCTPYKIMOHHU
HUCKOBBIJIepoaan cromanu [10], amymumaueBn croiaBu [4] u ap. (¢ur. 2 u ¢dur. 3). 3a
peanM3upaHeTo Ha IMpoleca MoXe Ja Obae H3paboTeHO CHEeNUATU3UpPAaHO 3aBapbUHO
obGopyasanu [11].

r)

®ur.2. /leraiijiu, NoJy4yeHH Ype3 eJeKTPOABIroBU TexHoiornu. M3rpaxiane Ha pedpa Ha naHe u
OT BbIJIEPOJAHA cTOMaHa (2, 0 ¥ B) U aJIlyMHHHeBa cljaB (T).
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E) r)

®@ur. 3. TpunzMepHu aeTaijin, NOJTy4YeHH Ype3 eJIeKTPOABroBa Texnoaorus ¢ 3D-npunrepa Value Arc
MAS5000-S1 (Sinonmus) [23]: geTaiiiau ot BBIJIEpoaAHA cTOMaHA (a), aaymunuii (6) u TutaH (B) 0e3
MeXaHHYHO 00padoTBaHe; 1eTail1 0T TUTAH CJIeJ MeXaHUYHO 00padoTBaHe (T).

a) 6) B)

®ur. 4. MUKpomIa3MeHO H3rPaskiaHe HA TPHU3MEPHH JIeTAIHIN ¢ H30JI3BAHETO HA 100aBbYEH MATEPHAT
nox (popmaTa Ha npax [23]. Peanusupane Ha mponeca (a) ¢ abopaTopHaTa anapartypa (0); moIy4eH Kyx
IUINHABP OT HHCTPYMEHTAJIHA CTOMAaHa (B).
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a) 0) B) r)

@ur. 5. Mukponia3MeHo H3rpaskiaHe HA TPUU3MEPHH JIeTalJIM ¢ H3M0JI3BAHETO Ha 100aBbYeH MaTepuasl
noja ¢popmara Ha npax [23]. HanpeuHo ceyenune Ha MOJYYEHUST HUJIMHABP () U CTPYKTYpPa HA MeTaJa B
ropHara (0), cpeanara (B) u A0JHaTa (r) YacT HA UJIHHIbPA.

[Ipe3 nocnengHuTe TOAMHU CE€ MPOYYBAT Bb3MOXKHOCTHUTE 33 U3IMOJI3BaHE HA IUIA3MEHU
TEXHOJIOTUH 3a W3Tpa)kJIaHe Ha Tpuu3MepHH obOektu. Karo mpumep Moxe na ce mocodar
pesynratute oT uzcneaBanus B Texkcac, CALL (Southern Methodist University) Ha mporieca Ha
MIOCJIOMHO M3rpakJaHe Ha JAETAMIN C U3MOI3BAHETO HA MPpaxoo0pa3eH 1o0aBbueH MaTepral U
MUKpOILIa3MeH npotiec Ha npetomnsiBade [23] (¢ur. 4). [Tokazana e Bb3MOXKHOCT 3a MOTy4aBaHE
Ha TPAJIMEHTHH KOMITO3UTHH CTPYKTYpH 1O To3u Meton (¢wur. 5). [lmasmen mpomec 3a
noJlyuyaBaHe Ha JIETalliu ¢ TpaJUeHT Ha cBOMCTBaTa € u3cienBan u B AaxeH (['epmanus) [18].
Jlo6aBbYHHAT MaTepua € 1o ¢popMaTa Ha Tel M Ce U3IMOI3BAT TEJIOBE C PA3INUYCH XUMHUYCH
CBCTaB.

3. 3akiaouenune

AHanM3upaHNUTE JIUTEPATYPHHU N3TOYHMIIM 33 U3TPAKIAHE HA TPUU3MEPHU JETaNIN upe3
esnekTpoabrosu npouecu (rmasHo MUT/MATL u BUI') n3yuyaBat npeJiMHO BE3MOKHOCTHUTE 32
TsxHaTa peanusanus. OCHOBHUTE MPEIMMCTBA HA TE3H NPOLIECH: OTHOCUTEIHO HUCKA IIEHA;
JOCTBITHOCT Ha TEXHOJIOTHATA; OCUTYPsIBAHE Ha JOOpH YCIOBUS 32 (PU3MKO-METaTypruaHUTe
nporiecy; epeKTUBHA JIOKaJHA 3alllMTa Ha 3aBapbyHATa BaHA; BHCOKA MPOM3BOJUTEIHOCT HA
npeTorsiBaHe Ha Ja00aBbUHMS MaTepualn. HemocraTbuuTe Ha pasrieXIaHUTE MPOIECH
BKJIIOYBAT: 3HAUYUTEIHMS pa3Mep Ha 30HaTa HAa TEPMHUYHO BIIMSHUE; TOJEMUAT pa3Mep Ha
W3rpaXIaImus cioi; ¢opMupaHe Ha BPEMEHHHM M OCTAaThYHM HANPEKEHUs; IMOHIKCHA
I'bBKAaBOCT II0 OTHOLIEHHE Ha XMMHMYHHUSA CBHCTaB IIPU M3IOJI3BAHE HA IUIBTHHU €JIEKTPOJIHU
TenoBe. TEXHONOIMHUTE 3a IUIa3MEHO mpeTomnsiBaHe ¢ npska aera (PTA) mmar no-mmpoku
TE€XHOJIOTMYHU BB3MOXKHOCTH [11]. M3mon3BaHETO HA TE3M TEXHOJOTMU 3a IIPOU3BOJCTBO HA
Tpun3MepHHu MeTanHu npeamern BMecto MUI/MATL u BUI' npouecu Moke aa HamMally HITH
IIPEMAaxXHE HSAKOM OT IIOCOYEHMTE HeNoCTaThUu. ToBa O3HAauaBa, Y€ C HAIPEIBAHETO Ha
U3CJeIBaHMTA B 00J1aCTTa Ha IUIA3MEHUTE TEXHOJIOTUH TAXHATA IPUIIOKUMOCT 32 U3TPpak/1aHe
Ha TPUU3MEPHH OOEKTH Ille HapacTBa.

BaaronapHocTtu
Ta3u pazpaboTka ¢ HanpaBeHa ¢ puHaHCcoBaTa moAkperna Ha nmpoekt KI1-06-H57/10 xsm ®HU.
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Abstract

In this paper are analysed the causes of low impact toughness in the heat affected zone of welding ship steel under
a flux layer. After verification tests for tensile, impact toughness and static bending mechanical characteristics,
was found not to meet impact toughness requirements and the cause was determined.

Keywords: submerged arc welding,

AHAJIM3 HA IPUYMHUTE HA MAJIKA YIAPHA 'KMJIABOCT HA B 30HATA HA
TEPMHUYHO BJIMSIHUE HA 3aBAPEHO ChelMHEHHE 0T KOPadOCTPONTEIHA
cromana AH36 ciex moaduirocoBo 3aBapsiBaHe

Jrogvmun HOJIAKOB, ITnamen IIETPOB
1. YBoa

CBeroBHaTa KOpaOOCTpOWTENTHA HWHAYCTPHsI B MOMEHTa € JIOMHHHpaHa OT
IIPOM3BOJCTBOTO B JAJ€YHUS U3TOK, KAaTO PACTEKBT HAa KUTANHCKOTO U IONKHOKOPEHCKOTO
KopabocTpoeHe cera m3mpeBapBa 3amama. KopaOoctpoutenHata wHaycTpusi B bbiarapus
BKJIIOYBA MalIbK Opoil KOpaOOCTPOMTETHMIIM, KOUTO H3TPAXKAAT CIEHHATU3UPAHU KOpadH,
BKJIFOYHMTEITHO BlIeKauH, GeprOOTH 1 IJIaBaTeIIHU ChJIOBE 32 OperoBaTa 0XpaHa, KakTo U Kopaou
3a puOOJOB M MpPOYYBAHMS/M3CICABAHUSA. BBIpekn ue MMa MHOXKECTBO MaTepHal,
U3I0JI3BAaHU B KOPaOOCTPOEHETO, CTOMaHaTa OCTaBa HaW-IIMPOKO H3Moi3BaHata. M umma
OCHOBATEJIHA IPUYMHA: CTOMAHATa € JOCTAaThUHO 3/IpaBa, 3a 1a U34bpPKHU Ha yMopaTa 10 BpeMe
Ha LeNHsl eKCIUIOATAIl[MOHEH IepHoJ Ha Kopaba B OTKpuUTO Mope. B kopabocTpouTenHara
MHAYCTPHs CTOMaHAaTa ce KaTeropu3upa Mo YeTHUpHU CTENEHM Ha SIKOCT: Kinacose A, B, D, E.

2. EkcniepuMeHTaJIHA poLeaypa

B crarusra ca ananu3upaHu pe3yiaTaTd OT KOHTpoja Ha oOpa3el 3aBapeH MoAQIIIocOBO
ot kopaboctpoutenHa cromana AH36 DNV GL RULES FOR CLASSIFICATION:SHIPS Pt.2
Ch.2, karo mocraBeHaTa IIeJ1 € Ja C€ YCTAHOBST NMPUYMHHUTE 3a TMOJIYYEHUTE HETAaTUBHU
pEe3yJITaTu Mo HAKOU OT U3UCKBAaHUTE MEXaHUYHU XapAaKTEPUCTUKH.

W3non3BanaTa ctomaHa momnaja B Ipynara Ha KOHCTPYKUIMOHHM CTOMaHH C MO-BHCOKa
SIKOCT ¢ MUHMMAaJIHA IpaHMIIa Ha poBiauBaHe oT 360N/mm?2.

Ha TaGnumure ca mpencTaBeHM XMMUYHHAT ChCTaB U MEXaHUYHHUTE XapaKTEPUCTHKU
(tabmuna 1;2;3;4).
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Taonuna 1 M3uckBaHus XUMUYEH chCTaB Ha cromaHaTa cnpsimo DNV GL RULES

Grade C Si Mn P S cr Mo Ni Cu Al Nb v Ti N
NV A27S, NV D275 0.70
- " {0.18 [ 0.50| to |0.035]|0.035| 0.20| 0.08 | 0.40]0.35] ¥ 0'3?5 0'3%0 03')%’- -
NV E27S
1.60
NV A32, NV
D32, NV E32, 0.90
NV A36, NV to 3 |0.05]|0.10(002]
D36, NV £367, 0.18 | 0.50 60 0.035|0.035| 0.20 | 0.08 | 0.40 | 0.35 3) 3 | 28
NV A40, NV 2
D40, NV E407
NV F27S, NV F32 0-90
' “ |o0.16]050] to [0.025[0.025] 0.20 | 0.08 | 0.80 0.35[ @ 0'3[)}5 0.3%0 Da')%j' D.%OQ
NV F36, NV F40 L 60

1) Ggiven value is maximum content (by weight) unless shown as a range or as a minimum.
2)  Minimum 0.70% for thicknesses up to and including 12.5 mm.

3) The steel shall contain grain refining elements Al, Nb, V or Ti, either singly or in any combination, see [2.6.6]. The
total content of Nb+V+Ti shall not exceed 0.12%.

4)  Maximum 0.05% Ti for TM steels subjected to agreement.

5) 0.012% if Al'i

s present.

6) For NV E36 BCA and NV E40 BCA as per [7] the following limits are prevailing: %Mn = 0.90-2.00%, %Pmax =
0.020%, %Smax = 0.020%), %ClUmay = 0.50%, %Clmax = 0.25%, Y%Nimay = 2.0%

Taoauna 2 XuMHU4YeH ¢ChCTAB HAa CTOMAaHATAa

Bot CHEMICAL COMPOSITION
C |si [»n|P s |al [N Jor |cu[mNio [T [V |[~p Mo B [ca | Pob|as |sn |[sb|Bi [CEV
102 [102 102 | 102 [ 102 [ 107 107 [ 192 [ 102 [ 102 | 107 | 10 | 107 o [ 10| 10| 10| a3 | 10 [ 102 |10 | 10
% % % % % % % o % % o % % e o o o % o o o %
cn cn c73 4 Cc7s C76 C cTe Cc79 [&:01] sl cs2 ce3 84 €83 36 cs7 css 89 90 ol €93
17] 23| 105] 13] 10| 40 71 12f 33 10 1 1 1 17 40

Ta6auua 3 U3uckBaHU MeXaHMYHHU NMOKa3aTean Ha cromaHaTta cnipsamo DNV GL RULES

- _ .. . 1)
Stiii;im Tensile Elongation Impact energy, minimum average [J]
strength A5 Tost t<50 50<t<70 70 <t <150
Grade Ren R o est [mm] [mm] [mm]
rminimum . ;1 minimum | temperature
[MPa] [Mpal [%] [ec1 L T L T L T

NV A27S 0
NV D27S 2) -20

265 400 to 530 22 27 20 34 24 41 27
NV E27S -40
NV F27S -60
NV A32 0
NV D32 2) -20

315 440 to 570 22 31 22 38 26 46 31
NV E32 -40
NV F32 -60
NV A36 0
NV D36 2) -20

355 490 to 630 21 34 24 41 27 50 34
NV E36 -40
NV F36 -60
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Taoanua 4 MexaHMYHHU MMOKA3aTeJIH HA CTOMaHATa

TENSILE TEST IMPACT TEST
Reh Rm | A

Xfmmz N/mm~

Individual values Mean
Type I value

1 2 3 J
C40 42 c42 [&5] 43 C03 &1

At Width of
-C tests piece

Durechion

o
i

a Locarion

=

~| Drechion

[§F] C12 Cc13

i

T 404 522 28.9 L [ ISO-V 101 98 105 101 0 10X7.5
1
Lead | |
T
| Sy
2 \
2|
g | i
AN 7 J
] I _1
N - |
a=0-2 t=8mm

Stick out 1=30mm, o;=5°

®@ur.1. [ToaroroBka Ha KpaumiaTa 3a 3aBapsiBaHe

[TporiechT Ha €AHOCTPAHHO 3aBapsiBaHE MO CIOH OT (JIIOC BBPXY (arocoBa MeaHa
noJi10’kKa ((IirocoBa Bb3IJIaBHUIIA), M3II0JI3BAHA 32 3aBapsiBaHE HA TOJIEMH CTOMAaHEHU IMaHEeu
B KOPaOOCTPOEHETO IOTIPUHECE MHOTO 32 PAIMOHATU3UPAHETO Ha IMpolieca Ha CrIo0sBaHe Ha
naHend. ToBa € BHCOKOe(EKTHBEH METOJ 3a 3aBapsiBaHe, KOWTO ce Mmpujara Mpu MHOTO
KOpabOCTpOUTETHUIH 1ToBede OT 20 roIuHU.

3aBapsBaHeTO Ha o0paszela ce M3BBHPIIM HAa CTAHIMS 32 €JHOCTPAHHO MOAQIIIOCOBO
3aBapsBaHe c (arocoBa MeaHa moIoxkka ((mrocoBa Bb3raBHHUIA). [loaroToBkarta ce e
HalpaBeHa chriaacHo ¢ur.l., a mapaMeTpuTe Ha 3aBapsBaHe ca ONKCaHU B TabiuIa 5.

Tabumua 5
=
Q 5] o — © -

g ENR- £ E > BTN sl o _F| EF
sl 8§ 5 |EF| Bz |52 S CBE|S|EQ| 3| E|28E| EE
&l 2| 8 |SE| 2= |2 5% 2o | g1 2R1£| 2| &5 83

&1 5 | 8 © g & EPE| RS |S|2|TP5| 22

= n g A
=
1 | 121 |Pull5 | @4 | 880+30 | 34+2 | CC Square wave | 2.0£0.5 | 40 | 75 0 | - | 55£50 | 3.2+0.3

C'I)Op’I))KGHI/IeTO 3a 3aBapsABaHC M MOJYYCHOTO 3aBapCHO CHCAMHCHUC Ca IMOKAa3aHU Ha

¢wur. 2.
Ot 3aBapeHms 00Opaserr 0sxa U3padoTeHU 00PA3IH CHITIACHO cxemaTa Ha ¢Gur.3.
M3nuTBaHeTO Ha yAapHA KHJIABOCT, ChITIACHO M3UCKBAaHUATA 32 cToMaHaTta ¢ npu T=0°C

(ur. 4).
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f50 mm il il 1]
te,d Iu' f l" U T - P — 1

e ! _
Flat | 41 .
[ | Fiat tensile test | —1 s A
[ | Face bend test| } ©72 \ /—r{r-._ \
}sldehancl | y y !
[ | Root bend test | } tasts / a8 }
1st side
4 U
‘Welding
diraction
Round tensile test
[ I
Weld metal I |
: I Charpy
N == e
specimens 1-2mm ]
Fusion ling + 2 mm gg - X 'K- i :—.;j
[ ¥ ) ==
e |
e 7!‘
\ o
b 4
| | Fiat tensile test ) \/
Face hend test| | &2
I |Face }sldabem:l
[ | Root bend test | | tests

®ur.4 [IpodHM TeJsa cjiel M3NMTBAHE HA YAAPHA KUJIABOCT
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@ur. 5. Makpouiug Ha 3aBApEHOTO CheUHEHUe

3. Pesyaratu

B Tabmuna 6 mo-mony ca gajeHu pe3yATaTUTE OT M3BBPIIEHUTE MPoOM Ha yaapHa
XKHJIABOCT, Ha (hUT.6 € MmoKa3zaHa MoJydeHaTa MaKpOCTPYKTYpa, a Ha GUr.5 mpoOHHUTE Teja Cliek

H3MHUTBAHC HA yaAapHa KHUJIaBOCT.

Ta6J1.6 Pe3ynTaTn oT M3NMTBaHe HA YIAPHO OI'bBaHe

No noopes/notch T a b J K | KCV Jlom/Fractures
- - °C |'em | em | em? | J | Jem? -
1| BRARAPPEIHLA 5 10751 0.81 | 0,61 46,1 | 75,6
J11(S):3
2 | BRABAPIL g 10751 0,79 0,59 | 21,6 | 36,6
)11(S):3
3 | BRI 1761 0,81 0,62 | 34,3 | 55,3
)11(S):3
Cpenno / Average value 34,0 55,8
110 JIMHUATA
4 Ha 0 |0,76]0,82]0,6223,5| 37,9
CIlJIaBsABaAHEC
+2 MM
110 JIMHHUATA
5 Ha 0 |0,75]0,79 | 0,59 | 21,6 | 36,6
CIlJIaBJABAHEC
+2 MM
110 JIMHUATA
6 Ha 0 [0,74]081] 06 |18,6] 31,0
CIJIaBJABaAHEC
+2 MM
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Cpenno | Average value 21,2 94,0
3a AH36 cvenacno DNV rules for
classification Ships — MuHHManHA
€Heprusi Ha yaapa, 3a CTaHIapTeH
obpazen (KV, J) npu 0°C / for AH36
according to DNV rules for
classification Ships — minimum
impact energy for a standard
sample (KV, J) at 0°C respectively

*-3a npobnu mena c oebenuna 7,5 mm KV= ((5*34) / 6=30 J

347

4. AHAJIM3 HA NOJIyYeHHUTE pe3yaTaTH

3a paboTOCIOCOOHOCTTa HA 3aBapbYHOTO CHEAMHEHHE 10 TOJiIMa CTEMEH Ce ChIU IO
CTPYKTYpHHUTE MIPEBPBIIAHNS B 30HATa HA TEPMHUYHO BIMSIHHE HAMUpAIlla C€ OKOJIO MeTalla Ha
1IeBa U OTJIEJIEHA OT HEro OT IIPEXO0/IHAaTa 30Ha — 30HaTa Ha YacTU4HO cronsiBaHe. [locnennara
ce BIDKJa MHOTO 100pe Ha Makpo Uik, BCIEACTBHE HA pa3IMYHATa YCTOMYUBOCT HA METAITUTE
Ha m€Ba U Ha OCHOBHHA MCTAJl CHPAMO pPa3sKAaHCTO C PCAKTHB. Ha MﬁKpOHIJ'II/I(i)OBeTe B
MOBEUYETO CIy4yau JIMIICBA SICHO OUepTaHa IpaHuIla MEXTy MeTajla Ha IIeBa U OCHOBHUS METall.
CTpyKTypara Ha OKOJIONIEBHATA 30HA 3aBHCH OT U3XOJIHATA CTPYKTYypa Ha OCHOBHUS METAJl, OT
xapaktepa Ha (U3MYECKOTO BB3JIEHCTBHE BHPXY HET0 M OT CTEMEHTa Ha 3aBBPIIECHOCT Ha
(da3oBUTE U CTPYKTYpHUTE MPEBPBINAHMS B Mpolleca Ha 3aBapsBaHeTo. Hal-CchIiecTBEHO €
KOJIMYECTBOTO HA CTPYKTYPHHTE M3MEHEHHs CIEJl 3aBapsBaHe MpPU METaJUTe U CIUIaBHUTE,
IPETHPISIBAIIN TOJUMOP(HU MTPEBPBLIAHMSL.

B 3aBucumocT OT Temmeparypara Ha HarpsBaHE MPHU EJICKTPOABIOBO 3aBapsBaHe Ha
HUCKOBBIJIEPOJHA CTOMAHA, B CTPOEKA HA 3aBAPBUHOTO CHEINHEHUE CE pa3IniaBar CIeIHUTE
XapaKTepHU 30HU:

TOC HuckoBbIIIEPOIHA CTOMAHA
Teuen metan

MerTan Ha eEa TOC
" VUacThK Ha HETIBIHO CTOILABAHE

"VuacTbk Ha HOPMANH3AKMA
(TIpekpHCTATH3AIIHA )

‘VyacTbK Ha HelTbITHA
CKPUCTATH3AIMA
V4acThK Ha
EKPHCTATIIAIN

THpaHA CTOMaHa 1

1
VyacTek HA l
OIEpEmaHe |

|

3aAKATABAHE

VuacTek Ha HemsaHO| @

®@ur. 6 Cxema Ha cTpoe:xa Ha 3TB, Ha 3aBapb4YHO cheIUHEHHE H3IBJIHEHO eJ1eKTPOIbIOBO

OobsacT HAa HEMBJIHO CTONsABaHe (MPEX0IHA 30HA).

Tasu obnacT ce HaMupa MEXTY JUKBUAYCT U conuayct quaunte ot Fe-C muarpama. Crcron
C€ OT HaCTUYHO CTOIICH OCHOBCEH U HAIIBJIHO CTOIICH AOIIBJIHUTCIICH MCTaJIu. B Ta3u 30Ha ce
U3BBPIIBA CBHP3BAHETO HA OCHOBHMS C JOMBIHUTETHHS MeTaln. Td uMMa eapo3bpHecTa
CTPYKTYpa U ONpe/es 10 TosiMa CTENEH KaueCTBOTO Ha 3aBAPEHOTO ChEIUHEHUE.
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ObJacT Ha nperpsiBaHe.
Ta3u obnact obxBala MeTana, Jiexall B TEeMIEpPaTypHHUs UHTEpBal B OIU30CT O COIUAYC
munusTa (1100 mo 1400°C). B Hest ce monyyaBa eIpo3bpHECTA, @ B HIKOW CITy4au U Mperpsra
CTpyKTypa. B pesynrar Ha ToBa ce HamaisgBa IJIACTUYHOCTTAa Ha MeTaja Oe3 Ja HamMaisiBa
CBIIECTBEHO AKOCTTA MY (SIKOCTTA Ha yap majaa ¢ okojo 25+30%). CreneHrta Ha yeapsiBaHe Ha
3bpHaTa 3aBUCH OCHOBHO OT MPOABIKHTETHOCTTA Ha 3arpsABaHETO W OT YCIOBHSITA Ha
3aBapsiBaHe.
OoJ1acT Ha HOpMAaJIM3aL M.
Oo6xBamma metana, 3arpat mexay Temmneparypu 1000+1100°C u toukara A3 (okomno 900°C).
[Topaan MBAHOTO MpEKpHUCTATU3MpPAHE MPH 3arpsBaHETO W CIIEABAIIOTO OXJIaXK/JaHE B Ta3u
ob0mact ce momydaBa JpeOHO3bpHECTa CTpyKTypa. Ts uma 1o-700pM MEXaHWYHU
XapaKTePUCTUKHU OT U3XO0J(HATa CTPYKTypa Ha OCHOBHUS METal.
O0J1acT HA HeNTbJIHA NPEKPUCTAJIN3ALNSA.
O6nactra nexu mexay Toukute A3 u Al (900+725°C). Ilpu 3aBapsiBaHETO HA METajla B TO3H
TEMIIepaTypeH UHTEpBaJl e/lHa YacT OT (hepuTa OCTaBa HEMPOMEHEH (TIEPIUTHT ce MPEBPHIIA B
aycrenut). [lpm cneaBamoTo oxjJaxkgaHe OT ayCTEHUTAa Hal-Hampes IIe ce OTAeId
IpeOHO3BPHECT (PepuT, a Clie[ TOBa IIE CE MOJyuyd HepautT. Ta3u HOBa CTpPyKTypa ILe ce
o0pa3yBa OKOJIO HEIPOMEHEHUTE, CPAaBHUTEIHO MOo-epu (hepuTHH 3bpHA. [lopanu pazmukara
B eIpUHATa Ha 3bpHATA, MOXKE Jla CE MOJyYd MOHW)KABaHE HA MEXAaHUYHHUTE CBOWCTBA B
o0JlacTTa Ha HEMBJIHA MPEKPUCTATU3AIINS B CPABHEHUE C OCHOBHHMSI (HETIPOMEHEH ) METaJl.
O0J1acT Ha pekpHUCTATH3ALHUS.
Hamupa ce mox toukara Al (725+500°C). CtpykTypara B TO3M TeMIlepaTypeH WHTEpBaJ Ce
U3MEHS CaMO TOTraBa, KOraTo MeTajbT, Opaau 3aBapsiBaHETO, € Oml eopMHUpaH MIIACTHYHO
B CTyJE€HO chCcTostHME. B pesynrar Ha pexpuctammsanusara [TR=(0,3+0,4)TT] ce nmomy4ara
paBHOOCHA (PepUTO-NIEPIUTHA CTPYKTYpa.

B oGmacture, 3arpetn g0 temmeparypa nox 500°C(500+200°C), meTasbT HamaisiBa
IUTACTUYHOCTTa CU (CHHS TPOILIMBOCT), 0€3 Ja ce HM3BBPIIBAT 3a0€NeKUMU CTPYKTYPHHU
M3MEHEHUS.

5. U3Boamn

Tunuynata nuHelHa eHeprus npu noadmocoBo 3aBapsBaHe e 20kJ/cm. Ilpu
M3M0JI3BaHUTE APAMETPU CTOMHOCTTA € ¢ 62% Mo-rossMa, KOeTo € JI0BEJIO 10 MperpsBaHe Ha
30HAaTa Ha TEPMUYHO BIUSHUE U HAMAISIBAHE Ha TUIACTUYHOCTTA Ha MeTana. [IpoOuu Tena 4, 5,
6 ca Mo I0NMyCTUMHUTE CTOMHOCTH Ha yJapHa XKUJIABOCT.

[ToTBBpk/IaBa ce MOMy4YaBAaHETO HA €IPO3bPHECTA, a B HIKOW CIydad U MperpsTa
CTpyKTypa. B pe3ynraT Ha ToBa ce HamalisfBa IUIACTUYHOCTTa Ha MeTajia, O6e3 Ja HamassiBa
CBILECTBEHO SIKOCTTa My (SIKOCTTa Ha yJap nazaa c okoisio 75+80%). CreneHTa Ha yeapsBaHe Ha
3ppHATa, 3aBUCH OCHOBHO OT MPOJBJDKUTEIHOCTTa Ha 3arpsiBaHETO M OT YCJOBHSATa Ha
3aBapsiBaHe.

W3uckBanusTa 3a e1eMeHTUTEe, 0003HauYeHU KaTo (puHO3bpHEcTH enemenTH (Al, Nb, V u
Ti), ca nageHu B Tabaumna 1 u 7, Karo CTOMHOCTHTE B TaOyumma 1 ca MaKCHMMaJIHH, a T€3U B
tabnuia 7 ca muauManau. Ot nBete Tadauiy n3nusa 4e Al+Ti+Nb He TpsOBa qa mpeBuIaBa
0,12% xakTo u AltNb ne mo-manko ot 0,015%+0,010%. M3non3Banata cToMaHa, KOSTO €
npou3BeieHa U cepTudUIMpaHa, He oTroBaps Ha n3uckBanusata Ha DNV GL RULES.
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Tabdauua 7

Approved single Fine grain elements, minimum content [%]
element or
combination a? Nb v Ti
of elements
0.020%
Al 0.02% - - -
0.018%
Nb - 0.02 - -
\' - - 0.05 -
Ti - - - 0.007
Al+Nb 0.015 0.010 - -
Approved single Fine grain elements, minimum content [%]
element or
combination art Nb v Ti
of elements
Al+V 0.015 - 0.030 -
Al+Nb+V 0.015 0.010 0.030 -
Al+Nb+Ti 0.015 0.010 - 0.007
Other combinations ! 0.015 0.010 0.030 0.007
1) Total content. If acid soluble content is determined the given value is reduced by 0.005%.
2) For normal and high strength steels.
3) For extra high strength steels except delivery condition QT.
4)  For extra high strength steels with delivery condition QT.
5) The specified minimum content applies for the elements given in the qualified combination only, as listed on the
manufacturer approval certificate.
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Abstract

Friction stir processing (FSP) is increasingly used to improve the surface properties of ductile metals and alloys.
It is possible to add reinforcing particles in the FSP zone to obtain hybrid non-equilibrium composites with desired
properties. In the present work, hybrid non-equilibrium composites of aluminium alloy A 6061 with added
reinforcing particles of Zn or Ti obtained by FSP are presented. Processing is carried out with a 4X5MFS steel
tool with a special geometry, which performs rotary and progressive movement. The study was carried out under
fixed parameters of the processing mode. Results were obtained on the influence of the concentration of reinforcing
particles on the hardness and mechanical characteristics of the hybrid non-equilibrium composites.

Keywords: Friction stir processing (FSP), hybrid non-equilibrium composites, Zn, Ti reinforcing particles,
aluminium alloy.

XI/IﬁpHI[HI/I HEPABHOBECHHU KOMIIO3UTH NMOJYYCHH YpPE€3 OﬁpﬂﬁOTKa C TPUCHE
U pasMeCcBaHeE

Xpucro KOHJIOB, Mapuna MAHUJIOBA, Tatsna CUMEOHOBA, Pymen KPBCTEB,
[Imamen TAIIIEB

YBoa

O6pabotkara ¢ Tpuene u pazmecane (OTP) maBa B3MOXHOCT Jia c€ Bb3/ICHICTBA BBPXY
IUIACTUYHHU CIUTAaBM B OTJEJIHU CHEUM(PUUHO HATOBAPEHU 30HU C LN Ja C€ TMOCTUTHAT
HEOOXOIMMHUTE KaueCcTBa HAa MaTepuaa Wi u3aenueTo B yactHocT. Upes OTP Ha amymuHuena
cruiaB A 6061 T6 1 noBbpxHOCTHO 00aBsHe Ha Al203 ca mosTy4eHr MOBbPXHOCTHU KOMITO3UTH
C pa3NMYHa KOHIIEHTPAIIMs Ha YsSKYaBaIlIUTE YACTHIIM U BapUpaHE MapaMEeTPUTE Ha PEKUMa Ha
nostydaBane [1]. YcraHOBEHO € HaJIMYMETO Ha TMO-IPeOHO3BPHECTA CTPYKTYpa M MOBHUIIICHA
TBBPOCT B 30HaTa Ha pa3MmecBaHe. Haii-1o0pu pe3ynraTu 1o OTHOLIEHHE Ha TBbpAocTTa 132
HV u 6e3nedextHa cTpyKTypa ca MOJydeHH NMPU U3TOJI3BAHETO HA MHCTPYMEHT 3a 00paboTKa
¢ KOHMYEH UT pe300BU KaHAIM U BJUTBOHATO paMo MpH CKOpocT Ha BepreHe 1120 rpm,
CKOpOoCT Ha 00paboTka 16 mm/min u koHueHTpauus 2 vol%. BrausHuero Ha yskdaBaiu
gactui oT SiC u AlO3 Ha A 6061 T6 BbpXy HM3HOCBAaHETO M SKOCTHHMTE CBOWCTBA €
YCTaHOBEHO 3a XuOpuieH koMmo3ut nosrydeH upe3 OTP [2]. [IoBbpXHOCTHH KOMITO3UTH MOTAT
na opaat nomyuenu upe3 OTP no paznuunu HaunHu. EAWH OT Te3u HAUYMHU € Ype3 HaHACSHE
Ha CJIOW OT CYCITeH3Hs OT KepaMUYHHU YaCTHITU B JICTJIMBA CpPeia U MmoceaBaiia oopadorka [3].
[ToHacTosieM KepaMUIHHUTE YACTUIN CE BHBEXKIAT YPe3 MAITMHHO 00pabOTEeH KaHa B TI0YA-
obpasert [4]. OCHOBHUTE TOAXOAM MPHU MPOU3BOACTBOTO HA MOBHPXHOCTHU KOMIIO3UTH Ype3
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OTP ca npencraBenu cxemarnyno Ha Pwur. 1 (a, b, ¢). PasnuuanTe CTHIKM HAa MeTOHA C
U3I0J13BaHe Ha KaHal ca o0sicHeHu Ha dur. la.

(b) I

Komnoswut i iz g

i
Mpo6uTn oTBOpU

PaboTeH obpazeu

@ur. 1. O0monpueTH MeTOAN 32 BbBEKAAHE HA YAKYABAIIU YACTHIH MPH MPOU3BOACTBOTO HA
NOBbPXHOCTHM KOMIIO3UTH: (a) upe3 KaHaJ; (b) ype3 oTBopH; (C) Ype3 NOKPUBHA IuIo4a [5].

WNHCTpyMEHT ¢ KyXrHa M3ITBJIHEHA C YAKYaBaIld YaCcTHIIN, KOUTO CE IOJaBaT B Iporeca
Ha 00paboTKa € B OCHOBATa Ha Jpyra TEXHOJIOTH 3a ITOJy4aBaHe Ha KOMITO3HUTH [6]

MeToanka Ha eKCIIEPUMEHTA

B excnepuMeHTa ca M3MOJ3BaHM YsSKYaBalld YacTUIU OT Zn, KOWTO € C MO-HUCKa
Temreparypa Ha toneHe or Al crmmaB u Ti 4acTHIM C MO-BHUCOKAa TEMIIEpaTypa Ha TOTCHE.
H3BBpIIICHO € npoceasBaHe Ha B3aMMOAEHCTBUETO U CE NMPAaBU CPABHEHUE HA BB3JICUCTBUETO
UM BBPXY CBOWCTBATa Ha MOJTy4YeHUTE XUOpUIHN HepaBHOBecHH Kommo3utu (XHK). M36pano
€ Jla ce Bapupa KOHIEHTpalusATa Ha JOOABAHUSA Mpax, MPU MOCTOSHHU apaMeTpH Ha peKuma
U Jia Ce CJIeIU IPOMSHATa Ha TBbPJOCTTA U AKOCTTA.

3a ce3maBane Ha XHK ce usmnonssa mianka ¢ nedenmaa 12mm ot ciuras A 6061 T651.
Karo moGaBbueH martepuan ce BbBekAa Zn wind Ti Ha mpax KaTo ysSK4YaBalld YacTHUIM B
ropecroMeHaTaTa CIjias.

3a 51a ce OCBIIECTBM TOYHO JIO3UpPAHE HAa BBBEXKIAHUS TUTAHOB WJIM LIMHKOB Mpax 3a
noJiydaBaHe Ha kKommo3uTeH ciiod mocpeactBom OTP ce um3monsBa TterioBeH meton. B
MOJTOTBEH 3a 1enta obpazer] (Pur. 2) or arymuHueBa cmiaB ¢ pasmepu 6x12x100mm ca
npobutu 10 oTBOpa che cBpeaio J2mm Ha IbI00YUHA 2mm.

®@ur. 2. Odpa3zen

W3BbpmieHn ca W3MepBaHHs Ha TETJIOTO Ha KOIW4ecTBOTO Zn u Ti mpax, KOeTo ce
BMecTBa B 10-Te 0TBOpa MpH MpecoBaHe C €Ha U ChIlla cuiia Skg che creruanto u3padoTeH 3a
nenta uHCTpyMeHT. [hrankure 3a 00paboTka ca MPOOUTH ChC CHINOTO CBPEIIO (C KOETO ca
npoOUTH OTBOpUTE B Jeraiina or dur.2) 6e3 MEKIUHHO 3aTOYBAHE NMPU HW3MOJ3BaHE Ha
obpaborsamy neHTbp HURKO ¢ Bucoka tounoct. M3BBpIIEHO € mpeTerisiHe Ha oOpasera
I'bPBOHAYANIHO M CJIEJ 3albJIBAaHETO HAa BCHUYKM OTBOPU C IMHKOB mpax. M3mon3Bana e
aHAIMTUYHA Be3HA “Sartorius” ¢ kiac Ha TouHocT M1 u pa3zaenurenna cnocoonoct d=0,00001.
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OmnpeneneHo e cpeHOTO Terio Ha Ti mpax, KOeTo ce TOMeCTBa B €iH 0TBOP OT 10 m3MepBaHus
U CPEAHOTO TErJIo Ha Zn Ipax, KOETO ce IMOMecTBa B €JuH OoTBOp OT 10 u3MepBaHMSL.
KonuenTpanus ot 2, 4 1 6 TErJI0BHYU MPOLIEHTA € IOCTUTHATA CJIE]l U3YHCIIIBaHE Ha TETJIOTO Ha
MeTaja B pa3MeceHaTa 30Ha U Pa3CTOSTHUETO MEX]1y 3aITbJIHEHUTE C Mpax oTBopu — dur. 3.

@ur. 3. [TonyyaBane Ha XHK

N3paboTtenu ca miiaHKu, KOUTO ca 00paboTeHn chriaacHo Tabnuna 1 1 u3psizaHu Ha pyTep
C OXJIAXKIaHe cepHsi 00pa3Iy 3a M3MEpBaHEe Ha TBBPIOCT U M3ITUTBAHE Ha OITBH.

Ta6uuua 1: UnenTudguxanus Ha oopa3uure

O3HaueHue Ha VsakuaBamy | Konnenrpanus, CkopocTt Ha Ckopocrt Ha
oOpazena npax wt % o0paboTka, BBPTEHE,
mm/min rpm
1 Ti 2% 60 (0) 900 (0)
2 Ti 4% 60 (0) 900 (0)
3 Ti 6% 60 (0) 900 (0)
7 Zn 2% 60 (0) 900 (0)
8 Zn 4% 60 (0) 900 (0)
9 Zn 6% 60 (0) 900 (0)

HN3mepBaHe HAa MUKPOTBBPAOCT

3a u3MepBaHe Ha MUKPOTBBPJIOCT ca JdajeHu 7 Op. oopasmu ¢ Homepa 1,2, 3,7, 8u 9, B
30HaTa Ha 00paboTka Ha kouTo ce popmupa XHK (Tabnuua 1). O6pasuute ca noaAroTBeHH,
KaTo ca OMAKOBaHM B aKpHJIHA CMoJa, nuiaidanu ca Ha mKypkud 10 Nel200 u MexaHHYHO
NOJIMpaHK ¢ IuamaHTeHa macta. [IposiBenu ca ¢ pasztBop Ha Keller.

MHUKpPOTBBPAOCTTA € U3MEPEeHa ¢ MUKPOTBBpAoMep MicroDuromat (Reichert-Jung) mpu
3amaneHo HatoBapBaHe 20 gf, Bpeme 3a jmocturaHe Ha HaroBapBaHeTro 10s W Bpeme Ha
3ambppkane mon ToBap 10s. 3a Bceku oOpaszell B 30Hata Ha oOpaboTka ca HampaBeHH 9
n3MepBaHus (B IBaTa Kpas Ha 30HATA U IO cpefata M) — 1 moja moBbPXHOCTTA HA oOpasena, 2 —
B CpeHATa 4acT Ha 30HaTa U 3 — B ,,JOJTHATA* yacT (Hal-0IM30 10 ChpIIEBHHATA HA 00pa3era).
Pesynratute oT M13MEpBaHETO HA MUKPOTBBPOCT 32 BCHUKM 00pasly ca Aa/ieHu B Tabauima 2.
CpeznHaTa CTOMHOCT Ha MUKPOTBLEPAOCTTA Ha OCHOBHHUS MeTan € 73 kgf/mm?,
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Tadsmua 2. Pe3yaraTu oT H3MepBaHeTO HA MUKPOTBBPAOCT

Howep ra MecrononoxeHue 1 2 3 Cpenno
obpasery

1 [Tog moBBbpXHOCTTA 62,1 68.5 65,2 65,27
ITo cpenara 53,7 57,4 53,6 54,9
B ocHoBaTta 56,5 56,9 58,7 57,37

2 ITon moBbpxXHOCTTA 64 72,7 73,6 69,9
ITo cpenara 533 58,1 62,4 57,9
B ocnoBara 61,1 59,4 68,4 63,0

3 ITox moBbpxXHOCTTA 89,6 240,1 81,7 137,1
ITo cpenara 103,5 176,2 82,5 120,7
B ocnoBata 62,3 72,4 73,9 69,5

7 ITon moBbpXHOCTTA 499 68 78,6 65,5
ITo cpenara 59,6 65,6 70,7 65,3
B ocHoBaTta 57,7 62,6 67,9 62,7

8 [Tox moBBpXHOCTTA 80,1 120,1 97,7 99.3
ITo cpenara 127 121 121,1 123,0
B ocHOBaTa 108,7 85,9 96 96,9

9 ITox noBBpXHOCTTA 92,2 139,3 106,4 112,6
ITo cpenara 112 109,7 67,4 96,4
B ocnoBata 65,7 82,9 74,8 74,5

Ha ®ur. 3 ca nokazanu 3 OT oTmeyaTbLUTE NPHU U3MEPBAHE Ha MUKPOTBBPIOCT Ha
oOpaszer 3.

@ur. 3. OTneyaTbuM OT U3MePBaHe HA MUKPOTBBPAOCT

MexaHn4YHM M3NUTBAHUSA

O6paszuure or XHK, npennasHadyenn 3a M3MUTBAHE HA OITBH, Ca MOATOTBEHH CHITIACHO
crannapt ASTM ES, ¢ Homepa — cepuu 1, 2, 3, 7, 8, 9 o Tpu obpa3zena oT BCEKH BUJI, C U3KIL
Ha Ne 3 — 1Ba O6post u Ne 2 — etuH Opoi.

3a M3NUTBAHETO € W3IOJI3BaHA cepBO-XuapaBiuyHa MammHa Zwick-Roell HA-250
ChOpBKEHA cuoMepHa kinetka 10 250kN u ¢ xugpaBiauaan 3axBaTy 3a u3nurBade 10 100kN.
Hedopmarusita e u3mepeHa ¢ ekcteHzomeTbp Sandner EXA 25-2.50 ¢ 25mm 6a30Ba AbIKHHA.
M3mepBaHusaTa ca MPOBEICHN C M3KIIOYUTEITHO BUCOKA MPENU3HOCT, OJarogapeHnue Ha Hau-
CHBPEMEHHUS Xapayep U copTyep Ha armapaTrypara U CUCTEMa 3a PETUCTPAIlHsl Ha JTaHHHTE.
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OrnpenenstHeTO Ha SIKOCTTa Ha OIBbH 3a BesKa cepust ca o ctanaapt [SO 6892 —yact 1 u
ca mokaszaHu Ha ¢wur. 4.
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®ur. 4. Ol'lpe[[e.]'lﬂHeTO Ha AKOCTTA HA OITBbH

YUucnoBuTe CTOMHOCTH HA MEXaHHUIHUTE XapaKTCPUCTUKU Ca IPEACTABCHU B Ta6JII/ILIa 3.
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Taoauua 3. UncjioBUTE CTOHHOCTH HA MEXAHUYHUTE XApaKTEPUCTUKH

O3znauenne Ha | OOpazern E Rpo2 Rpos Ren Rm
oOpazena ot No GPa MPa MPa MPa MPa
XHK
1.1 18 65,6 120 135 - 174
1.2 19 67,9 112 125 - 133
1.3 20 69,7 110 132 - 166
2.4 21 56,5 - 124 129 128
3.1 1 59.4 106 109 - 111
3.2 2 64,3 121 123 - 124
7.1 3 67,2 144 165 - 190
7.2 4 72,4 139 155 - 178
7.3 5 73,1 148 167 - 191
8.1 6 60,8 119 129 - 132
8.2 7 67,3 147 161 - 163
8.3 8 55,9 79 66 - 81
9.1 9 57,0 122 119 - 125
9.2 10 56,0 109 103 - 110
9.3 11 68,4 - 68 111 87
T Zn 2%
150 —+
T s ~
& IN{yA TR
= 100 - ij/ B
; _1‘,‘ . Zn 4% "
et 'l," Zn 6% i . Ti6%
& 50 _1. \ | \.\
1 . .
+ Ti 4%
0 | 1 i f
0 4
Strain in %

N3Boan

Haii-BrCOKM CTOMHOCTH HA MHUKPOTBBPJOCTTA B 30HaTa Ha 00pabOTBaHE B CPAaBHEHHE C
MHUKPOTBBPAOCTTa Ha OCHOBHHUS MeTan ca u3MepeHu mpu obpasum or XHK c nHomepa: 3
(6%T1,), 8 (4%Zn,) u 9 (6%7Zn,).
Haii-noOpu SKOCTHM TMOKa3aTeNH MOKa3BaT o0pa3iy cepusi 7 ¢bC CpeiHa SAKOCT Rm
186,3 MPa u cepus 1 cbe cpenna akoct Rm = 157,6 MPa. Ot rinegna Touka Ha BIMSIHUETO Ha
BBBEJICHUTE YSAKYABAIM YACTUIM BBPXY MEXAaHUYHUTE XAPAKTEPUCTUKU HA H3MUTAHUTE

Zn win Ti yakyaBamu yacTuIM
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o0pa3uu ce HaOIr01aBa HAMAJISIBAHE HA SIKOCTTAa HA OI'bH M HA IUIACTUYHOCTTA HA U3IIUTBAHUTE
MaTepHalii ¢ HapacTBaHE Ha KOJIMYECTBOTO Ha ysKuyaBalara (asa, KaTo Hail-100pu pe3ynTaTu
ca rosrydeHu ripu fgo6assiae Ha 2%7Zn (cepust 7) u 2%Ti (cepus 1).

[TonmxeHu pe3ynratu mokas3Bat cepuu 3, 8 u 9.

B 5omoBeTe Ha M3NMUTAaHUTE CEpUM KMMa BUAMMHU J1e(DEKTH, KOUTO ca MpHUYMHA 3a
HOJy4YeHUTE rpaUKU U MOHMKEHH SKOCTHU MOKa3aTeH.
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Abstract

Macro and microstructural analysis of a dynamically destroyed structural part type flange “fifth wheel” of a
autoconcrete pump.
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I'ene3uc Ha paspymaBaHe HA CTOMAaHCH (l)JIaHeH HAa AaBTO 0E€TOH MOMIIA
Tarsna MEYUKAPOBA, Hukomnait BbJIYEB

1. YBoa

ABTO6€TOH INOMIIUTE Ca TCXKKOTOBAPHHU KaMHWOHU CBHC IOOMNBJIHUTCIIHO MOHTHPAHU
CHelHaTn3UpaHy Ha HEro arperatu (oOopy/BaHe 3a MPEeBO3 Ha OCTOH M CHCTEMa C ToMIIa 3a
pa3ToBapBaHe Ha OCTOHA Ha OTIAJICYCHO PA3CTOSIHHE OT HEro), KakTo M CTabWiIM3aTopu 3a
MO3HMIIMOHUPAHEe Ha CHENUATM3MpaHus aBTOMOOMI Tpu pabora. Te ca mpenBuaeHU aa
(GYHKIIMOHUPAT MU TEXKKHU YCIOBHS Ha paboTa MPHUAPYKEHU ChC ONEPUPAHE C TOJISIM TOBap U
JTMHAMUYHY (BUOPAIMOHHO YAapHH) HATOBApBaHUS Ha OTKPUTO.

HpeHHaSHaquHGTO U HAYUHBT Ha I[ef/'ICTBI/Ie Ha CcCreuuain3upaHusd aBTOMOOMII €
CJICTHOTO: 4Ype3 MHUKCepa Ja MPEeBO3Ba OCTOH OT MSICTOTO Ha MPOU3BOACTBOTO MY JIO
CBhOTBCTHUSA 06€KT, a 4pe3 CTpeiiaTa U MU3MNOMIBAIIWA MCXaHU3BM Jda MMa BB3MOXKHOCT Oa
pa3ToBapu MPEBO3BaHMS OCTOH Ha OTAAJICYCHO OT HETO MSICTO, KOETO CIIOpe] Creu(pUKAINUTE
Ha aHAJIM3UPAHUS aBTOMOOWI TMOKa3aH Ha ¢ur.l Moxke na ObAe OTAAIIEYEHO HAW-MHOTO Ha
24,1M OT MalIMHATa B XOPU30HTAIHATA PAaBHUHA Ha JICHCTBHUE.
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®urypa 1. MakcHMaJIHO Pa3rbHATO MOJI0KEHHE HA CTPeJIaTa

[Topanu cnenudukara Ha paboTa Ha aBTOOETOH IOMIIUTE CE CIIy4Ba YECTO Aa IeheKTHUpaAT
BBPTALIUTE CE€ YaCTU U Pa3riI00ieMUTE CheIMHEHMSI, KOUTO ca Hali-HATOBApEHU IO BpEME Ha
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excrutoaTanus. [IpenBrkaaHeTo U IpefoTBpaTABAHE HA TE€KKHU BHE3AIMHU Pa3pyLICHUs, YECTO
HpUIPYKEHH C YOBEILKU KEPTBU € OT 0COOCHO 3HaUEHUE M BaKHOCT. ToBa Hajlara aHaiu3 Ha
KOMILUIEKC OT T€OMETPHUYHHU, CTPYKTYpPHM M MEXAHWYHH NApAMETPH, MPSIKO BIHACIIA Ha
€KCIUIoaTallMOHHATa U3APHKIUBOCT HA CbOPBKECHUATA.

2. MeToanka 3a aHAJIU3 HA MeXaHUYHA AKOCT U CTPYKTYpPa HA JUHAMUYHO
HATOBAPEHM JAeTAWIH THII ,,IIETO KOJIeJ0* HA AaBTOOETOH NMOMIIa

2.1. Obexm na uzcneosare.

OOexkThT Ha HW3CJIENBaHE € CTOMaHeH BB3en ((ur.2), KOWTO H3BBPIIBA BBHPTEIUBO
JIBIDKEHUE HAapEYeH ,,IIeTO KOJIEI0  Ha aBTOOSTOH MOMIIA.

®urypa 2. MecTonooxkeHue Ha ,,IETOTO KOJ1€J10“ HA aBTO0ETOH NMOMIIATA

Bcenencreue Ha mpoabmkuTenHa padbota okoiio 10 ronrHmn eKcruioaTanys 1 HeynpaKHeH
perynﬁpeH TCXHUYCCKU Hpernez[ Ha CTpeJ'IaTa Ha aBTO6eTOH ImomMIiiara (HHMa HOpMaTI/IBHI/I
M3KWCKBAaHMS 3a TOBA) ce ¢ (popMupasia myKHaTHHA, KOSATO MPUYMHSBA MU3JIM3aHE OT CTPOS Ha
TCXHUYCCKOTO C’bOp’b)KeHI/Ie. TOBa Hajiara MU3CJI€IBaHC W aHAJIU3 Ha HpI/I‘II/IHI/ITe, JOBCIIN A0
dbopMHUpaHETO U Pa3BUTHETO HA MTyKHATHHATA.

2.2. Memoouka na uzcieosarnemo

3a u3BBPILBAHE Ha aHAJIM3a OT FOpHATA YacT Ha BEPTHKAIHATA KOJIOHA MO (priaHea, KbM
KOMTO € 3aKperneHo MOABMKHOTO TIETO KOJIEJIO Ha aBTOOETOH IOMIIATa, € U3PSA3aHO MIPOOHO TSIIO0
B 30HaTa Ha pa3pymaBane (Dwur. 3). Ot cBunerens (dur. 4) ca u3psa3anu TpoOH 3a MPOBEKIAHE
Ha CbOTBCTHHUTC U3CJICABAHUA, JaBallli KOHKPCTHA KapTHHA 3a XUMHUUYCH CbCTaB, CTPYKTYpa U
MexaHudHa sSKkocT (dwur.5).

3a U3BBPIIBAHE HA XUMUYHHS aHAJIU3 TIpo0darTa e mpeaaieHa 3a aHallu3 Ha JIabopaTopus
“BULCIM AD SLIVEN”. IIpoBeneH € TpO€H KOHTPOJI 3a ONpPEICsiHE Ha XUMUYHUS ChCTaB,
OT KOMTO ce ycTaHOBH, ue u3non3BaHara cromana € S700MC (1.8974) EN 10149-2-1996.

3a 5a ce omMIIAT MEXaHUYHUTE XapaKTEpPUCTUKU Ha JAJeH BHUJ JIMCTOB IMPOKAT €
HEOOXOIMMO Ja ce pas3riexkia HEeYucToTaTa Ha cToMaHara (OKcuau, cynduaum u np.
METaJlyprUYHH HECHBBPUICHCTBA B CTOMAaHATA).
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®@urypa 4. [Ipo6HOTO THAI0 CBUAETET

Wn3NUTBaHe

Ha AKoCT
XuM. cbeTas

CTpyKTYpa Ha il
BEpPTUKANeH

HEMETanHM
gl

®@urypa 5. U3psizanu npooHM Tena

[TpoBeneH € MHUKPOCTPYKTYpEeH aHanu3 Ha o0ekT or ¢urypa 4 Ha Mmeranorpadcku
mukpockon “NEOFOT-2”. Ot mukpocTpykrypata Ha Qurypa 6 ce BWXKJAT HEMETAIHU
BKIIIOUBaHUs, KOUTO WMaT KAaKTO NWHEHHa Taka u ToukoBa (opma. Ha nBere ¢urypu
MHUKPOCTPYKTYPHOTO 3aCHEMaHe € HallpaBeHO B OT/ICJIHU 30HU Ha 00€KTa, IOCOYEH Ha (urypa
4. OGexTa Ha U3CIIeBAHE C€ HAMKpa B HETIOCPEACTBEHA OJIM30CT 10 YMOPHHUS JIOM (30HATa Ha
paspyuiaBane). MetanypruaauTe JeeKTH ca HEMOCPEICTBEHH KOHIICHTPATOPH Ha 3apa)K/1aHe
Y pa3BUTHE Ha (DOKyca Ha yMOpHA MMyKHATHHA.
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®urypa 6. MUKpoCTpyKTypa Ha Hepa3siieHa npo6a — yseandenue X 100

3a yTOYHsIBaHE Ha METO/1a Ha MOJIYYeHUS ITPOKAT U CTPYKTYPHH XapaKTepUCTUKH ((pa3oB
CbCTaB, BHJ Ha CTPyKTypara, eapuHa, (opmMa Ha 3bpHATa, TEKCTypa) € HEoOXOIUMO
MIPOBEXKaHe Ha MUKPOCTPYKTYPEH aHaJIu3 10 METO/IMKAaTa, II0Ka3aHa Ha cxemara Ha ¢ur.7.

XOPW3OHTaNHa 3aeapka

Bpb3Ka C NneToTo i KbM chnaHeva

— # —
[ npobu 3a
wacneasaHe

~ BepTukaneH
3aBapbyeH
wes

BepT/MKanHa|konoHa

®urypa 7. CxemMa Ha pa3rie:kKIaHus 00eKT ChC 3a/1aJleHH HATIPABJIEHUS HA MPOKATa

HanpaBeHO € MUKpPOCTPpYKTYpPHO HaOJIOICHNE B 00J1acTTa HA 30HATA HA pa3pyllaBaHe B
HarpaBlieHHe KbM (praHena, 3aBapeH KbM BepTHKaNHaTa kKojoHa. OT ¢urypa 8 Moxe na ce
oT4eTe, 4e pa3pylIaBaHETO € MPOTEKIIO B JIOJHUS Kpail Ha 30HaTa Ha TEPMHUYHO BiIHsHUE. ToBa
€ W3BBH 30HATa HA YyeIApsiBAaHE Ha 3bpHATA, BCICJACTBUE MpPETpsBAHE HA CTPYKTypara.
Crpykryparta e ¢hepuTo-TepIrTHA, C SICHO W3pa3eHa TeKCTypa B Hampasienue Z (dur. 8/a,0),
o cxema Ha ¢ur.7. Ha ¢purypara morar j1a ce oT4eTaT BlIakHa OT HepiauTHHU KosioHuu. [Toqo6Ha
CTPYKTYypa MOXeE J]a c€ OTYETe W B JIOJHOTO HANpaBJICHUE Ha TPOKaTa Mo octa Z, KbIETO ce
nmpreMa, 4e He MOXKe Jla MMa BIMSHHE OT 30HaTa Ha 3aBapsBaHe (¢dur.9/a). B mampeuHo
HanpaBJICHUE Ha IPOKaTa, 10 0cTa Y, CBIIO ce HAOII01aBa TEKCTypa Ha TIEPIIUTHUTE KOJIOHUH.
@eputhT € ¢ HecUMeTpruHa (opMa, KOETO € XapaKTEepHO 3a Ta3W paBHUHA HAa BAIIOBAHUS
JICTOB MPOKAT.

OT pasriexaaHuTe CTPYKTYPH MOXKEM Jla IpUeMeM, Y€ JIMCTOBaTa CTOMaHa € CTYACHO
BaJIIIOBaHA.
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30Ha Ha
pa3spyliasaHe

¥

®@urypa 8. MUKpPOCTPYKTYpa Ha IPOKATa B 30HATA HA pa3pyliaBaHe (HanpasJjeHUe OTHOCHO ¢ur.6.),
a) ypesamuenue X63, 0) ysearnuenue X100

S

a 0

®urypa 9. MUKpPOCTPYKTYpa Ha NPOKaTa (OCHOBEH MaTepHAJI) B 0JIM30CT 10 30HATA HA pa3pylIaBaHe B
pasan4Hu HanpasJienus (¢pur.7): a) yearnuenue X250, 0) ypennuenue X500

[lpu Bu3yanHus OIJIe[ Ha pa3pylICHUS IETaill ce BWXKIa, Y€ TOJyuyeHarta yMOpHa
MyKHATUHA € B OJIM30CT JI0 BepTUKATHUS 1IeB 0e3 aa ro 3acerne (¢ur. 3). 3aBapkara e yenHa,
KaTo je0eIMHATa Ha JIUCTOBUS MTPOKAT € Smm.

3aBapbyHMAT LIEB € HampaBeH Ha enuH cioil (¢ur. 10), cbobpa3zHo nebenuHara Ha
MaTepHaa, BEpOSITHO € MPOBeIeHO Moa(II0coBO 3aBapsiBane. [IpoBejieH e mojBap KbM KOpeHa
Ha 3aBapkara. 30HaTa Ha TEPMHYHO BIIMSHHE € CPAaBHUTEIHO TACHA, IBJDKAIIO ce Ha
CPaBHHTEIIHO MOIIIEH 3aBaPbUYCH M3TOUYHUK M BUCOKA CKOPOCT Ha 3aBapsiBaHe.

OT cnpaBOYHHMTE [aHHM € YCTAHOBEHO, Y€ H3IMOJ3BaHaTa MapKa CTOMaHa Ce
XapakTepusupa ¢ 100pa 3aBapseMoCT.
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MeTan Ha weea

MeTan Ha wesa

®urypa 10. MakpocTpyKTypa Ha 3aBapb4HUS LIeB BbB BePTHKAJHOTO HanpasJjeHue oT ¢pur.7

ToBa e BUIHO M OT MPOBEACHOTO M3MEpBaHE Ha TBHPIOCTTa B OTIEIHUTE 30HH Ha
3aBappuHMs meB (¢ur.11). He ca oTuyeTeHn MUKOBU CTOHHOCTH, a ca OJM3KH A0 M3MEpeHara
TBBPJIOCT HA OCHOBHUS MaTepuan 196HB. ToBa € ocHOBaHKE /1a TPUEMEM Y€ METAIIBT Ha II€Ba
1 30HUTE Ha TepMuyHO BrusiHue (3TB) oTroBapsT Ha HOMUHAIIHUTE CTORHOCTH.

®@urypa 11. Onpeaensine Ha MakpoTBbpaocT (HVS) no HanpasJjienue Ha nieBa

3a nenuTe Ha aHaJIu3a ca U3BBPILIECHU U MEXaHUYHU U3NUTaHUsl. MeXaHnYHUTE CBOMCTBA
KOHUTO €a M3CIIE/IBAaHU Ca: U3MUTBAHE Ha SKOCT, MJIACTUYHOCT M CPAaBHEHHE ChC CTOMHOCTU OT
CTaHJapTa 3a KOHKPETHATa CTOMAaHa.

JlaHHM yMOpHaTa SKOCT 3a KOHpETHaTa CTOMaHa OT JIUTEpaTypHU H3TOYHHMLU ca
npeacTaBeHu Ha dur. 12.

Mechanical properties of steel STO00OMC (1.8974)

R - Tensile strength (MPa) ' 750-950 |
ReH - Minimum yield strength (MPa) 700 |
Nominal thickness (mm): tol
A - Min. elongation Lo = 80 mm (%) 10
Nominal thickness (mm): i from 3
A - Min. elongation Lo = 5.65 v So (%) 12

®@urypa 12. Tabau4HH CTOHOCTH 32 MeXaHHYHUTE XaPAKTePUCTHKHU Ha u3cjeaBaHara cromana C700MC
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®@urypa 13. IIpo6HO TsJ10 32 U3NUTBAHE HA ONTBH:
a) Mpeu NpoBesk/aHe HA M3NMUTAHUETO, 0) cjle/ MPOBekIaHe HA U3NUTAHHETO

Tabéauua 1. M3cneqBann MeXaHUYHHN MapaMeTpH

Lo |Lu |ao [bo [S S1 ar |bt |Fo2 Ro2 |Fm Rm |AL V4 A

mm |mm |[mm |mm |mm? |mm? |mm |mm |N MPa |N MPa |lmm |[% |%

301 37| 8| 6| 48| 22| 5,1| 44| 34896| 727| 38250 797| 7,2| 54| 24

OT npoBeeHOTO M3MMTAaHUE Ha MpobaTa, CpaBHABAUKU pe3yJTaTUTE 3a yCTaHOBEHATa
CTOMaHa M0 XMMHYEH ChCTaB, MOXKEM Jla TMIPUEMEM, Y€ BCUUKH OCHOBHU CTOMHOCTH ca HaJ
HOMUHAJIHUTE, 10 OTHOIIEHHE Ha SKOCTHUTE XapakTepucTuku ( Rm, Mpa u A%). Ilo
OTHOILIEHME Ha IOpHHs MUK Ha rpaHunara Ha nposiauBaHe ReH, Rm Ro2 croiiHocTTa Ha
IpOBJIaYBaHE € MO-BUCOKA, TOBA CE OTHACS U 3a SIKOCTTa Ha Marepuana Rm, mopaau dakra, e
CTPYKTypaTa € ¢ u3pa3eHa TeKcTypa (CTyIeHO BaloBaHa ctoMana). To3u (akT ce oTpassBa u
Ha TpaHMIlaTa Ha NpoBJayBaHe (MOJy4yeHa € YCioBHa rpaHuua Roz). Ilmactuynoctra e
3HAYMTEIIHO HaJ 3aJI0’KeHaTa B M3UCKBaHUATa (>A=24%).

WuTtepeceH e GpakThT, CBbP3aH C MpoBeaeHUs (ppakTorpadcku MaKpoaHaau3 Ha JIoMa Ha
mpobara B 30HaTa Ha pa3pylIBaHe, CJIEA MPOBEACHOTO U3MUTBAHE HA OMBH ((ur.14).

MUKpO
nyKHaTUHa

MWKpO
nyKHaTUHa

®urypa 14. @pakro H3caeIBaHe HA JIOM CJIe[ H3MUTBAHE HA OIIBH
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ITpu Makpo HabmoeHKUE HA (PPAKTO30HATA HA JIOMA CIIE/l pa3pyllaBaHe IIPU W3IIUTBAHE
Ha ONBH ce 3alens3Ba (opMupaHe Ha MyKHAaTHHU B paspyleHara obnact. [lykHaTuHuTE B
KOHKPETHHMSI Cllydail ca PU3HAK 3a Pa3closBaHe Ha MaTepHana. ToBa ca OTHUINA 3a 3apakIaHe
¢dokyca mpu yMopHH JoMOBe. Te3um 30HM € BB3MOXKHO Ja ce IbJDKaT Ha o0JacTH Ha
3aMbpCsBaHE Ha CTOMAaHATa MM O0JIACTH C TEKCTyPUPAHU MEPIIUTHH KOJIOHHH.

Ot npoBeieHus OrJie]] Ha MSICTO C€ YCTaHOBH, Y€ B 30HATa Ha pa3pylliaBaHe noJ ¢aaHena
ce HaOiojaBa XapakTepHa (pakTorpadcka obsact oT JoM U AonoM. JIoMbT € ciencTsue
OpoTeKia IUKINYHAa ymopa. Ilo TexHW4yecku NaHHM B pEeXUM Ha paboTa cuctemara IO
TpaHCHOPTHpaHe Ha OETOHA € MOJUI0KEHA Ha IIUKJINYHO HATOBapBaHE.
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®@urypa 15 Pa3nosno:xkeHue Ha yMOPHATAa MIYKHATHUHA OTHOCHO CTpeJiaTa

Ot cxemara Ha urypa 15 e BUgHO, Ue yMOpHATa MyKHATHHA CE€ € 3apOojuiia Mpu padbora
Ha CTpenara, pas3MlojIoKeHa MPOTUBOIIOIOKHO Ipe3 OCTa Ha BBPTEHE Ha IMETOTO Kouseno. B
KOHKPETHHMSI ClTy4yail OT MpeABapUTEIHO Pa3BUTATa IyKHATHHA ¢ (POPMUPAH KOHLIEHTPATOpP IO
[IOCOKa MaKCHMAJIHU HaIpeXeHHs (B ciay4ass € JO0CTaThbuHO M CTAaTHYHU HANpPEXKEeHUs Ja
NpeIU3BUKAT MOMEHTHO pPa3KbCBaHE OT Kpas Ha (opMUpaHaTa IMyKHaTHHA, SBABAIla ce
KoHIeHTpaTop). [lykHaTuHaTa ce € pas3Buja M € HACTBIMJIO MOMEHTHO paspyllaBaHE C
oOpa3yBaHe Ha JI0JIOM.

Ha d¢urypa 16 e mnpeacraBeH wu3psA3aH CBUAETEN B 30HaTa Ha pa3pyllaBaHe.
Hab6mronaBanara mopbpxHuHa € ¢ (hpakTorpadcko 3HaUeHHE (TOBbPXHUHATA HA pa3pylllaBaHe).
Ot ¢urypara e BUHO, 4Ye OCHOBHATA ILJIONI HA YMOPHHUS JIOM € pa3IojioKeHa B 00JacTTa Ha
orbBaHe. be3cropHa € BEpOSTHOCTTA LMKJINYHUTE HANPEKEHHsI B Ta3u O0JIaCT Ja ca Haii-
rojeMd. MakCUMamTHOTO IMKIUYHO HATOBapBaHE CE€ OMpeneis M OT MOCOKaTa Ha CTpeliaTa,
OTHOCHO LIACUTO HA KaMHOHA.

Ot ¢urypa 16 ctaBa sicHO, Ue yMOpHaTa IMyKHATHHA CE€ 3apakAa U pa3BUBa OT BbpXa Ha
Or'bBaHE Ha BEpPTUKAJIHATa KOJIOHA. ToBa ce sBABa ci1ada 30Ha BB Bpbh3KaTa MEX/y KOJIOHATa
U (praHena noj neToTo KoJjeso.

B 6nu3oct 10 3aBapka Ha BepTHKajlHAaTa KOJIOHA, KAaKTO M B 00JacTTa Ha 3aBapkara ce
Ha0JIr0/1aBa MOMEHTHO paspyliaBaHe, CJIEACTBUE TOCTUTAHE Ha MPENIeTHN HAPEKEHUs B Kpast
Ha yMOpHaTa yKHaTuHa. [lonydeHus 10I0M 0KO0JIO 3aBapbUYHMS ILIEB U CaMUs LLIEB JOKa3Ba, 4e
30HaTa OKOJIO 3aBapKaTa HE € MpeAM3BHKalla paspyllaBaHeTo Ha crtpenara (¢ur. 16). Ot
IPOBE/ICHUS OIJIe]l Ha MSICTO B 00J1aCTTa Ha pa3pyllaBaHe ce HaOII01aBaT JOIbIHUTEIHH 30HU
Ha YMOPEH JIOM.
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NOCOKa Ha pas3BuTue

Moy Ha noma

BpPbX Ha OrbBaHe Ha nnoiy Ha noma

BE]{]THKH..'!.E J4BAPBYCH LICHE

Jomnom

®urypa 16 ITocoka u N0l HA pa3BUTHE HA YMOPHHS JIOM

3. U3Boan

[To oTHOMIEHME XMMHMYHUS ChCTaB Ha CTOMAHaTa OT CBHJETENS, CE€ YCTAHOBHU TOUYHHS
XMMHUYEH ChCTaB M OIpeJielieHa MapkaTa Ha u3noi3BaHata ctomMaHa S700MC (1.8974) EN
10149-2-1996. Cromanata € mpWIOKUMa B TE€KKO HATOBAPEHU KOHCTPYKIMU U € C J00pa
3aBapsEeMOCT.

OTHOCHO BTOpaTa 4acT OT HM3CJIEABAHETO — OTHOCHO CBOMCTBAaTa Ha CTOMaHara, ca
MPOBEJCHN M3CJe/IBaHUs Ha u3ps3aHus cBuaeren. OnpeneneHo € HaTuYMeTO Ha HEMETallHU
BKJItouBaHus. OnpeseneHa € TeKCTypaTa Ha MeTajla, KOETO € MPU3HAK 3a CTYJEHO BaJllOBaHA
ctomaHa. TekcTrypara oka3Ba BJIMSHHE BbPXY MEXaHHYHHUTE XapaKTEPUCTHUKH, 3aTOBa
U3MHATBAHE HA OITBH HE ce MOJy4r rpaHuia Ha nposiayBane (ReH), a ycnosna rpanumna (Ro.2).
ToBa npeau3BHKa MOBUILIABAHE HA SKOCTHUTE CBOICTBA, HO MOXKE /1a MOBJIMSIE HEOIArOMPHUIITHO
BBPXY YMOpHATa sIKOCT, 0COOCHO B 30HaTa Ha orbBaHe. HabmojeHneTo Ha MUKPOITYKHATHHH B
JIOMa TpY U3MUTBAHE Ha SIKOCT (OI'bH) € MPHU3HAK 3a HEIUTBTHOCT Ha MeTaja, AbJKalla ce Ha
penuna Qakropu (HEMETaTHM BKJIIOYBAHUS, OCOOCHO JMHEHHH, JIMHEHHO TIpynHupaHe Ha
NEPIUTHU KOJIOHUHU, AOIIBIHUTENICH HAKJIEI B 30HaTa HA OT'bBAHE).
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