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LASER TECHNOLOGY AS A KEY FACTOR
IN FURTHER DEVELOPMENT
OF MODERN SUSTAINABLE MANUFACTURING

V.S. KOVALENKO
Laser Technology Research Institute, NTUU, Kiev, Ukraine

Global economy development discloses the new challenges in human activity. They are caused by drastic deficit of
different natural resources and connected with this the variety of deep changes in human being serious future problems
development. To make the global economy more efficient the new approach to its development is becoming more
significant-sustainable manufacturing. Sustainability-nowadays is considered as the system of reasonable consumption
of world resources, preserving and restoring them for use by next generations to come... Sustainable manufacturing—
industrial system, based on rational utilization of energy, water, other natural resources, human force etc. to reach the
quality and productivity at product manufacturing with lowest possible cost and minimum damage to the environment.
The laser technology may be considered as one of the key factors in sustainable manufacturing development thanks to
its versatility, unique universality, very fast wide spreading and enormous prospects of future applications.

The global crisis which is still spreading and becoming
deeper discloses new very serious challenges in almost
every field of mankind activity. For few last decades
the economics of majority of advanced countries was
developing based on extensive use of available natural
sources. It becomes evident now that those resources
are not endless. First of all there is a great lack of
energy. The alternative sources of energy (solar, wind,
etc.) still have the miserable share in comparison with
conventional one. Clean water became very rear in
many areas — only 1 % of the world population may
use the running water! Mineral resources are ex-
hausted. The demand for energy is rising steadily at
the same time. To intensify their consumption would
enormously increase their cost. The problem of food
supply for constantly increasing world population is
becoming very serious with every year. And finally
the ecology deterioration has already become cata-
strophic all around the world.

Thus the new approaches are needed to find the
right solution for solution new problems. The exten-
sive way of improving the traditional technologies
and classic appeal for economy of available resources
may only partially help in this case. It is obvious that
unusual drastic measures may give the answer...

So the new concept of sustainable manufacturing
had been proposed. Sustainability-nowadays is con-
sidered as the system of reasonable consumption of
world resources, preserving and restoring them for
use by next generations to come...

Sustainable manufacturing—industrial system,
based on rational utilization of energy, water, other
natural resources, human force, industrial potential,
etc. to reach the quality and productivity at product
manufacturing with lowest possible cost and mini-
mum damage to the environment.

© V.S. KOVALENKO, 2013

The main features of sustainable manufacturing
are as follows:

e product life cycle;
sustainable efficiency;
saving of natural resources;
sustainable materials;
knowledge based development;
care on environment;
sustainability through education;

e programs on sustainability improvement.

Advanced technologies and particularly laser tech-
nologies are the main factors of sustainable manufac-
turing.

The life cycle issue, the material sustainability,
the green technology development and ecology safety
in economy growth, the improvement in natural re-
sources saving, the increase of productivity and manu-
facturing efficiency, the new moves in engineering
education development, the general improvement of
life quality and etc. — all these challenges may be
successfully solved entirely or partly by further de-
velopment and implementation into practice different
new advanced technologies and particularly-different
processes of laser technology.

Why laser technology is considered in such a
global sense?

1. There are more than 360 different applications.

2. Laser technology has the unique universality —
it may be used almost at every stage of life cycle in
product development: starting from design, through
material transformations, manufacturing processes,
services and maintenance, recycling, reuse, etc.

3. Laser technology is characterized by great flexi-
bility: it may be used at macro, micro and nano levels.

Basic data on laser technology possibilities. If
at the start of laser era in early 60th of the last century
the main laser used for first industrial applications
had been solid state ruby laser. Now days the variety
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Table 1
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of lasers used for manufacturing are acceding already
few dozens. Characteristics of some of them are given
in the Table 1. It is seen that available types of lasers
are emitting radiation only in quite narrow part of
electro-magnetic spectrum (mainly in visible and
partly in infrared and ultraviolet parts of the spec-
trum). The new types of laser are developed extremely
fast now and the prospects to widen the spectrum of
laser characteristics are very broad indeed. One of the
most critical factors is energy efficiency. The majority
of existing lasers up to now has very low efficiency
(Table 2). Only recently developed lasers (fiber optics
and diode) have quite high efficiency, which enables
not only to save energy consumption but to decrease
the dimensions of the developed industrial systems.

The leading company in development and manu-
facturing of industrial systems based on fibre optics
lasers is IPG Technology which has a number of sub-
sidiaries in different countries producing broad vari-
ety of industrial systems.

Small size and mass, high efficiency and shape
flexibility are the most significant advantages of this
new laser. Even at this comparatively early stage of
development their mean power is reaching already
10kW (in some cases up to 100 kW).

Table 2

Type of laser Efficiency, %
Ruby laser <0.1
Nd-glass laser <1.0
Nd:YAG rod laser <1.0
Nd:YAG rod laser (diode pumped) 7.0
Yb:YAG disk laser (diode pumped) 15-20
CO, laser <10
CO laser <12
Excimer laser 2
Diode laser 40-70
Fibre optics laser 30-65

Table 3
The photon energy is required
|} 1
to destrov chemical bonds
in material
E=hv = 310V
Three mechanisms:
1. Thermal or pyrolitic {Long waves)
2, Photolitic
{Short waves uv = E = 3=7 V)
3. Multiphotenic impact on electrons
(ultra short pulses)
Wanoseconds 10795
Picoseconds 10-"s
Femtoseconds 107 g
Attosexonds 10185
To shorten To shorten
the wavelength pulse duration

The very wide range of power densities which may
be reached at this stage of laser system development
allows realizing different mechanisms of laser radia-
tion interaction with matter, the main of which are
listed in Table 3.

These mechanisms and their combinations deter-
mine the vast variety of different technological proc-
esses which may be performed at products manufac-
turing. They may be realised at macro, micro and at
nano levels.

Laser technology is one of the the key factors of
Sustainable Manufacturing development. The life cy-
cle issue, the material sustainability, the importance
of green technology development and ecology safety
in economy growth, the improvement in natural re-
sources saving, the increase of productivity and manu-
facturing efficiency, the new moves in engineering
education development, the general improvement of
life quality and etc. — all these challenges may be
successfully solved entirely or partly by further de-
velopment and implementation into practice of dif-
ferent processes of laser technology.

Laser technology has the unique universality —
it may be used almost at every stage of life cycle in
product development: starting from design, through
material transformations, manufacturing processes,
services and maintenance, recycling, reuse, etc.

The sphere of laser technology is enormous-almost
any field of human activity, it is equally efficient at
macro level, for micro application and is becoming
the only unique technology at nano-level. Considering
the great potential of laser technology for realization
of different processes of new nano-materials and nano-
processing development laser technology becoming
the key factor for modern sustainable manufacturing
implementation.

Laser technology in micro applications. It is well
known that first industrial application of laser had
been demonstrated at micro machining of small holes.
At the beginning the quality and precision of holes



had been not very high. The productivity was too
low — few holes per min. Processing had been per-
formed using pulsed radiation with low energy per
pulse. The dimensions of holes had been in the range:
diameter 10—-500 um; depth 0.1-2.0 mm. Thanks to
the development of new types of lasers, improvements
of power supply systems, development of modern fo-
cusing devices, etc. it is possible now to reach very
high productivity (up to thousands holes per min at
high quality and precision) at manufacturing different
diaphragms, nozzles, sieves and other unique compo-
nents for machines and devices.

Micro slots and micro cuts are also the sphere of
micro processing. Using this processes give the sig-
nificant saving at machining components from expen-
sive materials and from material difficult to machine
by traditional techniques.

Micro machining is used mainly for processing
small components or limited areas of different in di-
mensions components.

Especially micro machining has began to be used
with increasing trends to miniaturize different systems
and devices in precision engineering, medicine, meas-
urement systems, etc. The bright example of use laser
micromachining in medicine is manufacturing cardio
proteges (stents) which are implemented in blood ves-
sels for treatment cardio deceases. Considering the
fact that cardio deceases are the «<number one killers
the very efficient laser technology for stents manu-
facturing is found to be the most effective technique
to solve the problem of human life preserving.

Using micro processing is wide spread now for
performing components marking and engraving, for
local hardening and surface alloying of different tools
and components to improve the local properties of the
material and to increase the wear resistance of the
components and tools. These applications almost en-
tirely substituted the conventional not very efficient
techniques.

The wide spread technology of bar-coding printing
and reading this coding became the most efficient
technology for identification of products in different
industries. Such technologies are fully automated now
and are performed with high speed.

Laser micro welding became quite common opera-
tion in microelectronics. High speed of processing
together with very high precision and quality are the
main advantages of this technology in comparison
with traditional brazing technique. The positive factor
of such technology is the ability to be fully automated
as well.

Laser technologies in macro processing. If at the
beginning of laser era industrial laser applications
was mainly limited by micro machining with the de-
velopment of new types of laser and the increase of
irradiation power the field of laser applications has
widened to macro processing. It became possible to
find industrial laser systems in automotive, airspace

LTWMP'13

and shipbuilding enterprises working at production
line at mass production. In principal almost all proc-
esses typical for micro processing may be realized in
macro machining providing the use of more powerful
laser systems and the scale of use such technology.
First of all it concerns the application of laser radia-
tion for performing cutting of different sheet materi-
als. Such technology is especially efficient for shearing
carbon steel, stainless steel, aluminum alloys as well
as different non metal materials.

Laser welding is the second most widespread ap-
plication at macro processing. The automotive and
airspace industries are the main users of these proc-
esses. Different materials may be joined by this tech-
nology. Very efficient technology — welding of plas-
tic — is becoming quite popular in different fields of
industry as competitive and time and money saving
technology. To increase the efficiency of welding thick
materials laser irradiation is combined with plasma
torch action. Such process is known under the term
laser-plasma welding. It helps to decrease the cost of
the processing and to raise its productivity.

As macro processing the process of rapid proto-
typing (Figure) may be considered because with its
help it is possible to restore the worn off large com-
ponents and to manufacture the new one using the
technology of local cladding (melting) of material.
Using the technique of powder material injection the
technology of laser sintering may be realized. Thus
the 3D laser printing may be realized at manufacturing

h
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Classic schemes of RP with roller (¢) and with robot (b); techno-
logical laser 7 with a power supply unit 2 and cooler 3; 4 —
scanning system; 5 — dosing device; 6 — device of powder prepa-
ration; 7 — work table; 8 — control system (a); 3, 4 — techno-
logical robot with programming system; 5 — optical fiber with
systems Oscillator 1; technological laser with a supply unit 2; 6 —
dosing device; 7 — control system (b)
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Table 4

Optical (laser) lithography is of crucial importance
for the microchips production

1. Optical lithography generates global reve- 1 bln euro

nues

Microchips produced using these systems gen- | 155 bln euro

erates

3. Sales of computers, digital cameras, mobile | 1160 bln euro
telephones, dependent on microchips gener-

ates total revenues

4. Every Euro earned with laser lithography generates approxi-
mately 1000 euro of industrial production

components of intricate shape from different powder
compositions.

Such technology is an example of excellent com-
bination of Information technology (IT) and ad-
vanced laser technology (LT).

Laser technology applications in nano process-
ing. XXI century is considered as the century of nanos-
ciences, nonmaterials and nanotechnologies. Those
fields of science and technique are developing very in-
tensely. And this development depends to great extend
on the level of laser technology which influences both
creation of new nanomaterials and nanoprocessing.

Just thanks to great extend to the success in the
field laser technology it became possible to reach the
unique results in manufacturing new types of micro-
processors with huge memory capacity at very small
dimensions. Thanks to use of radiation with shorter
wavelength the width of the structural elements be-
came much smaller and their density had been in-
creased. Thus except of miniaturization of microproc-
essors their efficiency had been increased and the sig-
nificant decrease of manufacturing cost had been
reached. The use of laser optical lithography had revo-
lutionized the manufacturing process further more
(Table 4).

Considering the achievements of laser technology
and information technology for the last time it is
worse to make such a statement: «the latest develop-
ment of laser technology was not possible without
deep integration of information technology» and vice
versa — «information technology had such a tremen-
dous achievement for the last decades thanks to very
strong integration of laser technology and especially
nano laser processing into information technology».

The prospects of further developments and im-
plementation of laser technology (LT). In spite of

very short history of laser technology development
(only fifty years) it has demonstrated the vast pros-
pects for further achievements of new horizons. Be-
cause of its flexibility, universality, friendliness to
the environment, easiness for improvements and mod-
ernizations, ability to be used at any stage of product
life cycle, etc. it is already and will be more in the
future attractive for industrialists for more broad im-
plementation into practice. All these vividly demon-
strate the unique opportunities and prospects of using
different processes of laser technology to solve the
challenges of manufacturing development especially
in conditions of global crisis and increasing natural
resources shortage.

Conclusions

1. Laser beam became the highly efficient universal
tool.

2. LT has found the wide application in global
economy.

3. The use of LT increases the processing effi-
ciency, decreases the material consumption, has posi-
tive effects on life cycle, is friendly to environment.

4. The mutual integration of LT and IT is the main
way to enhance the processing efficiency.

5. LT growth is far from saturation. The manu-
facturers’ interest to laser processing is increasing.
The prospects are bright!

6. LT is excellent example of using advanced tech-
nology for further development of sustainable manu-
facturing.
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HIGH POWER LASER BEAM WELDING
OF AUSTENITIC STAINLESS STEEL
WITH ELECTROMAGNETIC WELD POOL SUPPORT

M. BACHMANN, V. AVILOV, A. GUMENYUK and M. RETHMEIER
BAM Federal Institute for Materials Research and Testing, Berlin, Germany

Laser deep penetration welding became a widely applied tool in industrial applications due to the available laser power
of 20 kW and more for the single-pass welding of steel plates of up to 20 mm. Above a critical limit, liquid metal tends
to drop out of the weld bead due to the hydrostatic pressure. Laser beam welding in contrast to electron beam welding
technique allows for an electromagnetic manipulation of the fluid flow in the weld pool. An alternating current
electromagnetic system for the compensation of the hydrostatic pressure by induced Lorentz forces in the melt was
experimentally and numerically investigated for single-pass full-penetration welding of up to 20 mm austenitic stainless
steel plates grade AISI 304. It was shown, that the application of magnetic fields between 200 and 234 mT at an
oscillation frequency of around 2.6 kHz lead to a full compensation of the hydrostatic forces in the melt for plate
thicknesses between 10 and 20 mm, respectively. Coupled fluid flow, thermal and electromagnetic finite element
simulations were done with different applied magnetic flux densities and oscillation frequencies calculating for the
optimal magnetic field strength to avoid melt sagging in the weld pool. The simulation results point to a lower magnetic
field density needed for that purpose. The reason for that can lie in the magnetic properties of the material not being

totally non-ferromagnetic.

In the course of the last decade, the availability of laser
sources within the power class above 10 kW made it
possible to weld ever thicker aluminium and steel plates
up to 30 mm in a full-penetration welding process [1,
2]. Such a process has the advantage of being very
efficient along with the well-known key benefits of a
laser welding process compared to multi-pass arc weld-
ing processes, e.g. the low heat input, the high welding
speeds as well as the low distortion [3].

The present investigation deals with the single-
pass laser beam welding of up to 20 mm thick stainless
steel plates grade AISI 304. The conventional method
to weld thick components is to use the electron beam
welding technique [4, 5], which brings up challenges
for large modules due to the need of a technical vac-
uum. Nowadays, modern laser beam sources enable a
stable single-pass welding process up to 16 mm pene-
tration for steel [6, 7].

Above a critical limit, the surface tension of the
molten material cannot balance the hydro-static pres-
sure of the melt and drops out during the welding
process before solidification occurs.

Another challenge are the highly dynamical proc-
esses in the process zone, e.g. due to Marangoni flow
and natural convection.

The laser beam welding in contrast to the electron
beam welding allows for an electromagnetic treatment
of the melt. Electromagnetic technologies in the proc-
essing of metals are widespread and range from crystal
growth and cold crucible melting to the porosity pre-
vention and surface treatment [8] and stirring [9] in
welding applications.

© M. BACHMANN, V. AVILOV, A. GUMENYUK and M. RETHMEIER, 2013
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The approach in this investigation is the applica-
tion of an oscillating magnetic field perpendicular to
the welding direction below the process zone which
induces eddy currents contactless. The resulting volu-
metric Lorentz forces in the melt counteract the effect
of gravitational forces and compensate for the hydro-
static pressure. An electromagnetic weld pool control
system was already experimentally [10, 11] investi-
gated for steel up to 18 mm and for 30 mm thick
aluminium alloys. Numerical justification for 20 mm
thick aluminium welds was presented in [12].

The present investigation deals with the numerical
calculation and experimental validation of the elec-
tromagnetic weld support system for 20 mm thick
stainless steel AISI 304. Representative simulation
studies of a fluid flow simulation coupled with an
electromagnetic processing are presented in [12—14].

Experimental setup. The working principle of the
applied electromagnetic weld pool support is sketched
in Figure 1, a. The oscillating magnetic field B is
located in the centre below the weld pool and induces
eddy currents j within the skin depth 8§ = (nfuc) /2
of the material, where f is the oscillation frequency;
u is the magnetic permeability and & the electric con-
ductivity. The interaction of the induced currents with
the applied magnetic field produces a Lorentz force
F1 = jxB in the melt, which counteracts the hydro-
static pressure and, in the case of an optimal control,
ensures a balancing of the pressures on the upper and
lower weld surfaces to avoid dropping of the melt.

The magnet was located 2 mm below the work-
piece. The magnet poles had a distance of 25 mm and
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Figure 1. ¢ — scheme of the electromagnetic weld pool support system; b — experimental setup

their cross section had the dimensions 25x25 mm. The
experimental setup can be seen in Figure 1, b.

The bead-on-plate welds were done with a fibre
laser with a beam power used of up to 18 kW. Welding
of 20 mm thick AISI 304 produced no reasonable
welding result as the liquid material was blown out
of the seam. Therefore, the 20 mm joints were made
of 10 mm austenitic steel AIST 304 at the root side
and 10 mm ferritic steel S235 above as the higher
surface tension of S235 stabilizes the weld bead sur-
face. The penetration depth of the magnetic field was
adjusted at around 10 mm so that the magnetic char-
acteristics of the ferritic S235 do not influence the
applied magnetic field significantly. The 20 mm case
was supposed to show the principal applicability of
the magnetic weld pool support for even higher plate
thicknesses. The laser and optics properties are sum-
marized see below.

Max. laser power P; 20 kW
Focal spot diameter 600 pum
Shielding gas 30 1 /min Ar

Laser type Yb fibre laser
Fibre diameter 200 pm
Focal length 350 mm

Mathematical modelling. The numerical model
calculates the turbulent fluid flow equations, i.e. the
mass conservation with the mass density p and the
velocity v and the Navier Stokes equations with the
dynamic viscosity m, pressure p and source term F

V(pu) = 0, (1)

p(uVyu=-Vp +V {n(w + (V) - % n(Vu)I} +F,(2)

3

=7Pg TG f; (u - uweld) + <].XB>'
L

(-1’
+e

In (3), the first term accounts for the gravitational
influence, the second term refers to the braking of
the solidified material down to processing velocity
and the last term to the applied time-average of the
Lorentz force. f is the liquid fraction and ¢; and e
are constants.

Additionally, the energy equation with an effec-
tive heat capacity C;;ff accounting also for the latent
heat of fusion, the temperature T and the heat con-
ductivity A is solved

pC'uvT = VOWVT). (4)

The Maxwell equations with the electric field E
accounts for the applied electromagnetic influence of
the weld support system. The influence of the flow
field on the electric current density distribution is
described by the generalized Ohm’s law

VxB = yj, (3)

0B
VxE =—, j=o(E + uxB).
ot
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Figure 2. Boundary conditions (@); thermophysical properties of stainless steel AISI 304 (b): 1 — density p/p (Ty); 2 — dynamic
visvosity /1 (Tpe); 3 — heat conductivity A/A (Tpe); 4 — heat capacity ¢, /¢, (Tper); 5 — electrical resistivity pe/pa (Tpae;

6 — surface tension v,y (T )
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Thermophysical properties of stainless steel AISI 304 at melting temperature

T nelt 1700 K Tevap 3000 K
Density p 6900 kg /m’ Heat capacity C, 800 J /kg-K
Latent heat of fusion H; 2.61-10° J /kg Heat conductivity A 28 W,/ m-K
Dynamic visvosity n 6.4-10° Pas Elec. resistivity p, =o' 1.3310°° pm
Marangoni coefficient y' —4.310* N/m-K Surface tension y 1.943 N/m

The boundary conditions are summarized in Fi-
gure 2, a. They are explained in more detail in [12].
The used material model was taken from [15—17], see
Figure 2, b and Table. Due to the limited penetration
depth of the magnetic field in the liquid material of
around 10 mm, the whole 20 mm workpiece was mod-
elled with the material model of AIST 304.

Numerical results. The temperature as well as the
velocity distributions are shown in Figure 3 for the
case of optimal compensation of the hydrostatic pres-
sure in the melt. The welding velocity was 0.4 m /min
and the oscillation frequency 3 kHz leading to a pene-
tration depth of the magnetic field of around 10 mm
in the liquid phase of the material. The peak values

£, mm

10400 1500 2000 2500 000 T, K

of the velocity magnitude in the regions near the free
surfaces of the weld pool are due to the Marangoni
flow there being directed from hot to cold regions as
the surface tension increases along that path. There-
fore, the weld bead is elongated at both surfaces. At
the lower surface, this elongation is smaller due to
the presumed geometry of the keyhole with smaller
diameter at the lower side.

Figure 4, a shows the hydrostatic pressure com-
pensation in the weld bead 3 mm behind the keyhole
in the symmetry plane for three frequencies. It shows,
that the pressure values at both surfaces are nearly
equal, so that dropping of melt cannot occur due to
gravity effects. The calculated pressure distribution

20 x, mm

| E—
.08 010 U, m s

1] 0.02
b

0.04 0.06

Figure 3. Symmetry plane of the simulation results of the case with optimal electromagnetic control of the hydrostatic pressure for a
welding velocity of 0.4 m/min; temperature distribution and velocity vectors (@); velocity magnitude distribution ()

20 T 20
i wlerenee
f=1 kHz, B=133 mT
/=3 ki, B= 95 mT
E 15 1. 15 =1 kHz, B=80 mT
E [ —— _ WK | [ NS S—— — b |
i i i i il i 1 []
100 0 100 200 300 400 ) i A0 L 1200
e time-average Lorentz foree, N m-3 b static pressure p, Pa

Figure 4. Pressure distribution 3 mm behind the keyhole in a vertical axis (a); time-average of the vertical component of the Lorentz

force (b)
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Figure 5. Single-pass laser beam welding without and with optimal parameters of the electromagnetic support system for thicknesses
between 10 mm and 20 mm. The welding velocity is 0.4 m /min. The laser power P and the focus depth d were adapted with respect
to the plate thickness. For the 20 mm case, the simulational cross section for 95 mT at an oscillation frequency of 3 kHz is overlayed

corresponds well with the vertical component of the
Lorentz force being shown in Figure 4, b.

Experimental results. The experimental results
for thicknesses between 10 mm and 20 mm are shown
in Figure 5. Up to a thickness of 15 mm, the material
AISI 304 was used. For 20 mm, a combination of AISI
304 (lower side) and S235 (upper side) was used, due
to the stability issues of the welding process at the
upper weld pool side and the higher surface tension
of constructional steel. Up to a thickness of 15 mm,
the reference cases show severe sagging of material
whereas the case of 20 mm is associated with an un-
stable welding process with material being lost on
root and top side. The magnetic flux density needed
to avoid sagging increases slightly with higher mate-
rial thicknesses and a state of optimal compensation
can be reached for any thickness. The cross sections
of the simulation with B = 95 mT at an oscillation
frequency of 3 kHz corresponds well with the 234 mT
and 2.6 kHz from the experiment.

Summary & discussion. An electromagnetic weld
pool support was successfully applied for up to 20 mm
stainless steel and severe sagging of liquid material
could be prevented. The simulations show a smaller
value of the magnetic flux density for the compensation
of the hydrostatic pressure. The only slight increase of
the magnetic field in the experiments for the different
thicknesses allows for speculations about a further ef-
fect, that must be compensated for, e.g. other dynamic
oscillatory processes in the melt associated with the

vapor phase in the keyhole and corresponding reaction
forces or even the influence of the weakly ferromag-
netic properties of the material, especially in the light
of the exact predictions for the magnetic flux density
for the aluminium alloy AIMg3 [12].
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OCOBJIMBOCTI 3ACTOCYBAHHS IH/IYKIIMTHOTO
HAT'PIBAHHA ITP1 KOMBIHOBAHOMY
JA3EPHO-IHAYKIIIITHOMY HAILJIABJIEHHI

J.®. TOJTOBKO, M.C. BJIOIUIIUH
HTY VYkpainu «KuiBcbkuit nositexuiynuii incturyrs>, Kuis, Ykpaina

3aIpoIloHOBAHO | IIPOaHAIi30BaHO JIeKiJIbKa CIIOCOGIB J1a3epHO-iHAYKIIIHOrO HAIJIaBJIEHHS POOOUNX €JIEMEHTIB jieTaseil
MalmmH Ta iHCTPyMeHTIB. OCBITJIOETHCS METOAMKA OGUYHMCJEHHS PO3IOIiIy TeMIeparyp, HMIBHAKOCTEHl HArpiBy npu il
Jla3epHO-iHAYKIIHOTO JpKepesa HarpiBy mopomikoBoro marepianay. Ilokasano, mo 3amponoHoBaHa MeTOAWKA J/I03BOJISIE
BU3HAUUTU YMOBU OTPHMAHHS IIOPOIIKOBUM MaTepiajoM 3a3/aJieri/ib 3alaHoi TeMIepaTypH IIPU IIPOXOKeHHi Hloro Kpisb

iHgyKTOp Ge3 3MiHM BJIACTHBOCTEN MOPOIIKOBOTO MaTepiady.

3HauHa YacTKa Bi[MOB MalllMH, 1[0 IIPAIIOIOTh B yMO-
Bax /i abpa3uBHUX i arPECUBHUX CEPEIOBUII, BACOKUX
TeMIlepaTyp Ta THUCKiB, 6e3locepesHbO TIOB’sg3aHa 3i
3HOIIYBAHHSIM KOHTAKTYIOUWX TIOBEPXOHb JeTaJeii,
BTpaToi0 reoMeTpnuHux ¢GopM i posmipiB. /lo Takmx
Jletajieil MOJKHA BiIHECTH JIONIATKY Ta30BUX TypOiH, 1m0
npaifofoTh pu Temreparypax 900—1000 °C, naii arpe-
CHBHOTO Ta30BOTO MOTOKY I aGpa3uBHUX YACTOK, ITi[I-
I’ ATHUKA TypOOKOMITpecopiB, namndu 6ypoBUX [OJIT,
KOJIiHYACTi ¥ PO3MO/IiTbHI BaJu ABUTYHIB # iH.

IlinecupsiMoBana 3MiHA (Di3sUKO-MeXaHIUHUX BJIA-
CTMBOCTe! ITOBepXHEBUX IIapiB JeTaJseil MalluH, BiJl-
HOBJIEHHSI 1X PO3MIpiB i dopmu € obactio edeKTus-
HOTO 3aCTOCYBAaHHA JIa3¢PHOTO Ta3oNOPOIIKOBOTO Ha-
TJIaBJICHHS.

OpmHak BUCOKa BapTiCTh €HEPrii Ja3epHOTO BUIIPO-
MiHIOBaHHSI Ta icTOTHe 36iJbIeHHs cO6iBapTOCTI Ha-
TIJIABJICHHS TP 361JIbIIIEHH] TIPOYKTUBHOCTI MTPOIIECY
ob6Mexxye 06J1acTb BUKOPUCTaHHA I1iel TexHosorii [1—
3]. ¥ 3B’43Ky 3 UM PO3BUTOK OTPUMAJH HAYKOBI J0-
CJIi/PKeHHS, CIPSIMOBAHi Ha MOTITYK COCO6iB 3HIKEHHS
co6iBapTOCTi TPOIECY JA3€PHOTO Ta30IOPOITKOBOTO
HaIJIABJIEHHS 32 PaXyHOK BUKOPHUCTAHHS OiJIbII JleTiie-
BUX /IONIOMIXKHUX JIPKEpeJl eHeprii.

Byno Bu6Gpano inayxkiiftamii croci6 HarpiBaHHS Me-
TaJiB [/ HAIJIABJEHHS, 110 3aCHOBAaHUI Ha 1BOX (i-
3UYHMAX 3aKOHAX: 3aKOHi €JEKTPOMArHiTHOI iHAyKIii
@apanea—Makcsesta Ta 3akoHi xoyaa—/lenna.

PesysibraToMm 1uX A0CJIi/PKEHD CTaB IIpoliec Jiasep-
HO-1HIYKIIITHOTO HAIIJIaBJIEHHS, KON (PYHKILT KOXKHO-
ro JKepesja eHeprii 4iTKo po3meskoBani. JlazepHuit
MIPOMiHb PO3TLIABJISIE TIEBHUI 00’ €M MaTepiay OCHOBI
i IOBOANTD /IO TEMTIEPATYPU TJIaBJIE€HHS MiIiTPiTHi BU-
XPOBUMM CTpyMaMU MaTepiaa /[Jid HallJlaBJICHHS.
Enepris ingyKropa BUKOPUCTOBYETHCS BUKJIOUHO Ha
MiITOTOBUMI CTaAil Tpollecy — TPAHCIOPTYBaHHI Ta
nigirpiBar#i mopomky o temmeparypu 0,8-0,9T,.
Hagenena texmoJiorist J03BOJISIE iCTOTHO 361/IbIITYBATH
MPOJYKTUBHICTh HaIlJIaBJeHHS 6e3 CYTTEBOTO 30iJb-
IIeHHsT HOro co6iBapTOCTi.

© JL.d. I'OJIOBKO, M.C. bJIOIMIMH, 2013

[IIupoxre 3acTtocyBaHHS iHAYKIIITHOTO HATpPiBaHHS
MaTepiasiB 06yMOBJIEHE TIPOCTOTOIO TEXHOJIOTiT, MOXK-
JIMBICTIO aBTOMaTHU3allil IIPOLECIB i BUCOKUMU €PIrOHO-
MIYHUMHU BJIACTUBOCTSAMU.

Ha posmozis Temmepatypn 1mo mopomnvHILi, 10 Ha-
rpiBaeTbcs, NP iHAYKIITHOMY HarpiBaHHi BIJINBAIOTb
KijbKa (paKkTopiB; rINONHA IPOHUKHEHHS CTPYMY B Me-
TaJl, HOTO TEeIJIONPOBI/IHICTD, PEKNUM HarpiBaHHs. ['1n-
6WHA TTPOHUKHEHHST CTPYMY, Y CBOIO YEPTy, 3aJEKUTDH
Bizt pisnYHUX BJIACTUBOCTEH MeTasLy i 4aCTOTU CTPYMY.

Di3nuHi BJIACTUBOCTI 3MIHIOIOTHCS 3 ITiABUIIIEHHAM
temmeparypu. SIkimo meran pepomarnitanii (30xpema,
YIJIePOIMCTAs if MaJIOJIernpOBaHHAS CTAJIN ), TO TIHOU-
Ha TIPOHUKHEHHS CTPyMy HEBeJMKa, BiANOBiAHO M
TeMnepartypa Oy/Jie 3pocTaTH B MepIIUil TIepiof Harpi-
BaHH4 TiJIbKM B TOHKOMY IlOBepXHeBoMy Inapi. Koum
TeMIepaTypa Ha TIOBePXHi JOCATHETbCS TOUKK Kiopi i
MAarHiTHA MPOHUKHICTb MaTepiasy craHe 6JIM3bKOIO /10
OJIUHMIII, TO KiJbKIiCThb TEILJIOTH, IO BUJIIJISETHCS B
1IbOMY IIMapi, 3MEHNIYETbCA U Mi/BUINEHHS TeMIiepa-
TYPHU BIOBIJBHIOETbCS. 3HAYHA YacTHHA eHeprii Oy/ie
BULIATUCS B Oijiblll TJIMOOKUX IIapax, HIO Ie He
Brpatuin pepomarueruamy [6].

I'mubuna TpoHUKHEHHS CTPyMy O6y/e TOCTYTIOBO
361JIBITYBATUCS IOTH, TIOKU HE JOCATHETHCS 3HAUECHHS,
TP SIKOMY BCSI €Heprist Oy/ie MOTJIMHATHCS B TApSIIOMY
nedepoMarHiTHOMy mHIapi, SKUil y KifbKa pa3 GiJibiie
rIM6UHY TPOHUKHEHHST CTPYMY B XOJIO[IHUIT METAaI.

Jliist po3B’g3aHHS 3a/1a4i BU3HAUCHHS ONTUMATBHUX
3HaYeHb KEePYIOUNX TMapaMeTpiB TaKOro KOMOIHOBAHOTO
TIpOIIecy MTPOIIOHYETHCS BiIMOBIHNI airOpUTM.

Ha mepiiomy erari BUGHpPAeTbCs XiMiUHWI CKJIA
[IOPOIIIKOBOIO MaTepiasly, SKWil HaIJIaBJSETbCS, BBO-
JIATBCS Ta PO3PAXOBYIOThCS HOTO TeriodisndHi BaacT-
BOCTi, BU3HAYAIOThCSI XaPAKTEePUCTUKY iHAYKTOPY ILJIa3-
MOTpOHY 1 HeoOXiJHa 4acToTa CTpyMy, BHUTPATH [I0O-
3YI0YOTo IIPHUCTPOIO, JIOBKHMHA Ta JliaMeTp iHIyKTOpY.

[l HarpiBaHHSI TOPOINIKY /10 BU3HAYEHOI TeMiIle-
patypu, gka ctaHoBUTb 0,97 ,p, MaTepiasy, npu 3a-
JaHill BUTPATi [03YI090T0 MPUCTPOIO, HEOOXiTHO 3HATT-
TH €HePTreTUYHi XapaKTepUCTUKU Ta e(EeKTHBHY IOB-
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JKUHY iHAYKTOPY, IO 3a6€31eYnTh HATPiBaHHS YaCcTHU-
HOK TIOPONIKOBOTO Matepiaiy. [lis nboro 6yJio BUKO-
PHUCTAHO BiJMOBIIHY MaTeMaTUIHy MOeJb [4].

CriouaTKy pO3paxOBYeTbCsl Bi/ICTaHb TepeMillleHHs
vactok noponiky (1) y crpymeni iHgykTopa, Ha siKiii BOHI
[IPU 33/IAHKUX [TaPaMeTPax MPOIeCy HarpiBalOTbC 10 TEM-
neparypu 0,97 ;. Ilicast mboro BUKOHYETHCS TIepeBipKa
yMOBH: Inin < Liozran < lnax, SIKIIO YMOBA He BUKOHYETHCS
3MiHCHIOETBCS KOPETYBAHHSA 33/IJaHUX B PO3PAXyHKY TeM-
nepaTypu TIOTOKY; SIKIIIO yMOBAa BHUKOHYETbCS —
Bi/I0yBa€eTbcs BUOIp OJHIET 3 Mojesel, SIKi 3B’SI3yI0Th
xapakrepuctukn HBUY miasMoTpoHy 3 TMpocTOpoBO-
eHepreTYHUMM  HapameTpamMu  iHAykTopa  Tpoor =
= f(dsupl.indukta Uindukts Tindukes Linduke)- docaimpkenns
BUSIBIJI, 10 HANGIbIINIT BIVIUB HA TEMIIEPATYPY MAE
JIOBXKIHA iHIYKTOPA, CTPYM, HAIIPYTa i 4aCTOTa CTPyMY .

3a 06paHOI0 MOJIEJLITIO PO3PAXOBYETHCS PO3IIOJILI TEM-
neparyp 1o JIOB)KHHi TOPOIIKOBOTO CTPYMEHS T poror =
= f(L) Ta BBOZUTHCS 0OMEKEHHS HA MAKCUMAJ/IbHY TeM-
neparypy HarpiBaHHA: Tporor(1,2l0zran) = 0,97 ey T2
T potok(11) < 0,8T wupar.por- 32 CKOPErOBAHOIO MOJEJLIIO
PO3PaXOBYETHCS e(PEKTUBHA TOBKUHU iHAYKTOPY, TOO-
TO JIOBXKWHA Ha SAKill TeMIepaTypa MOTOKy 6yie Tiepe-
BuntyBatu 0,97 ,.;. PospaxoBana [oBKMHA IepeBi-
PAETDCA Ha BIANOBIAHICTD YMOBI: loforr < 1,2102r0,. 5K
IO YMOBA HE BUKOHYETbCS — KOPETYETHCS 3HAYEHHS
HapaMeTpiB IJIa3MOTPOHY : dsopl.indukt: Iz'ndukty Uindukt: f
i BIpyre BUKOHYETHCS PO3PaxXyHOK. SIKIo ymMoBa BU-
KOHYETbCSI — B 06paHy MaTeMaTHUYHY MOJIEIb BBOJUTD-
CST OTpUMaHa 3JI€KHiCTh TEMTIEPATyPU ITOTOKY Bi/l 10B-
AKUHU AHAYKTOPY Thotor = [ (L). TlotiM BUKOHYETHCS
MepeBipKa, YM 3HAXOIUTHCS TeMIleparypa MOpPOIIKY y
sagtainx Mexax: 0,87 1400 < Tporosn << 0,97 g0 AKIIO
YMOBa He BUKOHY€ETHCS, KOPETYETHCS 3HAUeHHS L i 3HO-
BY PO3PaxXOBYIOThCS TEMIIEPATYPH MTOPOIIKY, SKIIO YMO-
Ba BHUKOHYETBCSA, TO TepIia YacTHHA PO3PAXYHKY
KOMOIHOBAHOTO TIPOIIECY — 3aKiHIYETHCS.

[TotiM 06upaeTbCst MOIEb JIA3EPHOTO HAarPiBaHHS.
Posrasimaerbes mpoliec, i 4ac SKOro Ha JIBOIIAPOBE

JTaseprnil npostin

Doy Cy D
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Cxema 1pounecy JIaBepHO-iHZ[yKLI'IIL/'IHOFO Ta30IOPOIIKOBOTO Hall/laB-
JICHHA

cepeloBUlIe Jiie Ba PyXOMUX JKepeJia eHeprii — Jia-
3EPHUI TIPOMiHb i iHAYKIiltHWIT HarpiBay (pUCyHOK).
BepxHiit map sBiste co6010, K OJUH i3 MOXKJIMBHX
BapiaHTiB, KOMIIO3UT i CKJIAQIAETbCA HE 3 CYLiJIbHOIO
CTJIaBY, a MiCTHB B 0061 UCTIEPCHI BKJIIOYEHHS iHIIIOTO
Marepiasy. IIpu YoMy B TeXHOJIOriYHOMY ITpoIleci Jia-
3€PHO-iHAYKIIITHOTO HaIJIaBJIeHHS KOMITO3UTHUIA Ma-
Tepias 3a JOIOMOroI0 iHAYKTOPa IOIePeHbO PO3irpi-
BAETHCA 1 NIOAETHCA B 30HY ILIABJICHHA.

[Ipu MozenToBaHHi MOXKJIUBI Pi3Hi BUXi/HI Bi/IHOCHI
II0JIO>KEHHS JIa3€PHOro IIPOMeHs i IIJIa3MOTPOHY: IIPO-
MiHb Jla3epa 3HaXO/UThCS Nepe/l HarpiTUM CTpyMeHeM
MOPOIIKY i MiJIIaB/sge MaTepiad OCHOBH, ab0 KOJHU
o6u/iBa TETJIOB JpKepeJia CIiBIaAaoTh [4].

s MopemoBannsg 6yi0 06paHO CXeMY IIPOIecy,
TIpe/ICTaBJeHy Ha PUCYHOK. Y BifmosigHOCTi 10 Hel
JIa3epHUil IPOMiHb 3 NOTYKHicTIO P, doKkycyeTbecs Ha
oBepxHi 06pO6IIOBAHOrO BUPOOY, IO PYXaeTbes 3i
mBuAKicTio V' y msmy giamerpoM dy,. [lapamerpu o6-
po6KHu 3a6e3neuyioTh ITiAMIABIEHHS MOBEPXHI MaTe-
piasry OCHOBH.

[TopoikoBa KOMIIO3HUILisl TOJAETHCS Y iHAYKIHTHII
HarpiBay, 10 CTBOPIOE HArPiTHIl CTPYMiHb MOPOIIKY 3
IIOTOKY TPaHCIOPTYIOUOro rasy 3 surparomo G i, 3a yac
MPOXO/PKEHHA IHAYKTOPY, MiirpiBaeThCs JO TeMIlepa-
Typu (0,8-0,9)T ;. IIpu 11bOMY BBEJICHHS OPOIIKY B
PO3ILIaBJICHUN MaTepiaJ OCHOBH 3ilICHIOBATIOCH T[Tl
TIeEBHUM KYTOM o i Ha TTeBHil BificTani L Bij 3arOTOBKH,
sKa BU3HAYAETHCSI KOHCTPYKTUBHO.

[Ipu HagxomKeHHi y BaHHY PO3IIABY MiAiTPiTOTO
MOPOIIKY B OCTAHHIii Bi/[YBAETbCSI BUPiBHIOBAHHS TEM-
nepaTyp mo Harpitomy o6’eMi, KpucraJizallis i fioro
OXOJIO/KeHHS. B pesysibrari Ha 1MoBepxHi Marepiaay
YTBOPIOETHCS IIAp HAIJIABJICHOIO MaTepialy BU3Haue-
Hoi popmu i po3Mmipis (Bucorolo £ i mupunoio b).

[lix ranaBIeHVM MeTaJOM HA TPAHMUII 3 OCHOBOIO
PO3TAIIOBYETLCS MTPOMiXKHU map, e BigdyJocs B3a-
€MHe IlepeMilllyBaHHsI HallJIaBJIeHOTO MaTepiaJy i MaTe-
piajqy OCHOBH, TOBIIMHOIO f.; i 30Ha TEPMIYHOTO
BILJIMBY, TOBIIUHOIO /i3TR.

KinnesuM pesysabTaToM MojieTIOBaHHS Mae OyTH
PO3IO/iJ TeMIlepaTyp B KOXKHUII MOMEHT yacy Ta Oll-
TUMaJTbHUN PO3TOi MIBUIKOCTI BiTHOCHOTO TIepeMi-
IIeHHs iHAYKTOPY i JIa3epHOro IPOMeHs.

Marepias HamsaBJeHOro 1apy B y3araJbHEHOMY
BUIJIS/li MA€ KOMIIO3UTHY CTPYKTYPY: CTaJIeBa MaTPUILS
OCHOBHM Ta BKJIIOYEHHSI iHIIOTO Matepiany (HanmpukJ/iaj,
OPOH3H YM iHIIOTO Pi3HOBUIY CTaJIi).

MopenoBaHHS JlJa3ePHOTO HarpiBaHHs /1J1s1 HallJIaB-
JIEHHS Bi/IOYBA€ETHCS 3TiIHO MaTeMATUIHOT MOJIEi, IO
BUKOPUCTOBYE AJIalITUBHY CiTKY HaBeleHO Y [5].

lazomnoponikoBuii cTpyMiHb HArpiTUil iHAYKTOPOM
i IPOMiHb JIa3epa PyXarTbCs CUHXPOHHO 31 IBU/KICTIO
V. Jlna cripolieHHs po3paxyHKiB, B MOJieJli He Bpaxo-
BYETBCS BILJIUB Ha ITPOLECH TEILJIO- Ta MACOTIEPEHECEHHS
PYXY PO3ILIABJIEHOTO MeTamty Ta Jedopmariiis BijbHOT
noBepxHi. Heo6xiaHOo 17151 3a1aH0T pO3paxyHKOBOI 06-
JIACTI 3HAWTH PO3MOJIJA TeMIepaTypH, IO O6YMOB-
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JIIOETHCA PYXOMUM JIA3EPHUM IIPOMEHEM i CTPYMEHEM
Harpitoro iHyKTOpOM IOPOIIKOBOIO MaTepiasy, Ipo-
BECTU OITHUMIi3aIliio PO3MO/iTY IIBUIKOCTEH CHCTEMU
«JIa3epHUI TPOMiHb—CTPYMiHb iHAYKTOpa» .

[lng MojiesTfoBaHHST HATPiBaHHS iHAYKTOPOM Ta3o0-
IIOPOIIKOBOI CyMillli BAKOPUCTAEMO BiJIOMYy MaTeMaTU4-
Hy MoJiesb [6].

MarteMatTnuHa MoO/eJib HeJiHiMHOI 3a/a4di Terrio-
IIPOBIAHOCTI 3 BHYTPIIIHIM TEIIOBUAIJIEHHAM B IU-
JIHAPUYHUX KOOPAMHATAX MA€ BUIJISL:

or

T 10T &T| 1
— =0t +—
ot or*

+— W(r, z, t)
T or 97t 9%
3 MOYATKOBUMH Ta TPAHUYHUMU YMOBAMU

T(r, z, 0) = Ty(r, 2)

oT

L — =alT, — T(r, 0, )] + e[ T: = TX(r, 0, )]
0z |z=0
oT 4 4

A — =a[T, — T(R, z, )] + &0 [Tt — T'(R, 2, t)]
or |z=R
oT i 4

- — =alT, - T(r, Z, )] + ecyT! — T'(r, Z, t)]
0z |z=2

oT
}\‘_

or |r=0

[1y11 BUKOHAHHS YACEJbHAX PO3PaXyHKiB BBOAATD-
¢ 3HaYeHHs OOMeXylounx mapamerpis (Beauunna
MaKCHMAJbHO TPUITYCTUMOI MOXUOKU, IPAHWYHI 3HAa-
YeHHS KPOKIB 110 BicSM i B 4aci, 3Ha4eHHS MiHiMaJIbHOT
i MakCUMaJIbHOI TeMIepaTypH, 3aTraJbHUI Yac HaTlJIaB-
JIEHHS.

[IIBuakicTs HarpiBaHHS IMOPOIIKOBUX MaTepiaJiiB
[IPY BUKOPHMCTAHHI iHAYKIIIITHOTO HarpiBaHHSA He 3aJ1u-
ITAETHCS TOCTINHOT y BCciM iHTepBaJii TemuepaTyp. Bona
3MiHIOETHCA BHACJIIOK 3MiHU IIUTOMOTO €JIEKTPOOIIOPY
it MarsiTHOI mpoHukHOCTi. [IuToMuil esexTpoomip y
Tpolieci HarpiBaHHS 3POCTA€ B IT ATh-TIICTh pa3; Mar-

LTWMP'13

HiTHA MPOHUKHICTD y PepOMarHiTHUX MaTepiaJiB MpH
nocsirHeHHI Toukn Kiopi 3menmryeTtbes y 10—20 pasis
i crae piBHOIO onmHumIi. OHOYACHA 3MiHA BEJUYNH
OIIOPY Ta MArHiTHOI ITPOHMKHOCTI IPU3BOJAUTD /10 3HU-
JKEHHST TIBU/IKOCTI HArpiBaHHS B 06JIaCTi BUIIE TOYKH
Kiopi B Tpu-uotupu pasu. I1lo6 yHUKHYTH IbOTO i
3MIHNTH KiHETHKY HarpiBaHHS, PETyJIOTh abo crabi-
JIi3YIOTb eJIeKTPUYHMI peXKUM y Ipolieci HarpiBaHHS.

TakuM 4MHOM, JOCJIPKEHHSI He TiJIbKM IO0Ka3aJIu
MPUHIUIIOBY MOXJIMBICTb CTBOPEHHSI KOMOGiHOBAHOTO
JIa3epHO-iHAYKITIHHOTO cITocOo0y HATIIaBJIEHHS TIOKPHT-
TiB, ajie I HAsIBHICTb MePeXiIHOT 30HU Mi’K TIOKPUTTIM
Ta OCHOBHUM MeETaJIOM CBilYUTb IIPO BUCOKY MIIHiCTb
ix 3uensiennd. Bukopucranus JieneBoro 10I0MiXKHOIo
JoKepeJia eHeprii y BUTJIAAL iHAYKIiMHOro HarpiBaua
JTa€ 3MOTY 3HAUHO 3MEHIIUTH cO6iBaPTiCTD MPOIIECY Ha-
[LJIaBJICHHA.

Bucuosku

Ha ocHoBi ekcriepumenTiB 6yJI0 BU3HAYEHO €HEP-
TeTUYHi TapaMeTpH JIa3ePHOTO OITPOMiHIOBAHHS, YMOBU
Ta XapaKTePUCTUKU 110/1a4i IIOPOLIKOBOTO Marepialy,
KiHeMaTuKa BiJJTHOCHOIO PYyXy IIPOMEHS i 3arOTOBKHU,
BU3HAYeHi Aialla30HU 3MiHM MOTYKHOCTI iHAYKTOPa Ta
ONTUMAJIbHUH /1ialla30H YacTOT eJeKTPUUYHOTO CTPYyMY.
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OCOBJIMBOCTI 3ACTOCYBAHHSA EHEPTII
IVIASBMOBOT'O CTPYMEHA A4 KOMBIHOBAHOI'O
ITPOLECY JA3EPHO-IIJIASMOBOTO
T'A3OIIOPOIIIKOBOI'O HAIIJIABJEHHA

JI.®. TOJOBKO, M.C. BJIOIUIIUH

HTY VYxkpaimn «Kuiscbkuit monitexniunuii inctutyt»>, Kuis, Ykpaina

SaHpOHOIIOBaIIO i HpO}lIIa.JIiSOB}].IIO JIeKiJIbKa croco6iB JIa3€pHO-TIJIa3MOBOI'O HaIlJIaBJCHHA pOéO‘{I/IX eJIeMEHTiB aeTanef{
MalllMH Ta iHCprMeHTiB. HOKaSaHO, 110 BUKOHAHHSI HAaBEJAEHOI'0 aJITOPUTMY pOéOTI/I iHTel‘paJIbHOI MOCJiJOBHOI CcXeMu
KOMOiHOBAHOTO IIpOoIECy JIA3€PHO-IJIA3MOBOI0 ra30IIOPOUIKOBOTO HAIJIABJICHHA NO3BOJIAE€ BU3HAUYUTU YMOBU OTPUMAHHA
OIITUMAJbHOTO PE3YJIbTAaTy HallJIaBJCHH. HaBeaeHo eKCHepI/IMeIITaJII)IIi pe3yJibTaTu peaJibHUX pe)KI/IMiB JIa3€pHO-TLJIa3MO-
BOT'O ra30moOpOMIKOBOI'O HallJlaBJIEHHA, AKi Hi[[TBepL[}KyIOTb a/ICKBaTHICTb AJIFTOPpUTMY pO6OTI/I KOMOiHOBaHOTO Iponecy Ha-

TIJTaBJICHHA.

AKTyasbHICTD pO6OTH 3yMOBJIEHA HEOOXiAHICTIO CKO-
POUYEHHS BUTPAT €HEPrOPecyPCiB Ipu 3MillHeHHI pO6O-
yyxX IIOBEPXOHb JeTajlell 3a paXyHOK aBTOMaTU3allil
npolecy BU3HAYEHHS ONTHMAJbHUX TEXHOJOTIYHUX
napaMeTpiB Jla3epHO-IYrOBOTO HaIlJIaBJeHHsI. B pis-
HUX rajIy3sX IIPOMUCJIOBOCTI HIMPOKO BUKOPUCTOBYIOTD
MallMHK, JeTali AKUX MPaloloTh B EKCTPEMAIbHUX
yMoBax. BHacJ/iJok IIbOTO OKpeMi [JiJISTHKU TaKuX Jie-
TaJiell MBU/IKO 3HONIYIOTHCS, BTPAYaloyll TeOMeTPUUHY
dopmy i posmipu. ['0JTOBHUM MeXaHi3MOM CITpaIlIOBaH-
HS TakuX BUPOOiB € aGpa3nBHE 3HONTYBAHHS B YMOBaX
Jlii arpecuBHOroO cepefoBUUIA, IIJABUIICHUX TEMIIEpa-
TYp, BUCOKMX IIUTOMUX THUCKiB, BiJICYTHOCTI MaCTHJI
a60 oOMekeHIX YMOB 3MallyBaHHA. Hajazsuuaitno
eeKTUBHUMYU CIIOCO6AMH TTOI0BKEHHS TPHBAJIOCT] PO-
60T1 TakUX BUPOOIB € 3aCTOCYBAHHS 3MIIIHIOIOUUX Ta
BiJTHOBJIIOIOYMX TeXHOJIOTii. MakcnMaabHy edeKTHB-
HICTb 11i TeXHOJIOTiT 326€31eYyI0Th IIPH X 3aCTOCYBaHHI
JI0 CKJIAHKX i Joporux Bupo6is (Typ6iH eHepreTHaHnX
YCTAHOBOK, KOJIIHYACTUX BaJliB JABUTYHIB, feTaseit Oy-
poBOTO O6JaaHaHHA Ta iHme). JlasepHa TeXHOJOTis
HaIlJIaBJIeHHS 3 METOIO BiJIHOBJIIOBAaHHS Ta 3MillHEHHS
Ha BiMiHy Bi/l ITMPOKO PO3NOBCIOKEHNX (Ta30-moJy-
M’STHOT, TIJIa3MOBOT Ta iHIINX ) BUPIIITY€ 110 PoGJIeMy,
60 103BOJIsI€ MPAKTUYHO MOBHICTIO YHUKHYTU 3aJIUIII-
KOBUX AedopMartiif, ki He MOXXHA BUTIPABUTH HACTYII-
HOIO PUIITOBKOIO Ta MEXaHiuHOI0 06pOOKOI0. AJie TIpH
361JIbIIIEHH] TIJIONT CIPAIlbOBAHUX [iJITHOK BUHUKAE
HEOOXiIHiCTD 361IbITYBATH MOTYKHICTh JIA3€PHOTO BU-
IIPOMIiHIOBAHHA, BapTiCTh AKOTO 3POCTAE 33 EKCIIOHEH-
TOIO i BiZIMIOBiIHO 3pocTae co6iBapTicTh IMpollecy Ha-
TLJIABJICHHA.

Bci Meroau HaHeceHHs IIOKPUTTS IIOAIIAIOTbCS Ha
ocHOBi nudysii Ta aaresii.

Bci Meroau 1azepHOro HaljIaBJIeHHS 3aJI€5KHO Bijl
cnioco0y moziavi MaTepiay, 10 HATLIABJISIETHCS, B 30HY
06pPOOKN MOKHA PO3/IiJIUTH HA JBi OCHOBHI rpynu [2,

© JL.d. I'OJIOBKO, M.C. bJIOIMIMH, 2013

4]. [lo mepimoi Tpymu BiHOCSTL METOAU JIa3€PHOTO
HaIlJIaBJEHHS, IPY SIKUX I1ap, 1110 HAIJIABJISIETHCS, YT-
BOPIOETBCA B Pe3yJIbTaTi OIJIaBJCHHS MOIepeHbo Ha-
HECeHOro Ha o6po6JIIOBAHY MMOBEPXHIO MaTepiasy Io-
kputtsi. o apyroi rpynu — MeToau, MpU SKUX Jia-
3epHe BUIIPOMiHIOBaHHS i MaTepiaJ, 1110 HallJIaB/IS€Thb-
s B 30Hy 00POOKH TIOAI0THCS OHOYACHO a00 3 IETKUM
samisnennam (puc.1-3).

KoHKypeHTOCTIpOMOXKHICTD TPOAYKITIT BAYKKOT ITPO-
MUCJIOBOCTi ¥ KpaiHu Ta MalivH, 0 BUKOPUCTOBYIOTb-
¢y HadTO-Ta30BOBUAOOYBHili TPOMUCTIOBOCTI, B 3HAU-
Hill Mipi BU3HAYAETHCS SIKICTIO Ta BapTiCTIO TEXHIKW,
pecypcoM Ta HafifiHicTIo po6oTH ii OKpeMHUX BasKKO-
HaBaHTaKEHUX BY3JiB Ta geraseii [3].

IcHytoui T€XHOJIOTiUHI METOAN JIa3ePHOTO HaIlIaB-
JIeHHS 361TbIEHHS IKiCHUX Ta KiJTbKiCHUX IMapaMeTpiB
HaIJIaBJIEHUX IapiB, MBUIKOCTI IX HAHECEHHS TTOB’sI-
3aHe 3 PI3KUM 3POCTAHHSIM BapTOCTi JIa3epHOTO 00JIa/1-
HaHHSA i co6iBapTOCTi TIpoIIECy.

AKTyaJbHUM 3aBJAHHIM € PO3POOKA €KOHOMIYHO
e(eKTUBHOTO KOMOiHOBAHOTO MPOIECY, B SIKOMY BCi
CKJIAJIOBi €HeproBKIa/y, 10 He TIOB’d3aHi 3 QiHimHuM
(bopMyBaHHSIM HAILIABJIEHOTO MIAPY PeaTi3ye€ThC 32
PaxXyHOK JI0JIaTKOBUX JisKepeJl HarpiBy.

Mertoio € po3po6ka KOMOGIHOBAHOTO MPOIIECY JIa3ep-
HO-TIJIA3MOBOTO HATLTABJIEHHS 3 PO3/1iJIeHUMU (DYHKITisI-
MM JIKepeJT eHeprii, 1110 J03BOJIIE PAJUKAJIbHO I1i/IBU-
MIATH TPOAYKTUBHICTD Ta SAKiCTh TPYW 3MEHIIeHHi co0i-
BapTOCTi IIPOIECy.

Bci xom6iHOBaHi crioco6u J1a3epHO-AyroBoi 06po6-
K1 MartepiasiiB [1] IPUHIIMIIOBO MOKHA PO3JIJUTH B
3aJI€KHOCTI BiJl IIPOCTOPOBO-YaCOBUX XapPaKTEPUCTUK
TEIJIOBOTO Ji’KepeJsa, BUKOPHUCTOBYBAHOTO B JTAHOMY
KOHKDPETHOMY TIpo1ieci. SIKIo TemnoBi mxepena, CTBO-
pIoBaHi B Martepiasi Jla3epHUM BUIIPOMIHIOBAHHAM U
€JIEKTPUYHOIO /IyTOI0, CIIOJIyYeHi B yaci i mpocTopi, To
JoKepesia € iHTeTpaJbHUMM, TapajeabHol mii. AKIo
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BaKyyMHOI Jerasatiii
Puc. 2 Knacudikaris icHyiounX MeTOiB JIa3epHOTO HAILJIABJIEHHS
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Puc. 3. Cxemu 1porecy JIa3epHOrO Ta30NOPOIIKOBOTO HAIlJIABJIEHHS 3aCTOCYBAaHHAM €HEpril IIa3MOBOrO CTPYMEHS: d — OJHOYAaCHO
napaJjieibha; 6 — [MCKPETHA TIOCJiJIOBHA; 8 — IHTErpajbHO-TIOCTiIOBHA
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Puc. 4. Anroput™ po6oTu iHTerpaJbHOI HOCJIi0OBHOI cXeMu KOMOi-

HOBAHOT'O TIPOIECY JTAa3€PHO-I1JIa3MOBOTO I'a30IIOPOIIKOBOI'O HallJlaB-
JICHHA

P
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Po3aMipHi XapaKTepUCTHKUA , MM
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IIBuakicts 06pobru V, M,/ XB

Puc. 5. I'pacdik 3MiHM reoMeTpUYHUX I1apaMeTPiB HallaBIeHUX Ba-
JIMKIiB BiJl MOTY>KHOCTi TemyoBoro mkepena, mm: { — IIT-12H-01
700 Br (b); 2 — TII-12H-01 700 Br (2); 3 — II-ITH6 700 Br
(b); 4 — II-IIH6 700Bt (k); 5 — XTH23 800 Br (b); 6 —
XTH23800 Br (/2); 7 — IIC-12H-BK 800 Br (b); 8 — I1C-12H-BK
800 Br (h)

TEILJIOBI JXKepeJia CII0JIyYeHi B IIPOCTOPI, a YacHu IXHbOI
Jlii 4aCTKOBO PO3HECEH], aJie IIpU IIbOMY B3a€MHO Iiepe-
KPHUBAIOTHCA, Te iX BapTO BBaXKATH iHTEIPAJIbHUMU I10-
caioBHOi Aii. /luckpeTHi TemsIoBi mKepesa po3HeceHi
a60 B IPOCTOPi, TOOTO AIIOTh y Pi3HUX TOUKAX Y MeKax
onHiel 3ouu 06po6Ku, abo B uaci. [Ipu 1pomy mxepena
TaKOK MOKYTb OyTH SIK TapasnenbHoi ([iloTh y pisHuX
TOYKAX OIHOYACHO), TAK i TIOCJTiIOBHOT [1iT ((popMyIOTb-
¢ B OfHIN a60 Pi3HUX TOYKAX MPOCTOPY MOCJiJOBHO
OJIVH 32 OJTHUM).

[IpencraBsieno mpukTaa BapiaHTiB peasisaiiii mpo-
1leCy JIa3epPHOrO ra3olOPONIKOBOTO HaIlJIABJICHHS 3a-
CTOCYBaHHAM €HEPrii IJIa3MOBOTO CTPYMEHA: OJHOYAC-
HYy I1apaJiesibHy, AUCKPETHY IIOCJiJ0BHY CXE€MHU, IHTer-
PaIbHO-TIOCJIi/IOBHY .

AsropuT™ po6OTH iHTETPAJIBLHOT TOCJTi IOBHOT CXEMU
pO3KpUBaeTbca Ha puc. 4. CIOYATKYy BKJIOYAETHCI
IJIa3MOBe JXKepeJsio, 1110 CTBOPIOE IIJIa3MOBHUN CTPY-
MiHb. ¥ IJIa3MOBUH CTPYMiHb CIIPSMOBYETDCS [TOPOIL-
KOBHUIl CTPyMiHb, SKWH TOTPAIJISIOUN 1T/l HArpiTUH
CTPYMiHb — 3a PaXyHOK KOHBEKTHBHOTO OOMiHY Ha-
rpiBa€TbCcd [0 Hamepea 3aJaHoi TeMIeparypu IIpU
1IbOMY He BTPAualouM arperaTHoro CTaHy. B meBHUi
MOMEHT 4Yacy, KOJIi TeMIleparypa IOPOIIKY, 1110 Harpi-
BAa€ThCA, IIe HE JOCATJIA 33JaHO0i TeMIIepaTypH, IicCJsd
IIOYaTKy HarpiBaHHs IOPOIIKOBOTO MaTepialy BMHUKA-
€TDbCS Jla3epHe BUIIPOMIHIOBaHHA. 3a Yac, SKuii HeoO-
XiIHU 1711 T AiTpiBaHHS TIOPOIIIKOBOTO MaTepiasy /10
3a/1aHO1 TeMIeparypH, 1o ckaazae 0,8—0,9 remnepary-
DU TIJIaBJIEHHS JIa3€PHUN ITPOMiHb CTBOPIOE HA TIOBEPX-
Hi Marepiany, 1m0 06pO6JISEThCS, 30HY PO3ILIABJIEHHS.
[lonepeanbo HarpitTuii NOPONIOK IOTPAILISE IIiJ| Jia-
3epHUI IPOMiHb JIOTPiBAETHCS /10 TeMIIepaTy Py I1J1aBJICH-
Hs, IIPX IIbOMY TeMIIepaTypa IOBEPXHi B 30Hi IIPOJIOBIKYE
361JIbITyBaTHCS [T TAPAHTYBAHHS POSIJIABJIEHO] 30HU.
BinGyBaeTbcst yacTKOBe TiepeMilllyBaHHS B 30Hi TIIaBJICH-
HS 3 YTBOPEHHSM MeTaJypriitHoro 3B s3Ky. [licss 1iboro
AJTOPUTM POGOTHU TOBTOPIOETHCSI 3HOBY, 3MIIIYIOUHCD Y
MIPOCTOPi Tiyac pyxy 30HU OOPOOKH.

OpHieo 3 MOKJIMBUX BapiaHTIB 10Jladui TIOPOIIKY B
30HY 06pPOOKH € MOjIava MOPOIIKA HA3yCTPid PyXOMoMy
3pa3Ky ra3olOpOIIKOBHI CTPYMiHb 3Millly€ pO3ILIaBJe-
HUI MeTaJI Bifl 3aKPHUCTaIi30BaHOTO, B HACJIIOK YOTO BiH
JIENO PO3TIKAETBCS TI0 MOBEPXHi, 361JBITYIOUH TLIONLY
BaHHU IJIaBjeHHs. [Ipu 1bOoMy 3pocTa€e KiJIbKiCThb yac-
TUHOK ITOPOIIKOBOIO MaTepiaJly, 10 IONaJaE B PO3ILIAB
Ta 301JIbITYIOTbCS PO3MiPH HAIJIABJIEHUX BAJIUKIB.

[Ipn masepHoMy HamTaBJieHHI HA TTPOAYKTUBHICTDH
HAMGiIbII BIIMBAIOTD: TTOTYKHICTD JIA3EPHOTO BUITPO-
MIiHIOBAHHST; BUTPATHU MTOPOIIKY; MIBUIKICTD 0GPOOKH.

[Tpu 36imbIIeHHi BUTpATH TIOPOIIKOBOTO MaTepiary
[PO/yKTUBHICTD 301/IbIIyeThcst Maiike JiiHiiiHO. 361/1b-
IIIEHHS] BUTPATH MOPOIIKY BUMaratuMe 306iJbIIIeHHST He-
06XiIHOI [I7is1 I0r0 HArpiBaHHS MOTYKHOCTI JIA3ePHOTO
BuripoMiHtoBaHH4. [1iZIBUIIIEHHS TPOYKTUBHOCTI JTa3ep-
HOTO HaIlJIABJIEHHSI TIpU3BeZe [0 HeOoOXiITHOCTI BU-
KOPHUCTAHHS GiJIbII MOTYKHIX JIA3ePHUX KOMILJIEKCIB, 10
BUMaraTtuMe 361IbIIeHHs cO6iBapTOCTi Ipotiecy 06poOKH.
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ExcriepuMeHTaIbHI  AOCHTIIPKEHHS 3MiHM TeOMeT-
PUYHIX XapaKTepPUCTUK HAIlJIABJICHUX WIapiB IIpej-
cTaBJyieHo Ha puc. 5. [IpencraBieno kom6iHOBaHY B3ae-
MO/Iif0 TIJIa3MOBOTO # JIa3€PHOTO TEIJIOBUX JIXKepedt.
Ha rpadiky HaBesieHO cyMapHYy €KBiBaJ€HTHY MOTY:K-
HICTh JIa3epHOTO JpKepesa i 11J1a3MOBOTO CTPYMEHS y
3MiHHiNl IPOTIOPIIii, MOTYKHICTD J1a3epa Py IIbOMY He
nepesuntyBaia 200 Br.

Ha rpadiky BuaHo, mo npu 36i7blIeHHI eKBiBa-
JIEHTHOI MOTY>KHOCTi 36iJIbIIYIOTBCS PO3MipHi Xapax-
tepucTuky (mupuHa i BICOTa HAILIABJICHUX BaIUKiB),
aJie TIpU IIbOMY TOTY>KHICTD Jlasepa He3MiHHa — JI0-
CTaTHS /IJIs1 CTBOPEHHSI BAaHHU PO3ILJIaBy Ha MOBEPXHi
JleTaJii i OTPiBaHHS /10 TeMIIEPATYPH TIIaBJIEHHS BHe-
CEHOTO TOIepe/JHbO HArpiToro MjasMoOBUM CTPYyMeHEM
MOTOKY MOPOTNTKOBOTO Marepiany. CobiBapTicTb KOMOi-
HOBAHOTO IPOIIECY JIa3ePHO-TIJIa3MOBOI0 HaIlJIaBJIEeHHS
MeHIIa 32 cOGiBapTiCTh BUKOPUCTAHHS GLJIBII MOTYXK-
HOTO J1azepa.

Bucuosku

3arponoHOBaHO Ta MPOiTIOCTPOBAHO OCOOJMBOCTI KOM-
6iHOBaHOTO IIPOIIECY JTa3€PHO-TIJIA3MOBOTO HATLJIABJIEHHS.
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3acTtocyBaHHS IJIA3MOBOTO CTPYMeHS /sl HiAirpi-
BaHHS MOPOIIKY /TO3BOJISIE 3HU3UTU COGIBAPTICTh MPO-
1IeCy JIa3epHOro HallJIaBJIEHHA.

BceranoBsieHo 3aKOHOMIPHOCTI 3MiHM PO3MipHUX
XapaKTEPUCTUK HAIJIABJICHUX IIapiB BiJl MIBUIKOCTI
06pOGKK Ta eKBiBAJIEHTHOI TOTYKHOCTI.

3ampoNOHOBaHMIA AJTOPUTM POGOTH IHTETPATbHOT
MOCJIiIOBHOT cXeMy KOMGIHOBAHOTO MPOIIECY JIa3epHO-
IJIa3MOBOTO Ta30MOPONIKOBOTO HAIlJIaBJEHHS JI03BO-
JIA€ ONTUMAJIbHO peasli3yBaTH IIPOIeC HaIlJIaBJICHHA
mapiB MaTepiasy 3 3a/JaHUM PO3TIOiJIOM TIOTYKHOCTEN
MiX JIDKepeJsaMu.

1. Kosanenxo B.C., Kpisuyn I.B. KombinoBani sasepHo-1yrosi
mpoitec 06poOku MatepianiB. U. 1. Edextn xomGiHoBaHOi

06po6ku i cnocobu 1i peanizauii /,/ Hayk. sicri HTYY
«KIII». — 2001. — Ne 5. C. 33-44.

2. Jlasepni rtexuouiorii Ta Komi'iorepHe MopesmoBanus / Ilig
pen. J.d. Tonoska, C.O. Jlyk’snenxko. — Kuis: BicTka,
2009. — 296 c.

. Hccnedosanue TennoBbIX IPOIECCOB M CTPYKTYPbI MOBEPX-
HOCTHOTO CJIOSI TIPU JIa3epHOHl HallJIlaBKe ITOPOMIKOBBIX MaTH-
puanos / B.A. Ilepesoma, A.A. Illep6a, A./l. TlogoJibiieB u
ap. — Kues: Unctutyt anexrpogmnamukn HAH Yxpanmnsr,
1998. — 47 c.

. Tonosxo JI.®D., Baowuyun M.C. Inrencudikauis mpoiecy
Jla3epHOi 0O6POGKM BUKOPUCTAHHSM €HepTil eJIeKTPUYHOI Ayrn
// Becr. Han. texn. yu-ta Ykpauuo! «KIII». — 2005. —
Ne 47. — C. 39-42.
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PACYETHAA OLHEHKA ITAPAMETPOB ITPOIIJIABJIEHUA
HACDBIIIHOT'O ITOPOIIIKOBOI'O MATEPHUAJIA

B.®. JEMYEHKO, A.B. JIECHOI1, B.M. AB/IVJIAX
Wnctntyt anexrpocsapkn uM. E.O. Ilatona HAHY, Kues Ykpauna

PaapaGOTaHa MaTeMaThu4eCKasd MOJeJIb IIJIaBJIEHUS HACbIITHOIO ITOPOMIKOBOIO MaTe€puaJia M IIOJYyYE€HO aHaJUTUYIECKOE
peneHne 3a/ladu paciipe/ieJIEHns TEMIIEPATY PHOTO 11011 B PACIJIaBJIE€HHOM CJIOE ITIOPOIIIKaA € yH4ETOM KOHBEKTUBHOI'O IIEPEHOCA
Hepruu, 06yCJ'IOBJICHHOF() yCalOYHbIMU ABJICHUAMU 11PN ILJIABJICHUU ITOPOIIKA. Mojesb 103BOJISIET /IS 3a/JaHHBIX Iapa-
METPOB UCTOYHUKA HarpeBa 4UCJCHHO OIEHUTD MUPUHY 1 FJIyéI/IIIy OIJIaBJIEHUA HACBIITHOI'O CJIOS ITOPOIIKaA. HpI/IBeL[eIII)I
pacdeTHbie JaHHbIE O KWHETUKE ITPOIJIaBJECHNUA HACBIITHOI'O CJIOA MOPOIIKA Ha IMOBEPXHOCTU O6pa6aTbIBaeMOﬁ ILJIaCTHHDI.

B TexHosIOTHSIX HaHECeHUs TIOKPBITHI B KayecTBe MpH-
CaJIK1 MIMPOKO UCIIOIb3YIOTCS HACBHITTHBIE TOPOITKOBBIE
marepuaJisl [ 1-3]. [{yis mpoeKkTupoBaHus PEKUMOB Ha-
HECEeHUsT TIOKPBITUH IPEe/CTaBJsIeT UHTEPeC TeOPETH-
4ecKasi OleHKA IIUPHUHBI 1 TJIyOUHbBI IPOILJIABIEHU [10-
POIIIKOBOTO MaTepuaJia B 3aBUCUMOCTH OT YCJIOBUI €T0
HarpeBa. Ilpm paspaboTke MareMaTUYeCKON MOIETN
KUHETUKH CJIOS TIOPOITKA HEOOXOAMMO YUUTBIBATD PSIJT
cnenuuyeckux (GU3NIECKNX 0COOEHHOCTEH HarpeBa
U TJIaBJIEHUs] HEKOMITAKTHBIX MaTepuaJioB. l13BecTHO,
YTO TETJIONPOBOIHOCTh METAJJINYECKUX MOPONIKOBBIX
MaTepUAJIOB CYIIECTBEHHO HUXKE, YeM TeTIOTPOBO/I-
HOCTH COOTBETCTBYIOINETO KOMNIAKTHOTO MaTepuaJa.
Taxk, narpumep, 110 ganubM [4] Koadduiment rerio-
MTPOBO/THOCTH CTAIHHOTO TIOPOIITKA € TPaHyJIaMy Pa3Me-
pom 50 MKM U [l0JIeil MeTajlInuecKOl KOMITOHEHTDI,
pasuoii 20 %, cocrasmsier 2—6-10% Bt /cm-K, 4ro co-
MMOCTaBUMO C TEILJIOMPOBOJHOCTDIO, 3ATIOJHSIIONIETO
0o0beMbl MeKly Tpanyjamu. 1loaToMy 3aTparthbl sHEp-
MU UCTOYHWKA TEIJIa Ha HATPEB MOPOIITKa HUKe PpoH-
Ta ero 1asaenus (1, COOTBETCTBEHHO, Ha HAIPEB OC-
HOBHOTO MaTepHaJja) OKa3bIBalOTCA He3HAUYNTE/IbHbI-
MU, U GOJIbIAs YaCTh TOABOUMON MOITHOCTH PacXo-
JlyeTcs Ha TIJIaBJIeHre MTOPOITKA W HaTPeB PaCIlJIaBJIeH-
Horo cyiosi. Ente o/1Ha 0cO6eHHOCTD TIJIABJIEHHS TTOPOTII-
KOBOTO MaTepraJja COCTOUT B TOM, YTO B TIpOTIeCCe TIIaB-
JIEHUS TIOPOIIKA BCJE/CTBUE PA3JUYHOU TLIIOTHOCTH
KOMIIAKTHOTO U HEKOMIIAaKTHOTO MAaTepuajoB M3-3a
VCAKU PACTIJIABJIEHHBINA METAJII MOATEKAET K (DPOHTY
IaBJenusi. biarogapsa KOHBEeKTUBHOM cOCTaBSAIONIEH
TETJIOBOTO TTOTOKA WHTEHCU(MUIMPYETCS MOIBOJL TETLIa
K (DpOHTY IJIABJIEHUS.

[Ipu HamiaBKe ¢ UCIOJIB30BAHUEM HACBIITHOTO TI0-
POIIIKOBOTO MaTepuaJa MpoIecchl TEILIONEPEHOca TIPo-
TeKkaoT B aBe cTaauu. Ha mepBoil cTaguu MOPOIIOK
IJIABUTCS ¢ 06pa30BaHUEM JKUIKOI MPOCJOWKHU, TPH
ATOM M3-32 3HAUYNTETHLHOTO TEPMUUYECKOTO COITPOTUBIIE-
HUS CJI0S TIOPOITKA TETJIOBOE BJWSHUE MCTOYHWKA Ha-
rpeBa HA OCHOBHOI MaTepHas OCTAETCS HE3HAUYUTEJIb-
HbIM. Ha BTOpOI cTaany NCTOYHUK HarpeBa HETIOCPe-
CTBEHHO BO3/IENICTBYeT HA KOMIIAKTHBI MaTepuaJs, B
pe3yJbTare 4ero MPOUCXOJANT OIJIABJIeHWE OCHOBHOTO

© B.®. IEMYEHKO, A.B. JIECHOU, B.M. AB/[VJIAX, 2013

MartepuaJa nszenus. B HacTosell ctaTbe paccMaTpu-
BaeTcs MpUOIIKEHHAsT MaTeMaTiueckast MOJIeJIb, OTIH-
CBIBAIOTast KNHETUKY TIePBOI CTaJMK TIpoIecca.

Maremarnueckasi Moaesb. ChopmymmpyemM ncxoi-
HbIe TIOJIOKEHUS K pa3paboTKe MOJeJu.

¢ BysieM mosarath, 94TO B MPOIECCe MJIABJIEHUS 3a-
TPAThl TEIJIA HA HATPEB IMOPOIIKA B €ro obbeMe mpe-
HEOPEKMUMO MaJIbl, T.€. TEIJIOBBIM MOTOKOM, WyIIUM
oT (poHTa TJIaBJIeHUsT BrIy6b MOPOIIKA MOXKHO Ipe-
HeGpeyb.

o Harpes KUKOIl IPOCJIONKY, 0Opa30BaBIIecs B
TIpollecce MJIABJIEeHUS TIOPOIIKA, TPOUCXONT B PEKUME
CMEHBI CTAIMOHAPHBIX COCTOSTHUI.

e IIpoiiecc Terionepesaun B SKUJAKOM ITPOCJIOHKe
pacIaBIeHHoro nopomka (B CHIy MaJOCTH €€ TOJ-
IMHDBI) SBJISAETCS OJJHOMEPHBIM.

o [Ipu nTaBIeHUT TOPONITKOBOTO MaTepraJia u o6pa-
30BaHUU CJIOS paclljiaBa M3-3a YCAJOYHDBIX SBJEHUN
JKMJIKUI METaJsLI BMECTe CO CBOOO/IHOI TTOBEPXHOCTHIO
nepemMelaeTcs K (GpoHTy IJIaBJIEHUS.

o [Ipu goctuskeHun cBOGOIHON TOBEPXHOCTBIO TEM-
mepaTypbl KUTIEHUS ee TeMIepaTypa COXpaHsIeTcs To-
CTOSIHHOM M PaBHOH TeMIlepaType KUICHMUS.

[lyctb g;, — MJIOTHOCTH TEIJIOBOTO TIOTOKA, COO6-
I[AeMOT0 MTOBEPXHOCTH MOPOIIKOBOro MaTepuasa (pac-
IJIABJIEHHOTO CJIOST) HCTOYHMKOM Harpesa. B mporecce
IIJIaBJIEHUS [TOPOIIIKa BbIZEJUM JiBa dTana. K neppomy
JTaly OTHECEM IEPHUOJl BPEMEHU B TEUEHUH KOTOPOTO
TeMIiepaTypa cBOOOHON TTOBEPXHOCTH pacIliaBa BO3-
pacTaeTr OT HaYaJbHOW TeMIIepaTypbl JI0 TeMIIEPATyPbl
Kunenus. Ha aToM sTarme norepsiMu Teria B OKpy»Kaio-
IIyIO Cpefly npenedperaeM, MoJaras, 4To TeIJI0BOH mo-
TOK, COOOITAeMbIil MCTOYHUKOM HArpeBa, TOJHOCTHIO
IIOTJIONIAETCS JKUJIKOM IIPOCJIOMKOIN pacIaBJeHHOTO
oponrka. B cooTBeTcTBUM ¢ TMPUHATOH TUIIOTE30# O
Pa3BUTHUU TEIJIOBBIX IPOIECCOB B IIPOCJIOIKEe KaK I10-
CJIeJTOBATEeIbHON CMeHe CTAIlMOHAPHBLIX COCTOSTHUM,
ypaBHEHWE JHEPTUU B KaKABIH MOMEHT BpeMeHW (¢
MO3KHO 3alucaTb B BUJIC

d’T dT

A—F —cpv——=0,

d7? dz o

I(t) <z < &),
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rae A, ¢, p — KOI(PDUIMEHT TEIIONPOBOIHOCTH,
yJeJbHas TEIIOEMKOCTb M IJIOTHOCTb PacIliaBa Io-
pomika; 0 = o(f) — CKOPOCTb TEUEHUs PaCILIaBa;
[(t) — xoopanHaTa cCBOGOAHON NOBEPXHOCTH PACILIAB-
JerHoro cios; & = E(t) — Koopaunara ppoHTa ILIaB-
JIEHUS; Z — KOOPJAMHATA, OTCYNUTHIBAEMAs OT TTOJOKE-
HHUSI IepBOHAYAIBHO HEOILIABIEHHON MOBEPXHOCTH Ha-
CBIITHOTO TIOPOIIIKOBOIO MatepuaJa. B HayaabHbII Mo-
ment Bpemenu ¢ = 0, £(0) = 1(0) = 0.

CdopMmympyeM TpaHUYHbIE YCJIOBUS U yPaBHe-
aua (1). Ha cBo6ogHOI MOBEPXHOCTH PaCILIaBa, T.e.
npu z = [(t) 3agaercst MJIOTHOCTD TEIJIOBOTO MOTOKA
qn = q;(t), NoCTYNaIOEro OT UCTOYHUKA HArpeBa U
U3MEHSIOAACS BO BPEMEHN

L, dT

e (2)

2=1(t) = q/z(t)

Ha ¢ponre miasaenus z = £(¢) nonaraercs, 4to
TeMIlepaTypa paciliaBa II0/IIeP5KIUBAETCS OCTOSHHON
1 paBHON Temmeparype IiaBjienusi Ty, a Takxke Bbl-
MOJIHAIOTCS YCJIOBUE TEIJIOBOTO 6ajaHca, YYUThIBAIO-
1ee 3aTparhl Tellla Ha HATPeB HOPOIIKA 0 TeMIlepa-
Typbl IJIaBJIEHUA U €TI0 IIJIaBJIEHUE

dT

dg

a0 3)

T|z =g = T, soE)
rne W = 0p[y + c(T; — To)] — sueprus, tpeGyemas
LI Harpesa IIOPoIKa OT Temmeparypst To 1o Ty u ero

Pn
I1JIaBJIEHUE 0= F — BeCOoBasi A0JId MeTaJlJia B ITOPOII-

Ke; p, — IJIOTHOCTb MOPOIIKA; P, ¥, C — IJIOTHOCTb,
CKPbITast TEIIOTA TLJIABJICHUS U TEIIOEMKOCTD KOMITAK-
THOTO MeTaJLIa.

Koopaunarsr [(t) u & = E(t) cBsazanbl Mexk Ly cO60i
caemyionuM 06pasom:

I(t) = (1 = 0)&(0),

a CKOPOCTb T€YE€HUA pacCllJlaBa Z)(t) OIIPEIEJIAETCA KaK

(4)

_dl_ 698
v(t)_dt_(1 0) di- )
Unterpupys ypasaenue (1) ¢ rpaHIYHBIMI YCJI0-
pusmu (2), (3), mosydaem cuaemyioree BbIpakeHHe

JUIS TeMIlepaTypbl XKUJIKON TTPOCJONKN

qh(t)

vep

X {exp {g (e l)} —exp {% (z - Z)H.

JList onrpeieJieHust TToJIosKeH st (GPOHTA TLIIABJIEHUS
E(t) u ckopocTn Teyenus paciiasa o(t) BOCIOMb3yeM-
cs epBbIM U3 ycaosuit (3). YuureiBas, uro § — [ =
= 0&, nosyuum

T(z, t) =T +

X

(6)

1 d§

Ao de |00 -0 de
o 0t = 7 exp | =

77 | )
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WHTerpupys unceHHO 3TO HeIMHeHHOe ypaBHEHE
npu HavasbHOM yeaosuu E(0) = 0, onpesesuM 3aKoH
MPOBIKEHMS (PPOHTA IIJIABJIEHUS TOPOIITKOBOTO MaTe-
puasia. O6o3HaunM uvepe3 t;, BpeMs, 32 KOTOPOE TeM-
mepatypa CBOOOAHOW IMOBEPXHOCTH PACILIABIEHHON
MIPOCJIOIMKY TIOCTHUTJIA TeMIlepaTypbl Kunenust T, a de-
pes &, = £(t,) COOTBETCTBYIONIYTO IJIyOUHY OTLIABJIEH-
HOTO TMTOPOIIIKA.

Ha Bropom atarie pacuera IpenoiaraeTcs, 4To Te-
IIJIOBOI TIOTOK OT UCTOYHHMKA HATPEBA KOMIIEHCHPYETCS
TEIJIOBBIMU [IOTEPSIMU HA UCIIAPEHIE, T.€. TEMIIEPATYPA
CcBOOO/IHOI TTOBEPXHOCTH PAacIljiaBa MO/AEPKIBAETCS
paBHOIi TeMIlepaType KuleHusl. B cooTBeTCTBUY € 3TUM
rpannuHoe ycsosue (2) 3aMeHUM Ha cJe/yoliee

T, t) =T, €))

Pemas sagauy (1), (3), (9), nomy4aem caemyionee
BBIpasKEHHUE JIJIsI PacIpeie/IeHns TeEMIIEPATyPbl B JKH/I-
KOU Tpocyolike Tipu t > ¢

TG, t) = (T,, ~T, exp B = 1)D x

4
exp { ol (e 2)} -1 9)
x a + T exp { s & - 2)}.

exp{s(g —Z)} 1

[Tosoxkenne hpoHTa TIABJIEHUS aHATOTHYHO ¢ (7)
HaXOoAUTCA U3 YpaBHEHUE

g 1 vep(T, — 1)
=z —,
at _0(1-0) dg*
2a  dt

(10)

t>1,

1 —exp

KOTOpOE YHCJCHHO MHTETPUPYETCS TIPU HAYAJIbHOM YC-
nosuu () = &

[Ipm nasepHOlt M Jia3epHO-TIJIA3MEHHOW HATlJIaBKe
MOKHO TI0JIaraTh, YTO ILJIOTHOCTH TEILJIOBOIO ITOTOKA
q;(r, t), TOCTYTIAIONIETO OT UCTOYHUKA HArpeBa Ha 06-
pabaTbIBaeMyIo MMOBEPXHOCTD, paclpejiesieHa B TSTHE
HarpeBa Mo HOPMAJbHOMY 3aKOHY

qu(r, t) = qo exp (=kr’), an

rie 7 = (xg — 0t)? + y?, Xy — HaYAIBHOE KOOPMHATA
IEHTPa UCTOYHWKA HATPEBA; § — KOOpJMHATA, OTCYHU-
ThiBaeMas OT ocu Ox B HANpPaBJIEHWUH, TEPIEHAUKY-
JISPHOMY HAIIPaBJIEHUIO JBW)KEHUS MCTOYHWKA Harpe-
Ba; ¥ — CKOPOCTb JBUYKEHUS] MCTOYHUKA.
PeayabraTtel pacyeToB. PaccMOTpUM pe3yJibTaTbl
BBIYUCJIUTENbHBIX JKCIIEPUMEHTOB TI0 WCCJIEJOBAHUIO
HAIJIABJICHWS] HACBIITHOTO MOPOIITKOBOTO Marepuasa
cucreMbl Ni—Cr—B—Si ¢ Merasimyeckoil BeCOBOM J10-
Jieit B moporke 0 = 0,5 (mpuMeM, 4TO YaCTHUIIBI MOPOII-
Ka uMeior cepudeckyio popMy auamMeTpoM 50 MKM).
B KkavecTBe MCTOYHMKA HArpeBa HCIIOJb30BAJICS
Nd:YAG s1asepHblil HCTOUHUK M3JIy4Y€HUST MOITHOCTHIO
P =1,25 kBr, nuamerp dokycupyioueit tuu3bl Dy =
= 5 CM, AMaMeTp JIa3epHOTO Jiyda Ha (HhoKycupyIoleit
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g, Batr /cm 2

15000

T

10000

5000

I 1 1
0 0,1 0,2 0,3
Puc. 1. Pacmpeznesienne yzelbHOTO TeIJIOBOTO TIOTOKA JIa3epHOTO

U3JIy4eHMsI, IIOCTYIAIONero Ha IMOBEPXHOCTb IOPOIIKOBOTO MaTe-
puana

Y, M

aunze D; = 4 cM, dokycHoe paccTossHUe JMH3bI F =
= 30 cM, paccrosame OoT QoKyca 10 06pabaTbIBACMOiT
noBepxuoctu f = 1,87 cM, nuamMeTp JIa3epHOTO ISATHA
Ha o6pabaTbiBaeMoit moBepxuoct d; = 0,25 cM, CKo-
pOCTb TiepeMeleHnsT ICTOYHNKa HarpeBa v = 1,6 cM /¢
(60 M /4).

Pacripesiesienie MJIOTHOCTH TEIJIOBOTO IOTOKA B
ISTHE JIA3€PHOTO Harpesa B cooTBeTcTBru ¢ (11) 6bLIO
MIPUHSTO B BUJIE, MPEACTABJIEHHOM Ha puc. 1.

Ha puc. 2 npencraByieHbl pe3yibTaTbl pacyeTa mep-
BOTO 3Tama TIaBJeHns cjos mopomka. Ha rpaduxe
MIOKA3aHO U3MeHeHne TeMITEPATYPbI TIOBEPXHOCTHU KU/
KO TIpOC/I0iiKH, 06Pa30BaBIIeNCs TIPH TLIABJEHUN T10-
POIIIKa, HA PA3JIMYHBIX PACCTOSHUSIX B TIOTIEPEYHOM Ha-
NpaB/IEHNN OT IEHTPa NCTOYHMKA Harpesa (iuHum -
8). KoopauHara x Ha ocu aGCIICC COOTBETCTBYET pac-
CTOSIHMIO OT I[EHTPA MCTOYHUKA B HAIPABJIEHUU €rO0
nepeMereHu s .

Pacuetnas Temmneparypa IIOBEPXHOCTHU >KMJKOM
MPOCJOHKY, 06pa30oBaBIIeiics P TIaBJI€HUN TOPOIII-
Ka, TIPU JOCTATOYHO BBICOKOU TIJIOTHOCTH JHEPTUU B
nenTpe rsaTHa Harpesa (mopsiaka 20 kBt /em?, puc. 1)

T, C

2800
2600
2400
2200
2000
1800

1600

—0,15 0 0,05

Puc. 2. Temmneparypa INOBEPXHOCTH oluiaBjseMoro nopomka (y,
CM — paccTOosiHHE OT IleHTpa ucTtounnka narpesa: 1 — 0; 2 — 0,03;
3 — 0,05, 4 — 0,06; 5 — 0,07; 6 — 0,08, 7 — 0,09; 8 — 0,1;
9 — 0,11)

—0,10

—0,05

0,10 x, cM

2500

2000

1500

1 1 1 1
0,020 0,025 0,030 0,035 0,040

Puc. 3. V3Menenune teMiepaTypbl [0 BbICOTE PACIJIABIEHHOTO CJIOS
(paccrostHue OT IeHTpa nCcTouHNKa Harpesa x = —0,07 cm, y = 0, ¢ =
= 0,078 ¢ — MOMEHT BpEMEeHH, KOI/la MOBEPXHOCTb OILIABJIEHHOTO
CJIOS1 IOPOTIKA JIOCTUTAET TEMITEPATYPbl KUITECHNUS )

Z, CM

JIOCTUTAET TEeMIIepaTypbl KUIICHUS B IIATHE Ja3epHOIO
ucrounnka Harpesa 7 < 0,07¢i (mmum 71-5, puc. 2) u
HOI/IeP>KUBaeTcs Ha 9TOM yPOBHE JI0 IIOJIHOIO IIPOII-
JIaBJIEHMSI CJIOS TTOPOIIKA.

Ha puc. 3 npexacraBjieHo pacrpezieieHue TeMiepa-
TYPBI TI0 TOJIIUHE XUJKOHN Npocsoiiku. B orsmune or
KOH/IYKTHBHOTO TIEPEHOCA SHEPTHH, KOTOPOMY COOTBET-
CTBYET JIMHEIHOE pachpeie/ieHe TeMIepaTypbl, IpH
COBMECTHOM KOHBEKTUBHO-KOHIYKTHBHOM MEXaHW3ME
MepeHoca Teria rPAueHT TeMIIEPATyPbl BOJU3U CBO-
6OHOI TTOBEPXHOCTH paCIlJIaBa YMEHbBINAETCS, a Ha
¢ponTe NIaBIEHNS, HAIIPOTUB, YBEJIMYUBAETCS, YTO B
cuay ycaosus (3) IPUBOAMT K TOBBINIEHUIO CKOPOCTH
TJIABJIEHWST HACBITTHOTO TIOPOMIKOBOTO Matepuaja. Ilo-
JO6HDBII 9 PEKT SIBISAETCS PE3YIBTATOM KOHBEKTHBHO-
IO TPAHCTIOPTA SHEPTUH K (DPOHTY TLIABJTEHUS HUCXOJIS-
HIMM IIOTOKOM pacIljiaBa.

Ha puc. 4 mokazaHna m3MeHEHHUE TOJIIUHDBI OTLJIAB-
JIEHHOTO CJIOS TOPOIIKA Ha Pa3IMYHBbIX PACCTOSHUAX
B MTOTIEPEYHOM HAIIPAaBJICHUHU OT TIeHTPa MCTOYHMKA Ha-
rpeBa. V3/10M Ha KPUBBIX /=5 COOTBETCTBYET MEPEXOLY
OT IIEPBOM CTA/IMU PacyeTa HarpeBa NOPOITKOBOrO MaTe-
praia Ko BTOPO.

PaccMoTpumM 1miaBjieHue cJosi OPOIITKa TOJITMHON
0,1 cm B cevennn y = 0. Kak cnexyer u3 puc. 1 u 4,

e, ¢M

-0,15 -0,10 —0,05 0 0,05 0,10

Puc. 4. Tiy6una oniassentoro nopoiika (Jinaun /=9 cOOTBETCTBYIOT
Pa3JINYHbIM PACCTOSIHUSM B IONEPEYHOM HANPABJIECHUH OT IEHTPa
UCTOYHMKA, CM. PHC. 2)
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Jla3epHOe M3JIydeHue MoImHocThio 1,25 KBT ¢ marHoM
uarpesa auamerpom 0,25 ¢cM crmoco6HO TTOTHOCTBIO Pac-
IIJIABUTD TIOPOUIKOBBIN MaTepuaJl JaHHOH TOJIIMHDBI Ha
paccrosgnuu 0,037 cM Brepeau OT IEHTPA UCTOYHUKA
HarpeBa W OGECTIEYNTh IMUPUHY MPOILJIABJEHHON J0-
poxku 0,15 cM, Ipu 9TOM dHEpPreTHYeCcKuii pecypc mc-
TOYHHMKA HArpeBa SBJSETCS JOCTATOYHBIM JIJISI TTOCJIe-
JIyTOIIero TPOIJIaBJAEHUS OCHOBHOTO Marepuasa. M3
puc. 4 ciaenyer, 9YTO JAHHBIM TEIJIOBOM MCTOYHUK TIO-
3BOJIFET MOJHOCTBIO IPOIJIABUTD CJIOH IIOPOIIKA TOJI-
nmHO# 10 0,2 ¢M, YTO XOPOIIO COTJIACYeTCs C JKCIIe-
PUMEHTAJIbHBbIMU JTAHHBIMU.

[Ipoananusupyem pe3yJbTaTbl YMCJIEHHBIX pacye-
TOB B KOHTEKCTE MONYyIIeHui, cHOpPMyJIUPOBAHHBIX
npu pa3paboTKe MOJIEJH TIIaBIEHNS TOPOIIKOBOTO Ma-
tTepuasia. B cuiy pomyrieHust o6 OTCyTCTBUY TeILIONe-
pezaun yepes CJIOU IOPOIIKA TIPUBE/JCHHDIEC BbIIIE pe-
3yJIbTAThl pacdyeTa MOKHO CUUTATh OIIEHKOW CBEPXY.
Hexkoropoe cHIKeHHE CKOPOCTH ILJIABJIEHUS IIOPOIIKA
1 pa3MepOB OILJIABJIEHHON JJOPOKKHU CJEAYET OXKUIATD
3a CYET JIYIHCTOTO TETII00OMEHA OTLJIABJIEHHON MOBEPX-
HOCTH C OKpYKarolllell cpe/ioit, a TaKkxKe 13-3a yBeJnde-
HUS TETIJIOMPOBOJHOCTH TIOPOITKOBOTO MaTepraJia MpH
MOBBINIEHUU €TO TeMIEePaTyPbl BCJEACTBUE MPHUCYTCT-
BUA JIyYUCTOH COCTaBJIAIONIEH IlepeHoca TeILIOBOi
9HEepruM B IPOCTPAHCTBE MEK/Y YaCTUIAMU MOPOIIKA
1 yBEJTMYEHUS TETIOTIPOBOTHOCTH Ta30BOI CPE/IBI B TIO-
POIIKOBOM MarepuaJe. YUuTbIBas, UTo y/AeJbHbI! Tell-
JIOBOH TIOTOK JIyYHCTOTO TEIJIO00MEHa CYIIEeCTBEHHO
MeHbIIe TIJIOTHOCTH TEIJIOBOTO TIOTOKA JIAa3ePHOTO Ha-
IpeBa, a poJib JY4YHCTOl cocTaBJstioniell B apdextus-
HOW TETJIONPOBOAHOCTU HACHITTHOTO TIOPOITKOBOTO Ma-
Tepuaja HayMHaeT CYIIECTBEHHO IPOABJATLCSA IPU
temreparypax nopsaka 10 000 K, moxzo mosarats,
YTO IPUHATBIE AOMYIIEHUI He MOTYT CYII[ECTBEHHO I10-
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BJIMSITD HA PE3YJIbTATHI KOJMYECTBEHHBIX OIEHOK, TIPH-
BeJIEHHBIX B HACTOsIIIElR pabore.

BsiBoasl

1. Pazpa6orana MaTeMaTiHuecKast MOZIETb TIJIABJICHIS Ha-
CBIITHOTO TIOPOIIKOBOTO Marepuaja M TIOJyYeHO aHa-
JIUTHYECKOe PeNIeHne 3a7aui paciipe/ieJIeHusT TeMIiepa-
TYPHOTO I10JI51 B PACILJIABJIEHHOM CJIO€ IIOPOIIIKA C YYeTOM
KOHBEKTUBHOTO TIepeHOCa 3HEPTUH, 00YCJIOBIEHHOTO yca-
JIOYHBIMU ABJICHUAMU IIPU TJIABJICHUH TTOPOIIKA.

2. Iloka3ano 4T0 KMHETHKA MTPOTLIABJICHUS CJIOS TI0-
POIIIKOBOTO MaTepuasa 33JJaHHON TOJIIUHBI MOXKET GbITh
paccunTaHa B /[Be CTA/IUN: Ha TIEPBOH CTA/INH, TIJIABJICHIE
MTOPOIIIKA PACCUNTBIBAETCS ITPH 33[AHHON TIJIOTHOCTH TeTI-
JIOBOTO TIOTOKA [0 [OCTMSKEHUSI CBOGOIHOI MOBepX-
HOCTBIO PACIJIABJIEHHOTO CJIOS TEeMIIEPaTypPbl KUTIEHHUS;
Ha BTOPOH CTa/InH, IIJIaBJIeHUe TOPOIIKA PACCYUTBIBAETCS
NP 33/IaHHOM TeMIiepaType CBOGOHOM MOBEPXHOCTU
paciuiaBa paBHOI TeMIlepaType KUIIeHHS.

3. PacueTnl moKa3aau yTo Py MOITHOCTH TETLIIOBOTO
uctounnka 1,25 kBT u quamerpe maTHa Harpea d; =
=0,25 cM MOKHO TIOJIHOCTBIO PACTIJIABUTD CJIOH MTOPOIII-
Ka tosmuHol 10 0,2 cM mupunoii 0,15 ¢M, TIpu 3TOM
COXpaHseTcsl 9HepreTUUeCKuil pecypc UCTOYHUKA Jia-
3€PHOTO HArpeBa /sl OIJIABJEHWS TOBEPXHOCTH 06pa-
6aTbIBAEMOTO U3/IEJTHS.

1. Bopucos FO.C., Xapramos FO.A., Cudopenxo C., Apdamos-
cxas E.H. TazorepMuuecKoe HaIlblJI€HNE TTOPOIIKOBBIX MaTe-
puasnos. — Kues: Texnuka, 1986. — 544 c.

2. bopucos IO.C., Kyaux A.A., Muyxun A.C. I'azorepmudec-
KOe Hallbl/IeHNe MOKPbITHH 13 KOMIO3UIMOHHBIX MaTepua-
snos/ / Huccorycunest. — 1987. — 197 c.

3. Kynuyxuii }O.A., Kopxux B.H., bopucose FO.C. Hexpuc-
TaJJINYecKne MeTalJIMdecKue MaTepHasbl M HOKPBITUS B TeX-
auke. — K.: Texnika, 1988. — 198 c.

4. Bacunves JI.JI., Tanaesa C.A. Tennodunsnueckue cpoiicTBa
MOPHUCTBIX MaTepuanoB. — Munuck: Hayka u  Texmmka,
1971. — 264 c.
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KOMBIHOBAHA JTASEPHO-YJIbTPA3BYKOBA
0340BbJIOBAJIBHO-3MIITHIOBAJIbHA OBPOBKA
BHPOBIB 13 CTAJII

B.B. JPKEMEJIIHCbKUIA, J.A. JIECUK
Harnionasnsuuii texnivnmii yaisepeuter Ykpaiun «KIII», Kuis, Ykpaina

ITpuBeneni pe3yabTaT JOCJiXKEHHS BILIUBY JIa3€PHOIO IIPOMEHS Ta yIbTPA3BYKOBUX KOJIMBaHb Ha 3MiHy MiKPOTBEPAOCTI,
ra6uHn i PO3NOBCIO/KEHHST Ta MiKPOCTPYKTYPH NOBEPXHEBOTO IApy iHCTPyMeHTaJbHOI cTati Y8. Busnaueni ymoBu
TepMo/iechOpMaIiitHOTO 3MIIHEHHS /IS OTPUMaHHA MAaKCHMAJbHOTO 3HAYeHHS MiKPOTBEP/AOCTi MOBEPXHEBOTO Iapy CTaJIi
Y8 3 BUCOKOAUCIIEPCHOIO MIKPOCTPYKTYPOIO IIPH BUKOPUCTaHHI KOMOIHOBAHOI J1a3epHO-YIbTPa3BYKOBOI 03/100.110BAIbHO-

3MII[HIOBAJIbHOT 0OPOOKH.

Bumoru, ski npex’ ABIAI0TbCSA HA Cy4acHOMY eTali /10
SKICHUX Ta eKCIIyaTallilHIX XapaKTePUCTUK BUPOOiB
HACTiJIbKU BUCOKIi, 1110 BUKOPUCTAHHS TPAUIiHIX Me-
TO/1iB 06POOKU B PsiJii BUTIQJIKIB HE JJO3BOJISIOTH OTPU-
MaTH HeoOXi/IHi MapaMeTpu MOBEPXHEBOTO IMIapy Tpa-
JUIHTHIMA MeTofaMu 06poOKu. BupirtireHHsT nux mpo-
6J1eM 3HAYHOIO MipOI0 TIOB’sI3aHi 3i 3MiHOIO CTPYKTYPH
Ta BJIACTUBOCTEN MOBEPXHEBUX IIapiB BUPOOIB.

Y 3B’A3KY 3 IIUM B Cy4aCHOMY BUPOOHUIITBI CTaJN
yacrile BUKOPUCTOBYBATUCH TiOPU/IHI Ta KOMGiHOBaHI
MeTo 06POOKH, SIKi TOETHYIOTD, /i TTOBEPXHEBO-TLIA-
criuunoro gedopmysanns (III1[]) 3 TepMiynuM Harpi-
BaHHSM JIa3epHUM, €JIEKTPOHHUM Ta IJIa3MOBUM [IXKe-
pesamu eHepriii. B ocHOBi maHOTO THiAXOAY JEKUTH
i/less KOMILJIEKCHOTO BUKOPUCTAHHS TlepeBar i HiBeJso-
BaHHA HEIOJIKIB PI3HUX METOAIB IIPU OJHOYACHOMY
a60 TIOCJTiIOBHOMY TIPOBeJIeHi pi3HOMAHITHUX TEXHOJIO-
TiYHUX IIPOIECiB.

AHaJi3 JiTepaTypHUX [aHHUX i MOCTaHOBKA MpPO-
6semu. OHuM i3 e(PEKTUBHININX CIIOCOGIB ABJISETHCS
komG6inoBana peadisaitis IIIT/] ta nasepua o6pobka
noBepxHi. Cepen Bigomux merosuiB I1I1/] yacrinie Bu-
KOPHCTOBYIOTb OOKATYBAaHHS KyJIbKOIO 260 POJIIKOM Ta
yJIbTPa3ByKoBy 06poOKy [1]. Ocranniit Metos € Haii-
61711 ePEKTUBHUM Yepe3 CBOI GaraTOIMKJIiYHICTD,
SKMI JIETKO TIOEJHYETbCS B TEXHOJOTIYHI IIpOIlecH
TepMiuyHOi 06POOKH TIOBEPXOHb BUCOKOKOHIIEHTPOBA-
HUMHU IIOTOKaMM €Heprii Ta BUKOPHUCTOBYIOTBCS IS
3HUIKEHHS TOPCTKOCTI MOBEPXHi Tic/s JiazepHoi 06-
POoGKHU.

JlazepHi MeTony 3MillHEHHS JIOIiJIbHI TaKOX JJIs
CTBOPEHHSI TISIMHUCTOTO TOBEPXHEBOTO 3MilTHEHHS
3HAYHUX ILJION, IIPH SKOMY He YTBOPIOBATUMETDCS CY-
IiJIbHOTO KPUXKOTO MIAPy, CXUJIBHOIO J0 PO3TPiCKYy-
BaHHS 1pu 06pPOOITi TTOBEPXOHDb CKJIaaHOI KOH(Dirypa-
ii, medopmarllig skux noBuHHA OGyTW MiHIMaJbHA, a
TaKOK IIPN 3MIIIHEHHI BaYKKOJOCTYITHUX IOPOKHUH,
3arau6JeHb, Ky/Iu Ja3epHuil IpoMinb MOKe OyTH BBe-
JIEHUH 32 IOTTOMOTOIO CIEI[ialbHIX ONTUYHUX MPHUCT-
POiB. AJie pa3oM 3 TUM ITiCJis JJa3epHOi TeEPMOOOPOOKH

© B.B. JUKEMEJIIHCbKU, /I.A. JIECUK, 2013

B IIPH IIOBepXHEBOMY IIapi POPMYy€ETbCS HECTIPUATIIN-
BUI PO3MO/ILN 3aJUITKOBIX HATIPYT: i/l 001aCTIO CTHC-
KaJbHUX HAMIPYT PO3TAIIOBAaHA 06JIACTb 3 PO3TATYBAJIb-
HUMM 3aJIUIIKOBUMU HAMPYraMu, IO CIPUSE 3apO/l-
JKEHHIO i pO3NOBCIO/KEeHHTO TpiuH. CKIaHUI PO3TOo-
JiJ1 3aJIMIIKOBUX HAMPYT 110 TOBIIWHI 3MilIHEHOTO Ja-
3epPHUM TIPOMEHEM TIapy i BUXiJ[ PO3TATYBAJbHUX Ha-
IIPYT Ha TIOBEPXHIO € MPUYMHOIO 3HIKEHHS 3HOCOCTil-
KOCTi, KOHTaKTHOI BTOMH, TPilllUHOCTINKOCTI. K pe-
3yJIbTAT, IEPEIIKOI0T0 1JIsT GBI ITHPOKOTO BUKOPHC-
TaHHS JIa3ePHUX TEXHOJIOTiN B mpomucsoBocTi. [lis
3armo6iranHsl PO3BUTKY HANPYT PO3TATY BUKOPHICTO-
BYETBCSI TOBTOPHUI HAarpiB Marepiaty Ja3epHUM IIPO-
MeHeM, SKMil CIIpUs€e 3HIXKEHHIO 110BepXHeBoi TBep/lo-
cri [2—-4].

[ BupimenHs gaHoi mpo6eMu 3aIIPOTIOHOBAHO
BUKOPHUCTATH KOMGIHOBaHY JIa3epHO-YJIbTPAa3ByKOBY
03106 0BATbHO-3MiTTHIOBAIbHY 06po6Ky (JIY3030)
3 TepMojiehopMalliitHoIO /Ii€10 TeMIoBOI i MexaHiuHOT
enepriit [5]. Taka TexHoJorist 3a6e31MeYnTh HANGIIbBIIT
IIOBHY peaJli3allilo BCiX MeXaHi3MiB 3MillHeHHA Ta KOM-
MIEHCY€ HATPYTH PO3TATY TIicJIs Ja3epHO1 06po6KH, Ha-
IPyTraMy CTUCKY i CTBOPUTD OiJIbII CIPUSTINBHI PO3-
MO/TiJI 3AJIMIIKOBUX HANPYT B IPUIIOBEPXHEBOMY HIapi
06po6TIOBAaHUX BUPOGIB MiCJIST yABTPAa3ByKOBOI 03/106-
JIOBAJIbHO-3MilTHIOBaIbHOI 06po6kn (Y3030). Crig
Bi/I3HAUUTHU TAKOXK, IO 3aIIPOIIOHOBaHA KOMOiHOBaHA
TEXHOJIOTisT 03100 TIOBaHHS Ta 3MiITHEHHST BUPOOIB He
noripurye mepesar saseproro o6po6ku (JIO), a Ha-
BIIAKHU, [IO3BOJISIE OTPUMATH KOMILIEKC MeXaHiYHUX
BJIACTUBOCTEH, SIKi CYTTEBO TIEPEBUIYIOTh PiBEHb SIKO-
cTi, KUt 6yB JOCATHYTHUI JazepHOIO ab0 yJIbTPa3By-
KOBOIO 06POGKOIO OKPEMO.

Cxemy kom6Ginosanoi JIY3030 (nasep + yabrpa-
3BYK) JIONiJIbHO BUKOPHCTOBYBATH /ISl 3MIilIHEHHS Ta
03/100JTIOBaHHS ITOBEPXHEBOTO IMapy, a cXeMy KOMOi-
HoBaroi Y3030JIO (yabrpasByk + Jazep) — s
3MilHIOBaIbHOT O6POOKH.

OCHOBHUMU TIapaMeTpaMu pPeXUMYy KOMGiHOBaHOI
JIV3030 (puc. 1, 6), aKki BU3HAYAIOTb SAKICTb II0-
BEPXHEBOTO Imapy BUPOGIB, i OTKe eKCILTyaTariitai
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Hapaserpn pesury
Anzeprol obpobKn

HapaseTpn pemximy
VALTPIARY KOBOT ofpodim

HoryEHicTh

Craruane
nasauTaenus ¥ 3IKC

nepex ineHHA

[HeakicTs sianocHoro

Poasip ta dhopra
ILTAMN IHCTPVMEHTY

Poanoaia miasHocTi
OV ARHOCT

Axnaitvaa
_'L'.'EI:.rpil.ili}'lzt'lllllﬁ KiyTHBGHE

Poamip Ta deopma
ANFEPHOT TLTAMI

——

Yactota

NABTPREBYROBIX KOJTHBAHDE
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I Hil_‘{ Lami EAPRKTEPHCTHREN NOBERpXHEBOTO [ENpY

Puc. 1. Cxema JIO: 1 — nasepuuii npoMinb; 2 — 30Ha JIa3epHOTO BILIUBY; 3 — 06po6.noBanuii 3pa3ok (@); cTpyKTypHa cxemMa KOMGiHOBaHOT
JIY3030 (6) ra cxema Y3030: 1 — Y3KC; 2 — 30Ha yJIbTPasByKOBOTO BILIHBY; 3 — 06po6uoBannii 3pasok (8)

BJIACTUBOCTI, € MOTYXXHIiCTb P, MBUAKICTb BiAHOCHOTO
nepeMillienHs Ja3epHOro MPOMeHS BiJTHOCHO 3pa3ka V,
PO3TIOIiN TIiIBHOCTI MOTYKHOCTI, po3Mmip d i dopma
Jazepnoi miaamu A1 JIO Ta craTuuHe HaBaHTAKEHHS
yabTpasByKoBoi KommsaabHoi cucremn (Y 3KC) Fer,
amruritya A i yacrora xosmmBanb Y 3KC f, posmip ta
dopma nsmu inctpymenty mig Y 3030. 1i napame-
TPU BU3HAUYAIOTb BEJMYMHY [il0YNX HABAHTAKEHD i
KiJbKicTh POGOYMX XO/IiB i JJa3epPHOTO HATPIBY Ta ILIa-
CTUYHOTO /lepOPMYBaHHS TTOBEPXHi.

Meta gocai/pkeHHsi. MeToio crarTi € BU3HAYUATU
3aKOHOMIpHOCTI 3MiHW MiKpOTBepAOCTi, TAMOUHU ii
PO3IOBCIO/PKEHHS Ta MiKPOCTPYKTYPH II0BEPXHEBOTO
Hrapy iHCTpyMeHTAIbHOI cTasti Y 8 micJist BIIMBY Ja3ep-
HOTO TIPOMEHS Ta YJbTPa3BYKOBUX KOJIMBAHD.

Mertoauka ekcriepuMeHTy. JlazepHO-yJIbTPa3ByKoO-
Ba 06po6Ka 3iliCHIOBAJACh 3a PO3/IJbHOI0 CXEMOIO
(nasep + ymbTpassyk), sika npusezeHa Ha puc. 1 a i
8, TIPM KiMHATHI# TeMIeparypi.

Martepiasiom /1151 eKCIIepUMEHTAIbHOTO JI0CJi I3KeH-
Hs1 OYyJIO BUKOPUCTAHO iHCTPYMEHTAJIbHY CTaib Y8 B
[IOYATKOBOMY Bi/llIaJIIOBAJbHOMY CTaHi. 3pa3Ku po3Mi-
pamu hxIxb = 6x15,5x11 MM micisa mexauiunoi 06po6-
KU ITi/11aBaIuCh BAaKyYMHOMY Bi/illaJly IIPOTATOM OJHI€l
roaunu pu temrepatypi 650 *C. Ximiunuii ckiaaa ma-
Tepiaiy, %:0.76-0.83 C, 0.17-0.33 Si, 0.17-0.33 Mn,
g0 0.25 Ni, go 0.028 S, no 0.03 P, g0 0.2 Cr, 1o
0.25 Cu.

[l nazepHoi TepMOOGPOGKY TIOBEPXHI BUKOPUCTO-
ByBaBcsi CO; maszep «Komera 2» (noryxuicts P =
= 800 Br). JlasepHe BumpoMiHoBaHHs (HOKYCYBAIOCh
B 1s1THO giamerpoM d = 3 MMm. O6po6Ky 3pasKiB mpo-
BOJIMJIU TIO TPHOM PEKUMAX, 3 NIBU/IKICTIO MEepeMillieH-
Hd 3pa3Ka BiHOCHO Ja3epHoro npomenst V =1, 2 ta
3 M/ XB, 1O 3a6e3me4yBaso 06poOKy sK 6e3 OIJiaB-

*

JIEHHS, TaK i 3 OMJIaBJIEHHSIM MMOBEPXHi. 3pasKu morre-
pennbo TuTidyBaan i 3MAIlyBaJUCS PO3YMHOM OKHUCY
IIUHKY.

Y3030 szgiiicHioBaBCsl yIbTPA3ByKOBUM TeHepa-
topom ¥ 3T5-1.6 /22 (noryskuicts P = 1,6 kBr) i mMar-
HITOCTPUKI[IHHUM IepeTBOpIoBaueM. BuKOpHUCTOBY-
BaBCsT OJTHOOITKOBMIT HAKOHEYHNK, Ha TOPIl SIKOTO 3a
JIOTIOMOT0I0 JIepKaBKHU 3aKpillJIeHUid yJapHUK Y BUTLJISI-
i KyJabku giamerpoM S5 MM i3 crami HIX15. Ilepen
06POOKOTO YIbTPA3BYKOM 3PAa30K 3MAlIlyBaJIl PiITHOIO
3 MOBEPXHEBO-aKTUBHUME DPEYOBHHAMU i 06PO6JISLIN
MIPU TAaKUX YMOBaX: CTATUYHE 3yCHUJLJIS HAaBAHTA KEHHS
3paska F; = 30 H, amnuityzia yibTpa3ByKoOBUX KOJIU-
BaHb A = 20 MKM, 4acTOTa yIbTPa3BYKOBUX KOJMBAHD
f = 22 kI, mBuzakicts nepemimientst 3paska V. =
= 0,018 m/xB.

[Micas sma3zepHO-yIBTPAa3BYKOBOI 03100 TI0BATHHO-
3MIIHIOBAIbHOI OOPOOKHN 3pa3Ky pO3pi3asnch esiek-
TPOICKPOBUM METOJIOM, a i3 HUX BUTOTOBJISJIN TLTi(hH,
MIKPOCTPYKTYypa AKUX JOCJi/PKYyBaJach 3a JOIIOMOIOIO
MetasorpadivHoTo aHasi3y.

MikpoTtBepaicTb BuMipioBaJiacs Ha npuaai [IMT-
3 mpu maBanTtaxkenHi 100 r. [JocaimkeHHs MOPCTKOCTI
ITPOBO/IMJINCH HA CIeliaJlbHOMY MO/YJIi Ha OCHOBI IIPO-
Pinomerpa Mos. 296, a MiKPOCTPYKTYPU Ha ONITUYHOMY
mikpockori MEILJI TECHNO Cepig MT8500 (mMozmenb
MT8520)".

ExcriepuMeHTaabHi pe3yabTaTH i iX 0GroBOpeHHsI.
OrpumMani exkcrepuMeHTaJbHi pe3yJbTaTH IOBepXHe-
BOI MiKpPOTBEPAOCTi IMOKA3aJH, 1[0 MiKPOTBEPAiCTb 10~
sepxui micaa JIO cranosuna H, = 3500, 5700 ta
9400 MTIla, BiAMOBiAHO TIPY MIBUAKOCTI IepeMinieHHs
3paska V =1, 2 ta 3 M/XB, Bi[HOCHO BUXiZHOI TI0-
sepxni H,, = 4000 MIIa. IIpn mBuaKocTi nepeminenns
V =1 mM/xB BinOyJiocs OMJIaBJIeHHS TIOBEPXHi i TIO-

Asropu crarri Basuni ui.-kop. HAH VYkpainu, a.1.H., npocdecopy JloGoai II.I. 3a gomomory npu mnposeieHti Meranorpadiuaux

JTOCJTiPKCHD.

27



LTWMP'{3

Ha g
13000

Mila

O

10000
[

V=3mu/xs

N, siksa

Puc. 2. Mikpocrpykrypa crani ¥8 y suxiguomy craui (a); micas Y3030 (6, 2) ta posnoain mikporsepzocti Hy, no rumbusi h

nosepxuesoro mapy ticas JIO, Y3030 rta JIY3030 () (x100)

BEpPXHEBA MiKPOTBEP/iCTh 3MEHIINJIACh BiJIHOCHO BU-
xignoi. IlpuumHO0 3MeHIIEHHS MiKPOTBEPAOCTI TIpU
JlazepHiit 06poOIl 3 OIIaBIeHHIM cTani Y8 € yTBo-
PEHHS B 30Hi OIJIaBJIEHHS KPiM JIPiGHO3€PHUCTOTO Map-
TEHCUTY 3AJMIIKOBOTO aycTeHity. [nbuna 3minneHol
30HU TIiCJIS JTa3epHOTo BILUBY cTaroBma 450, 300 Ta
200 MKM, BiJIIIOBiIHO MPU MIBUIKOCTI IepeMillleHHs
3pazka V =1, 2 ta 3 m/xB. Ilicta Y3030 mo-
BepXHeBa MiKpoTBep/icTb cranosuaa Hy, = 4500 MlIIa.
A 1npu komb6inoBaniii JIY3030O noBepxHeBa MiKpo-
TBEP/iCTh 3HAYHO IiBHIIUIACh Ha H = 5300, 8600
ta 13000 MIla, npu Tux Ie pexuMax IMepeMillieHHs
3pa3ka, BiffHOCHO BuXimHOi mToBepxHi. lloBepxHeBa
MiKPOTBEP/IiCTb OIJIABJIEHOI IIOBEPXHi JIA3€POM IOKPa-
muaach micas BmmBy Y 3030.

Ha puc. 2, a npuBe/ieHa BUXi/Ha MiKPOCTPYKTypa
IJIACTHHYACTOTO IepJiTy HOpMaJi3oBaHOI crami ¥Y8.
[Ticag BBy Y3030 cnoctepirajoch CyTTeBe MOJI-
pibHeHHsT 3epHA, MIKPOCTPYKTypa 3MIllHEHOTO IIapy
npuBejieHa Ha puc. 2, 6, 2. MiKpPOTBEpAiCTh JJAHOTO
mapy ckaagae H, = 4500 MIla na roubuni z = 10—
15 MKM.

e R e : :
Puc. 3. aranbuuii Burasy sonu JIO (a, x50) ta JIY3030 (6, x5) crani ¥8; mikpocTpykrypa nosepxuesoro mapy (3/1isa na npaso 1o
ran6uni) micas JIO (g, x100) ta JIY3030 (2, x50) (V =3 M/xB)

AmnaJi3 ekcriepuMeHTaJbHUX Pe3yJIbTaTiB PO3IO/Ii-
JIy MiKpOTBEp/OCTi 1O IIMOWHI, KU IpUBeJIEeHUIT Ha
puc. 2, 8, CBiT4uUTh PO Te, o KoMmbiHoBaHa JIY 3030
Mae GiJIbIll TBEPIlTi 30HU BILIMBY B NOPiBHSHHI i3 OK-
pemoio gieto JIO ta Y3030.

Ha nosepxHeBoMy 1l1api HarpiTuM JiazepHUM IIPO-
meneM (MIBUAKICTD epeMitents spaska V =3 M /XB)
JI0 TeMIlepaTypu BHIlle TOUKU Ay, aje HUKUYe TeMile-
paTypH IJIABJECHHS YTBOPIOETHCS JIBONIApPOBa MiKpO-
crpykrypa (puc. 3, @, 6). MikpoCTpyKTypa BEPXHBOTO
mapy CKJaJA€ETbCA i3 BHCOKO/JUCIIEPCHOTO ILTACTHH-
YaCcTOr0 MapTEHCUTY, 3aJUNIKOBOrO ayCTEeHiTy i He dc-
KpaBO BUPa)KEHUX TPOOCTUTHUX YyTBOpeHb. Mikpo-
TBepJicTb JaHoro mapy ckmaagae Hy, = 9400 Mlla na
rmbwHi z = 130 MxM. Ha rpanuti 3 ocHOBOIO MiKpo-
CTPYKTypa IJIaBHO 3MiI[HIOETHCS BiJl MAPTEHCUTHO-TPO-
OCTUTHOI JI0 BUXifHOI TiepJiTHOi. MikpoTBepaicTh 1a-
HOTO Wapy ckjaagae H, = 9350 MIla na rimbusi z =
= 200 MKM.

AHaJti3 3MiIIHEHOTO IMIapy OTPUMAHOTO KOMGiHOBa-
woio JIV3030 (puc. 3, 6, 2), MiKPOCTPYKTypa SIKOTO
Ma€ BEPXHiNl BUCOKOJWCIEPCHUI Iap TiCJs BIJIUBY

el
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Y3030. Ilix aieio yabTpasByKy BiOyBaeTbcst Apo6-
JICHHS TOJIOK MapPTEHCUTY, ITiABUIEHHA NIiJIbHOCTI 11~
CJIOKAIill, 3HUKEHHS BMICTY 3aJIMIIKOBOTO ayCTEHITY,
1o 3abe3revye MiJBUMIEHHS MIillHOCTi i MJIaCTHYHUX
XapakTepuCTUuK mapy. Jpyruii map — ckIajaeTbes 3
BHUCOKO/ITUCIIEPCHOTO MAPTEHCUTY, 3ATUIITKOBOTO ayCTe-
HIiTYy i TPOOCTUTY, a TPETil map — 3 MepexiHOTO BU-
COKO/IUCIIEPCHOTO TPOOCTUTY 1 HE3HAYHOI KiJBbKOCTi
aycTeHiTy. MiKkpoTBepAiCTh BEPXHBOTO Mapy CKJIATA€E
H, = 13000 MIIa na rim6uni z = 50 MKM, MiKpoTBep-
Aictb apyroro mapy cknaagae Hy, = 11000 Mlla na
rm6uni z = 130 MM, MikpoTBepzicTh Tperboro (ire-
pexiHoro) mapy ckianae H w = 10900 MIla na ranbu-
Hi z = 200 mxm. Tepmomedopmariiline 3MilTHEeHHS, 3
MaKCUMAJbHUMU 3HAUYEHHST MiKPOTBEP/OCTi TIOBEpXHe-
BOTO TIIApy €BTEKTOIMAHOI CTaji OB’ sI3aHe 3 HETOBHUM
po3urHeHHAM Kap6iaiB npu ganux ymosax JIY 3030.

Bucuosku

[lng oTpuMaHHS MaKCUMAJIbHOTO 3HAYEHHS MiKpo-
TBEP/IOCTi TIOBEPXHEBOTO Tapy cTasi ¥ 8 3 BUCOKOAMC-
IIEPCHOIO MiKPOCTPYKTYPOIO TOLIJIbHO CTBOPUTH B 30Hi

LTWMP'13

TepMoziepOpPMAIliifHOTO BIJIMBY YMOBU HArpiBY JIA
HETIOBHOTO PO3YMHEHHS KapOi/liB Ta iMITyJIbCHOTO Jie-
¢opMmyBaHHS yJIbTPA3BYKOBUM HAKOHEUHUKOM IIPH 110~
ty>xHOCTi P = 800 BT CO> na3epa ontumMaJjbHa MBU/I-
KicTb epemimmennast V =3 M,/XB, a I yJIbTPa3ByKO-
BOTO TeHepaTopa 3 MarHiTOCTPUKIIIHHUM TepeTBOpIO-
BaueM 3 P = 1,6 xBr, F,; = 30 H i f = 22 I,
mBuAKicTh nepemimennus V = 0,018 m/xB.
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MOJAEJINPOBAHUE, CUHTES
N HAHO /MURKPO-CTPYRTYPUPOBAHUE
IIOBEPXHOCTH MATEPHAJIOB
JJASEPHbBIM U3JYYEHUEM

B.B. WJISICOB, b.4. MECXWU, A.A. PBIZKKHH, 1.B. EPIIIOB, [1.K. ®AM, E./I. TEJISITHUKOB
[onckoit I'TY, Pocros-na-/lony, Poccus

[Ipu B3anMo/eiicTBUM JTa3epHOIT MIA3MbI ¢ MaTEPHAJIOM HAGIONAIOTCS CAMOOPTAHU3YIOIINECS TIPOIIECCHI POCTA HAHOCTPYK-
Typ Ha moBepxHocTH. [lofaua SHEPIHE OCYIECTBIANACH CePHeil HMITYJIbCOB MPH TUIOTHOCTH M1aaMbl 4—20 Ik /eM’ npu
temreparype 300 K. M3yuena ronorpacus nosepxuoctn Ha ckanupyioieM ACM. Boinosirenst ab initio pacuérst mosHoi
9HEPIUH, KPUCTAJIMYECKOI U 30HHOM CTPYKTYpPbI. [lokazaHo, 4To 1pu JazepHOM 06Ty YeHHH TIPOMCXOAUT OBICTPBIN IIPOIIecC
HarpeBa U OXJIAXK/IEHHs IIOBEPXHOCTH MATEePUAJIa, N3MEHSIETCS] CTPYKTYPa KPUCTAJIOB, Pa3Mep 3apO/IbIIIa 1 CJIe/I0BATEIbHO
M3MEHSIOTCS MEXaHIMYeCKHe CBOMCTBA TIOBEPXHOCTU MaTepUaa.

B rexHuke, HapsAAy C CO3[aHNEM HOBBIX MaTepPHUAJIOB,
06J1aJAI0NTNX BBICOKOU TEXHOJOTMYHOCTBIO, YJIydllle-
HIE CBOWCTB MCXOHBIX MaTEPUAJIOB CTAJO OJHUM U3
BOKHEHUIINX HAY4YHBIX 3a1a4. Cpe MHOTHX METO/IOB
JUIST TOCTYSKEHMS 9TOTO TIeJIU, TIOSIBUJICS HOBBIH U 3-
(eKTUBHBII METOJ] — HAHOCTPYKTYpPUPOBaHUE TIOBEP-
XHOCTU MAaTepPHUAJIOB JIa3epHbIM u3/yueHrneM. OCHOBBI
HAHOCTPYKTYPUPOBAHUST TTOBEPXHOCTH TBEPIALIX TeJ
HAHOCEKYHIHBIMU JIA3€PHBIMU UMITYJIbCAMU 32JI0KEeHbI
B paborax O.H. Kpoxuna u 10.B. Adanacnena [1, 2].
Cozanne CTPYKTyp HAHOMETPOBOTO Maciitaba Ha
MOBEPXHOCTH TBEP/BIX TeJ MPUBOIUT K YJIYUIIEHUIO
dusMUeUeCKUX U MEXAaHMYECKUX CBOICTB MaTepUAJIOB
[3]. OcHoBBI TexHOMOTHIT JTa3epPHOTO HAHO / MEKPOCT-
PYKTYPHPOBaHUSI TIOBEPXHOCTH MaTepHasoB Gasupy-
10TCS Ha (DU3UYECKUX TIpoTieccax 0O0pa3oBaHUsS CTPYK-
TYPHBIX 00BEKTOB MUKPO- U HAHOMETPOBBIX Pa3MepPOB
IIpY BO3/IeMCTBUM JIa3ePHBIX HMILYJIbCOB Pa3JINUYHON
WHTEHCUBHOCTH W JuutesbHocTH [3]. OO6GpasoBanue
HAHO / MUKPOCTPYKTYD Ha IIOBEPXHOCTU MATEPHUAJIOB
BO3MOKHO TIPSIMBIM TIOBEPXHOCTHBIM HAHOCTPYKTYPU-
pOBaHNEM HA OCHOBE HAHOCEKYH/HBIX Jia3epoB [4—6]
i 06pa3oBanueM HAHO / MUKPOCTPYKTYPHbBIX TTIOKPBI-
THUIT, KOTOPOE TIPOUCXOIUT TIPU OCAXKIEHIH ITPOTYKTOB
abJ/AIUU HA TTOBEPXHOCTHU TOJJIOXKKHU, YAATeHHOH Ha
HEKOTOPOM paccTosinuu oT Muteru [3, 5]. He ocrana-
BJIMBASICh 3/IECh HA aHAJIN3€ HKCIIEPUMEHTATbHDBIX JIaH-
HBIX 10 HAHOCTPYKTYPUPOBAHUIO TIOBEPXHOCTH MaTe-
PHAJIOB TIPH TIPSIMOM JIA36PHOM BO3/IEHCTBIY, KOTOPbII
JIOCTATOYHO TOJTHO TIpesicTaByieH B 063ope M. H. 3asec-
TOBCKOI [ 3], oTMETHM, UTO N3YUEHHIO KOHTPOJIIPYEMO-
TO IPOoIecca HAHOCTPYKTY PUPOBAHIS TIOCBSITIEH TT€JTBII
psia pabor [3—5], B KOTOPBIX BBIIIOJTHEHO TEOPETHYEC-
KOe MOJIETUPOBaHMe MPOIecca 1 MPeCTaBIeHbl BbIpa-
JKEHUsI JIJIsI OIIEHKU CPEIHECTATUCTUIECKOTO pas3Mepa
IIEHTPOB HOBOH (ha3bl. Y CTaHOBJIEHA 3aBUCUMOCTD Pa3-
MepPOB HAHOCTPYKTYPBI OT HAPAMETPOB JIA3E€PHOTO HC-

TOYHHMKA W TETJIOBBIX CBOICTB MCXOIHOTO MaTephaJia.
B uactHOCTH, B pabote [4] mokasaHO, YTO B 3aBUCHU-
MOCTH OT CKOPOCTH OXJIAJK/IEHUsI padMep 3apoibIineit
Moxker koJiebarbea ot 10 am mgo 100 UM u gaxke 10
500 M. YcraHOBJIEHHBIE 3aKOHOMEPHOCTH (HhOPMUPO-
BaHUS HAHOCTPYKTYPbI TIOBEPXHOCTU METAJIJIOB TOCJIE
OILJIABJIEHUSI TTO/ITBEPIKIAIOTCS IKCIIEPUMEHTOM. B ua-
CTHOCTH, 9KCIIEPUMEHTATbHOE U3yUeHHE TIPOBEJEHO Ha
pasamuHbix Matepuanax: Ti, Au, Al, Cu, Cr, Ni, cria-
BaX AJIOMUHUS C yTJIepoaoM, HochopoM U KpeMHHUEM
MIPU Pa3HbIX JJUTETHHOCTSIX U PA3HBIX KOJUUECTBAX
JIa3epHBIX UMITYJIbCOB, B MATIa30HE MJIOTHOCTEN sHEp-
run 0,6—4,0 Ik /M [3, 5].

[lns cirydast HAHOCTPYKTYPUPOBAHUS TIOCPEJICTBOM
HaHECEeHUsI YJIbTPATOHKUX MOKPBITUN U3 KapOujaa Tu-
TaHa HA TIOBEPXHOCTH CTAJIM aBTopamMu pabotsl [7] uc-
[10J1b30BaH KBAaHTOBO-MEXHUYECKHI METOJ| pacuera
CTPYKTYPbI M 9HEPTUH A/IT€3UN C UCTIOIb30BAHUEM TEO-
puu dpyukimonaia mwiorsoctn (DFT). TlokasaHo, 4to
aJre3usi c0eB KapOuaa TUTaHA K TTOBEPXHOCTH CTAJIH
cocrasuister 0,26 m/Ix / cm?. B pabote [8] mokasana
BO3MOJKHOCTb CHHTE€3a YJbTPATOHKUX YTJIEPOIHBIX
IJIEHOK ¢ aMOP(QHOW CTPYKTYPOIl METO/IOM Jia3epHOI
abJIAIUN Ha TIOJIOKKY U3 cardupa, Mpu UCI0JIb30Ba-
auu uMiryibcHoro 1,06 mem Nd-YAG sazepa. Toutiu-
Ha TIOJy4yaeMoll MJIEHKH 3aBUcesa OT BBIGPAHHOTO pe-
JKMMa 1 BpeMEHHU 9KCIO3UInN. VI crmomp3oBaHe MeTo1a
aTOMHO-CHJIOBOW MUKPOCKOTIMH TIO3BOJIMJIO YCTaHO-
BUTH BEJUYUHY IIIEPOXOBATOCTH U OTCYTCTBUE (Ppax-
TaJIbHOCTH TTOBEPXHOCTH.

B pa6ore [9] usyuenbl rpacduTOBBIE CTPYKTYPBI,
ccpopMupoBaHHbIE B pe3yJsbTaTe BO3/EHCTBUAS Ha TIO-
BEPXHOCTH TpadpUTCOEPIKAIIEr0 KOMITOHEHTA UMITYJIb-
camu Glass: Yb, Er sasepa ¢ giauresproctsio 30 Mc 1
JUTTHON BOJHBI 1,54 MKM. Y CTaHOBJICHO, YTO Pa3Mepbl
OT/JIEJTbHBIX HAHOCTPYKTYP Jexkar B auanazoHe 20 HM
o 50 uM. VccnenoBanne paMaHOBCKUX CIIEKTPOB Ha-

© B.B. WIACOB, b.4. MECXU, A.A. PBIZKKIH, U.B. EPIIOB, [.K. ®AM, E./[. TEJIATHUKOB, 2013
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Puc. 1. lcnosnbp3oBanHoe Jlazepaoe O60pyI[OBaHI/Ie n 06p3.3€l_[ C IOPOJKKaMU IIOCJIE JTa3€pHOTO BOBﬂeﬁCTBHH panquof/’[ TIJIOTHOCTDBIO SHEPTUN

HOCTPYKTYP TIOKa3aJl HAJUYHME B UX CIIEKTPE MUKOB,
COOTBETCTBYIOIUX TPAadUTU3NPOBAHHBIM MATEPUAJIAM.

B macrosiieit paboTe u3yvasuch MpONECChl HAHO-
CTPYKTYPHUPOBaHUS TOBEPXHOCTH KapOW/ia TUTAHA B 3a-
BUCHMOCTH OT TIJIOTHOCTH JIa3€PHOTO M3JIYIEHUS C TIC-
M0JIb30BaHIEM 060Dy IOBAHNUS I03KHOTO PETHOHAIBHOTO
LIKII «JIasepuble n ontuueckue rexuogaorun» (JIOT)
n Mexkadeapanbuoro pecyperoro ITKIT (MKITKIT)
npu JI'TY. O6bextoM uccieoBaHus CAyXKUJIa T11a-
cTrHA Kapbuaa tntana ¢ pasmepom 10x10x5 mm.

Wcnosp3oBana JaszepHas ycranoBka Beta Mark
2000 ¢ makcuMabHON MoIHOCTBIO 6 BT, maurenbHo-
cTbl0 MMIlyJbca 40 HC U JJIMHON BOJIHBI U3JTy4eHUs
1,064 mxm. Ha nosepxuoctu o6pasia (Ha pasHbIX yua-
CTKaX), TI0CJIe/I0BATEIHHO OCYIIECTBJIEHO JTa3€PHOE BO-
37efiCTBHE C BBIXOAHON MomHocThIO 40, 20, 15 1 13 %
MaKCHUMAJbHON MOIHOCTH YCTAaHOBKH, a 4acToTa CJie-
JIOBAHUS UMITYJIbCa U CKOPOCTD TTepeMeIeHus JIyda He
MeHSIOT cooTBeTcTBeHHO paBHbl 2000 't u 10 MM /c.

[InoTHOCTHM SHEPrUU JIa3€PHOTO U3JIYyYEHUS HA I0-
BEPXHOCTh KapOuJa THTAaHA B 9TUX CJydaill paccyu-
TaloTCs 10 3Toi (hopmyJie:

kP,

5
s

q

rae B — TorJIomaTtebHast CIOCOOHOCTh MaTepuasia;
T — Tepuoj CleOBAaHUS UMITYJbCa;, ¥ — PaIuyc
NATHA JIA3€PHOTO JTyYa.

[Tocsre azepHOTrO BO3/AEHCTBUS, MOBEPXHOCTH 06-
pasiia Ha6Joanach € WCIOJb30BAHUEM ONTHYECKOIl
mukpockormu (puc. 2) B IIKIT «JIOT» n atomHo-cu-
noBoit Mukpockormu (ACM) B MKIIKII upu JATTY
(puc. 3).

Ha puc. 3 mpucyTcTBYIOT HaBeJICHHbIE MUKPOCTPYK-
TYpbl Kak 06JacTH TPsAMOro BoszeiicTBust (IOPOXKKN),
TaK U BHe JIA3€PHOTO JIy4a, BO3HUKIIIE TIPU OCAKICHUH
NPOYKTOB aGJISINN HAa TIOBEPXHOCTH KapOujia THTAHA,
a Takke 06IacTh TeMiepaTypHoro Biusust. C mocses-
HUMU MbI CBsI3bIBaeM HabJmoaembie apeKTbl HAHOCT-
PYKTYPHPOBaHUSI, O KOTOPBIX PeUb MON/IET HIKE.

Merogom HanoungeHTupoBanus (Ha o060pymoBa-
arun MKIIKIT) 6b110 OCYIIECTBAEHO M3YYEHUE MeXa-
HUYECKUX ¥ JeOPMAIMOHHBIX XapPaKTEPUCTUK B 30-
HAX MPSIMOTO BO3/EHCTBYS JIA3EPHOTO Jiyda 1 061acTeit
TEMIIEPATYPHOTO BJUSHUSA. THIMOBAsS AMATpaMMa Ha-
rpyskenust ungentopa (aamasnoit nupamuaku Bepko-
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Puc. 2. I/I306pa>KeHI/IH TIOBEPXHOCTU Kapém{a TUTaHa, I1OJIy4Y€HHO€E C [TIOMOIbIO OITHYECKOIT MUKPOCKOITUN KOS(TI;)(i)I/IL[I/IeHTa yBeJsmueHus k=

= 1000 ¢ mroTHOCTBIO M3JayueHust B uHTepsaie 2,06—6,36 Ix,/cm
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Puc. 3. [IByx- u tpexmeptbie ACM npoduin MUKPOCTPYKTYP Ha NOBEPXHOCTH KapOmja THTaHa IOCJE JIa3epHOro BozjeiicTBus 12-10
JIA3€PHBIMU MMILYJIbCAMU JIIUTENbHOCTbIO 40 HC 1 1I0THOCTBIO BHeprun 2,38 [k /M

200 : i

i o
MW M0 W @0 W0 G0 0 W2
D ]

Anatysis Flasults
Mesdmum Dogth fom) §3612 + 6558
Medmum Load () [300.030 =~ D000

PastcDept o) 54133 o 7268
Hardness (GPs) (373715« 11131
Pieduced Modules (GPo) 85363328 - (51766
Elasic Rocovory Parsmater (02918 +f 0053
Contaci Comphanca (weimb) 0E3  +F 00B
Prastic: Wik {nJ) [ITGRO00N, +/- [FT00

Fifling maan equare emor 36872 o~ 165631

f} JEOORAGET, +/

Puc. 4. Peaysibrar anasnusa rBepgoctu noepxtocti TiC B 30He TeIJIOBOro BJIMSIHUS T10CJIe JIa3epHOro o6.ydenns Morunoctoio P = 0,39 Br,
vgacroroit 200011, KommyecTBOM NMITYIbCOB 12 = 12, AINTENBHOCTBIO UMITyJIbca T = 40HC

BHYA) IPEACTABJIEHO Ha PUC. 4, C MILTIOCTPAIUEN T10JTy-
JaeMbIX TTapaMeTpOB: Harpy:keHHe, IIyOMHA BHepe-
HUS, TBEPAOCTb, MoayJib IOnra u ap.
ITpenBapuresibuble pe3y/IbTaThl U3yYeHHUsT MeXaHuU-
YeCKUX XapaKTEPUCTHK MOAM(UIIMPOBAHHBIX Ja3ep-
HBIM BO3/IEIICTBIEM ITOBEPXHOCTEN KapOuja THUTaHA
mpeJcTaBJieHbl Ha puc. 5. OTKyJa cIeayeT, 9To CyIec-
TBYET OTIpe/ieJieHHas 3aBUCHMOCTb 3HAYeHWH TBEP/O-

3aBHCHMOCTE TBEEPIOCTH OT ILAOTHOCTH JHEprid

Al
& 47.2

30
25 | 24
20 -
15 B
10 B

0 1 2 3 i
aomioets sneprin, I /em?

[

cti 1 MofyJig IOHTa OT BeJIMUMHBI IJIOTHOCTH SHEPTUU
JIa3epHOr0 BO3/eHCTBUS.

B kauectBe Ipe/IBapUTENbHBIX BBIBOIOB MOKHO OT-
METUTD, YTO B PACCMOTPEHHBIX [UAlla30HAX SHEepruil B
30HE IATHA JIAa3€PHOTO OOIyY€eHMs, TPOUCXOTUT OILIA-
BJiienve Kapéuaa turana. [Ipu nHTEHCUBHOM JIa3epHOM
06 TyueHnd, He3HAYNTEIbHAS YacTh MaTepuaJa Ha Io-
BEPXHOCTH Topesia B Bo3ayxe. B pesysbraTte, Ha Haill

FaBHCHMOCTE MOAVAN YIPYIocTH
OT TAOTHOCTI JHEPTHN

784

825

400 493

20
100

1 1 'l
0 I 2 3 4
[LaotHocTs aweprim, s em?

Puc. 5. 3asucumoctu tBepaoctu (@) u mMomyas yupyroeru FOmHra or miotHocTH sHepruu naseproro sosaeiictsus (6); 1 — B 3TB; 2 —

B IICHTPE IATHA
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B3TJIsi/l, HAPYIINJIACH HECTEXHOMETPHUSI 110 YTJIEPOY U
MOSTOMY TBEPJOCTH B IATHE (Ha JOPOKKE) CHUMKAETCH.

B 3one remmosoro Biustus (3TB) sazepHoro 06-
ayuerns (B pacrosiauu 30—60 MKM OT I[eHTpA TIATHA),
MIPOMCXOUT U3MEHEHNEM CTPYKTYPbI KapOua THTaHA
HA TIOBEPXHOCTH, TBEPJIOCTb B 3TOI 30HE MOBBIIIAETCSI
1o 1,5 pasa mpu CpaBHEHHHU C UCXOIHOW TBEPHAOCTHIO
TiC [10] (MakcuMasnbHas TBEPAOCTb JOCTUTAET
47,2 TTla).

N3yuenne cOCTOSHUSI U TIEPCTIEKTHB JIA3EPHOTO Ha-
HOCTPYKTYPHPOBAHUSI TOBEPXHOCTH MAaTEPUATIOB B Ma-
MITHOCTPOEHNH, TIOKA3aJI0 HEOGXOAUMOCTD YCTAHOBJIE-
HISI ONTUMAJIBHOTO PEKUMA JIA3€PHOTO M3JTyYEHUS [IJIsT
KasK/IOTO MaTepuasa, OCOOGEHHO [JISI MHCTPYMEHTAJIb-
HBIX U KOHCTPYKIIMOHHBIX MaTepuaJyioB. [IoBbIlieHIEe
TBEPJOCTH 3TUX MATEPUAJIOB B Pe3yJbTaTe UX Ja3ep-
HOTO HAHOCTPYKTYPHPOBAHUs nMeeT OOJibliiee 3Haue-
HUE B Pa3BUTUM TEXHOJOTMU MalmHOCTpoeHus1. [Toka-
3aHO, YTO TIPH JIA3EPHOM O0JIyYeHUH TPOUCXOIUT ObIC-
TPBIII TIPOIECC HATPEBA W OXJAKIEHUS TOBEPXHOCTH
MaTepuaJa, U3MEHsIETCST CTPYKTypa KPUCTAJLIOB, Pas-

LTWMP'13
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MUTUAL INTERACTION OF FOCUSED LASER BEAM
AND GAS-POWDER STREAM
ON LASER PROCESSING QUALITY

V. KOVALENKO', J. YAO?, Q. ZHANG?, P. KONDRASHEV', M. ANYAKIN', R. ZHUK' and O. STEPURA'
) "Laser Technology Research Institute, NTUU «KPI», Kiev, Ukraine
?Research Center of Laser Processing Technology and Enginecring, Zhejiang University of Technology, Hangzhou, China

Laser processing technologies like alloying, cladding and rapid prototyping that are based on blowing of gas-powder
mixture in the zone of laser processing are very dependent on the alignment of caustic surface (conventional surface
that surrounds laser beam) and gas-powder mixture regarding the workpiece surface. Deep knowledge of its behavior
is very important for the technologies that use coaxial introduction of gas-powder mixture into the processing zone. It
was found that the shape of the gas-powder stream and its cross-section could be varied with help of the nozzles of
various inner shapes. Further investigation of laser cladding technology by means of experiment planning techniques
showed statistically significant influence of the position of caustic surface , and gas-powder mixture and the workpiece
on the productivity (the size) and quality (presence of cavities) of the clad.

The influence of the properties of gas-powder trans-
portation system that form a gas-powder stream in
the zone of laser beam interaction with a workpiece
surface on the productivity and quality of laser sin-
tering of powder materials with solid base material
was the scope of interest for many researchers [1—4].
In order to implement the technology of directed laser
«growing».

It was recommended that coaxial with laser beam
delivery of gas-powder mixture should be used to
minimize the microstructure defects. It does not mat-
ter where laser beam travels- the position of powder
stream regarding the laser beam will remain un-
changed. In general, only basic numerical models [1]
were used for the investigation of laser beam — gas-
powder stream interaction that does not explain the
laws of distribution of concentration of powder den-
sity in the gas-powder stream depending on the dis-
tance from nozzle exit, nozzle configuration etc. This

.- Y i

91 Py I_I:I

E f

O

~d

Figure 1. Industrial laser equipment: 7/ — assist laser; 2 — working
laser 200 W; 3 — telescope; 4 — focusing objective; 5 — coaxial
nozzle; 6 — workpiece; 7 — worktable with 3 coordinates; 8§ —
powder feeder; 9 — control unit

lack of knowledge could be fulfilled using numerical
computations.

Having known the properties of gas-powder stream
and how to manipulate it, along with the parameters
of laser irradiation it is possible to determine optimal
technological regimes that would result in the laser
sintering of parts with pre-defined level of quality
and productivity.

Experimental set-up. Research was based on two
methodologies: numerical simulation of gas-powder
jet formation employing nozzles with various inner
profiles and investigation of laser cladding using ex-
periment planning techniques. The behavior of gas-
powder jet at different working pressures of transport
and protective gas was described by Eulerian model
and numerical solutions for powder-jet profile and
powder distribution within the defined cross-section
were found using software Ansys CFX [5]. The choice
of the Eulerian model is explained by the fact that
small powder fractions (10—100 um) are used at laser
cladding.

The overall turbulence for two phases (gas and
powder particles) was calculated with standard k—e
turbulence model. Obtained numerical solutions were
compared with experimental data.

Series of experiments were conducted using the
equipment presented in Figure 1. A two-telescope sys-
tem was placed at the exit of laser resonator to control
focal spot and profile of the caustic surface, along
with rotating mirror and focusing system with focus-
ing length of 100 mm. Gas and powder supply unit
equipped with changeable coaxial nozzles that had
different angles y (Figure 1) was mounted at the bot-
tom of the focusing unit (Figure 2).

The scheme of experiments was obtained using
experiment planning technique and each trial was
repeated trice into every control point. PGSR-3 pow-

© V. KOVALENKO, J. YAO, Q. ZHANG, P. KONDRASHEV, M. ANYAKIN, R. ZHUK and O. STEPURA, 2013
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A

i
Figure 2. Schematic view () and a 3-D view () of coaxial powder
supply unit into the processing zone: 1, 2 — replaceable nozzles;
3 — powder and transportation gas inlets; 4 — assist gas inlet
der (10-60 um) was used for cladding and air was
used as a transporting gas.

Experimental results and discussion. The follow-
ing steps were taken to conduct numerical simulations:

e design of 3-D physical model of powder supply;

e meshing of the 3-D model;

e direct computation of powder particles trajecto-
ries and their analysis.

Implementation of Ansys CFX for the simulation
of gas-powder stream helps to visualize powder par-
ticle paths (Figure 3, @) and powder particle concen-
tration’s distributions (Figure 3, b). Numerical simu-
lation shows that spatial distribution of powder con-
centration in planes collinear with and perpendicular
to the central axis of gas-powder stream (laser beam)
significantly depends on the values of nozzle forming
angle v.

The angle y varied in a range from 30° to 50° and
in all cases the distribution of powder concentration
changed from ring-shaped to round-shaped depending
on the distance from the nozzle exit to the section
plane (Figures 4 and 5). the transformation of ring-
shaped distribution into the round-shaped starts at
the «focusing» point of gas-powder stream.

Moreover, simulations show that the increase of
forming angle y decreases «focusing» length (distance

Figure 3. Mesh (a) and a particles trajectories (b) of coaxial powder
supply system

Mass Flow
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Figure 4. Distribution of the concentration of powder mixture along
the axis of distribution (@) and in cross-section (b, ¢) at the nozzle
exit (b) and in powder focusing spot (c)

from the nozzle exit to the narrowest part of gas-pow-
der stream). Further experiments proved this hy-
pothesis (Figure 5) . It was found that minimal cross-
section of gas-powder stream lies downstream of the
point where laser beam and gas-powder stream central
axis intersects with lines that firm the inner shape of
the nozzle. This is possibly due to the pressure of
protective gas (P, = 1 bar, Figures 1 and 2) in the
inner part of powder supply nozzle.

Comparison of the results of numerical simulation
and experimental data shows that altering values of
the forming angles it is possible to control the distance
from the nozzle exit downstream where the cross-sec-
tion of gas-powder stream will be minimal, and at
the same time it is possible to pre-define the curvature
of the envelope surface of the stream. For a given
design space a mutual positions of the processed work-
piece and gas-powder stream were established that
could be used for the development different processing
schemes:

e «blowing» of powder in the molten base material
when the workpiece upper surface rests above the «fo-
cusing» point of gas-powder stream (ring-shaped gas-
powder stream is used) and their further re-melting;

e «blowing» of the molten powder in the molten
base material (round-shaped gas-powder stream is
used) when the concentration of powder particles is
not enough to «blocks laser beam;

20
b 5. mm

20 20

[
] &, mm

ol 5, mm

Figure 5. General view of gas-powder streams after the nozzle exit,
where @ — 30° nozzle forming angle; b — 40° nozzle forming angle;
¢ — 30° nozzle forming angle; 7— minimal cross-section of gas-
powder stream
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Level of variation of technological factors

Independent variables
# Levels of variation and intervals of Code
change, technological factors Y my Uy AH
X Xy X3 X
1 Dimension Unit Grad g/s mm /s mm
2 Ground level 0 40 0.3 2 S5
3 Interval of variation 1 20 0.1 1 2
4 High level +1 50 0.4 3 7
5 Lower level -1 30 0.2 1 3
o «blowing» of the molten powder in the solid ich iej=k ik
base material when the concentration of powder par- :
. . P P y=0by+ Z bix; + Z bixix; + biixs;, 1)
ticles is enough to «blocks laser beam. _ e P
The influence of the configuration of gas-powder
stream and irradiation regimes on the quality of laser ~where & — number of technological factors; by, b;,
cladding and laser sintering was investigated using bij, b; — regression equation coefficientsj; i, j —
experiment planning technique. In order to build the indexes.

quadratic model (1) a Box—Behnken design [6] was
used which is rotatable (i.e. Model (1) predicts the
behaviour of the response factor with similar accuracy
when moving from the centre of the plan).

HCL, WCIL, mm

0.5
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0.4
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[
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Figure 6. Regression coefficients for laser sintering model, where:

a — height and width of the clad from technological factors; b —
coefficients responsible for microstructure of clad

The technological factors were (Table shows levels
of variation for technological factors in the encoded
and natural scale): y — forming angle (x(); m, —
powder mass flow (x3); v, — speed of the base ma-
terial (x3); AH — position of the workpiece regarding
the nozzlee xit (x4), whereas response factors were:
geometry of a single clad: height (HCL) and width
(WCL), uniformity of the inner microstructure of the
sintered primitives (QCL) — inner porosity of the
clad. The latter was determined as a ratio of the sum
of the defected layers’ areas (pores, microcracks etc.)
on the images of micro sections (to the overall area
of the image.

Computational domain shown in Table is pre-
sented in the encoded scale (factors take values —1,
0 and +1 and are used for calculation of the coefficients
of numerical model (1) for each response factor) and
in natural scale. It is possible to convert values of
technological factors between scales.

Since our coaxial nozzles can be moved regarding
the focusing objective (Figures 1 and 2) — value of
AH, focused laser beam density in the processing zone
remained constant — the waist of the caustic surface
was 0,7 mm whereas the length of this surface was
10 mm.

According to the designed plan 27 experiments
were carried out with triple repetition in each point
of the experiment plan. Statistical processing of the
results of experiments showed that rows of the dis-
persions (for each response factor) were similar.

Moreover, there were calculated the coefficients
of the regression equations (shown in Figure 6 as rank
diagrams), and the hypothesis of the adequacy of re-
ceived numerical models was verified.

Obtained numerical models (1) represented in Fi-
gure 5 as rank diagrams are «black-box» models and
will inherit any sound explanation of their behavior.
Coefficient value and its sign stand for the degree
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HCL, mm

Figure 7. Dependencies of HCL (@) and QCL (b) from the distance
from nozzle exit and nozzle forming angles when m, = 0.2 g /s and
v, =1mm/s

and direction of influence of the technological factor
on a response factor.

Maximum linear and quadratic influence on the
dimensions of the clad layer and the uniformity of
microstructure is caused by:

e nozzle forming angle (coefficients by and by from
Figure 6);

e workpiece travel speed (coefficients b3 and bs3
from Figure 6);

e mixed influence (coefficient by3 from Figure 6)
and quadratic influence of all factors.

Influence of nozzle forming angle on the height
and uniformity of microstructure of the clad layer is
bidirectional (Figure 6). Figure 7 shows the depend-
encies of the HCL and QCL from technological factors
when m, = 0.2g /s and v, = Imm /.

The minimum number of pores in the clad layer
and maximum processing quality was in the case when
the nozzle forming nozzle was equal to 40° and, what
is more, the minimum value of QCL is observed when
focusing of the powder stream starts on the surface
of the workpiece (AH = 5 mm) and powder is blown
into the liquid pool with further re-melting.
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Figure 8. Dependencies of HCL (@) and QCL (b) from the distance
from nozzle exit and nozzle forming angles when m, = 0.2 g /s and
v, =2mm/s

The increase of the processing speed up to 2 mm /s
forms clad layer with high quality by scheme of blow-
ing of molten powder into the molten base material
(minimal value on the dependency of QCL = f(AH,
v)) (Figure 8) when AH = 6 mm. The increase of
nozzle forming angle leads to the increase in WCL,
HCL and QCL (Figures 6 and 7), that is explained
by the increase of the area of cross-section of the
gas-powder stream and lack of the energy of laser
beam for total re-melting of powder and surface of
base material. The same situation is observed when
the value y decreases: a huge amount of powder does
not creates good bonding between powder and molten
surface of base material.

While the processing speed increases the extremum
of functions HCL = f(AH, vy) and QCL = f(AH, y)
shift proportionally with the increase of AH (Fi-
gures 6 and 8). The values of HCL decrease with
decreasing of v,.

This is due to the changes in power density that
cannot handle with melting of powder in the «ring»
that is delivered into the processing zone.
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Figure 9. Defects in the clad at optimal processing regimes (y =
=40°, m,=0.3g/s,v=19mm/s, AH=5 mm)

Analysis of the data shown in Figures 68 in five
dimensions (for each response factor) could be time-
consuming, but using factors from Table it could be
seen that geometry of gas-powder stream and work-
piece position regarding the <«focus» of gas-powder
stream are two most influential factors that QCL de-
pends on. This could be seen from the values of the
regression coefficients (Figure 6) and gradients of
surfaces HCL = f(AH, y) and QCL = f(AH, y) (Fi-
gure 7 and 8).

Search for optimal regimes was done using the
method of Lagrange multipliers [7]. MIN (QCL) was
used as a target function in the design space (Table)
at maximum values of HCL and WCL.

In some points of the design space there were con-
ducted additional series of experiments that proved
the validity and accuracy of numerical computations.
The percentage of the defects in the clad layer de-
creased down to 0.18 % (Figure 9).

A press roll was manufactured using established
processing regimes (Figure 10) that is used in printing
industry.

Conclusions

o [t is possible to increase the quality of laser sintering
(reducing the defects within the clad layer down to
0.18 %) by means of optimization of the characteristics

Figure 10. Press roll for printing industry

of gas-powder stream and the position of its waist
regarding the upper surface of the workpiece.

e The most efficient method to influence the prop-
erties of gas-powder layer is to change the nozzle
forming angle.

e In a designed factor space, at low laser beam
power the number of defects of microstructure is re-
duced when gas-powder stream «focuses» on the sur-
face of the workpiece upper surface causing simulta-
neous melting of the powder that enters into the caus-
tic of gas-powder stream and workpiece surface.
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LASER MILLING OF SUPER-HARD MATERIALS

V. KOVALENKO', J. YAO?, Q. ZHANG?, M. NAYEBI', M. ANYAKIN',
R. ZHUK', 0. STEPURA' and P. KONDRASHEV'
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Laser milling is one of the most universal methods for shaping of any type of materials (including natural and artificial
diamonds, alloys etc.). Q-switched YAG laser was used for laser milling. The highest productivity and quality of the
processing of super-hard materials could be achieved when laser milling is done without the formation of liquid phase
or when its quality is minimal (artificial diamonds, borazon). The main reason for the low quality of milling of super-hard
materials is uncontrollable surface roughness that occurs when liquid phase is ejected from the hole that is formed under
the influence of laser beam. The micro-roughness of the processed surface is equal to the thickness of the removed layer.
That is why at laser milling of super-hard materials and other similar materials it is recommended to use special techniques
that are based on the constant shift of the focusing spot (from layer to layer) according to a specific algorithm.

Use of laser beam for milling applications is a uni-
versal technological process capable for processing of
any type of materials [1-5] (ceramics, artificial and
natural diamonds, hard alloys, steels etc.). As well
as in traditional milling we can:

e implement layer-by-layer material removal tech-
nology;

e constant tool (focused laser beam) penetration
into the workpiece body;

e absence of intersection with untreated surface
of the workpiece;

e changing of layer thickness to be removed de-
pending on the properties of the workpiece.

In general, Q-switched lasers wavelength
1.06 um, average beam power P,, up to 100 W, pulse
frequency n up to 50 kHz) are used to perform laser
milling because of some peculiarities of laser-material
interaction. A single pulse (duration ¢p — 100—
500 ns, power Pp up to 5 kW) forms b means of
evaporation a single crate with the diameter of 10—
200 um and depth ranging from 1 to 100 um. At the
same time, the material of the workpiece undergoes
phase and structural changes while interacting with
focused laser beam [2, 3]. Unlike laser drilling, where
the deposition of molten material has a symmetrical
character [3], laser milling has some peculiarities.
Some part of the molten phase is eliminated from the
crate under the influence of the back pressure of
plasma plume and shockwaves, and, consequently, is
deposited all around the crate thus distorting the
workpiece surface and the crate itself forcing user to
repeat the surface processing once again, thus increas-
ing milling time.

In order to increase the efficiency of laser milling
it is necessary to increase the number of passes of
«tool» per time unit (the processing speed Vs ), main-
taining the overlap coefficient OD unchanged [1, 2]
(usually overlap coefficient is about 80-90 % where
the distance between neighbour crates is 1 to 10 um

and the distance between milling grooves StepOX is
about 5-10 pm). The increase of the distance between
grooves ( and the decrease of the milling time) could
be achieved changing the angle of the groove to be
milled [2]. It is worth to mention that the value of OD
could be kept constant by increasing the pulse frequency
n that equals to 30—50 kHz. This leads to the decrease
of peak power Pp of a single pulse (Figure 1) due to
the increase of pulse duration ¢p (although the average
power P, is on increase) and lowers the thickness of
the material that could be removed per pass.

This paper presents the implementation of the de-
veloped processing technique of laser milling of in-
tractable materials that guarantees maximum produc-
tivity of technological process.

Experimental set-up and methodology. Research
was done using experimental set-up that consists of
Q-switched YAG laser with mean power ranging from
10 to 40 W equipped with 3D-coordinate table. In
some cases scanning system RAZORSCAN-15 (posi-
tion 3, Figure 2) was used as a substitution for optical
unit (positions 2 and 4, Figure 2).

Some experiments that required rotation of the work-
piece were done using screw-cutting lathe with incre-

Py, W B, W tp, ns
25000 | 14 450
12 400
20000 | 10 350
15000 F 8 300
6 250

10000
4 200
000 F 150
L 1 1 1 1 100
0 10 20 30 40 n, kHz

Figure 1. Single mode mean power P,, (1), pulse duration ¢, (2)
and pulse peak power P, (3)

© V. KOVALENKO, J. YAO, Q. ZHANG, M. NAYEBI, M. ANYAKIN, R. ZHUK, O. STEPURA and P. KONDRASHEYV, 2013

39



LTWMP'{3

Figure 2. Experimental set-up, where: 1 — laser; 2 — laser beam
rotation unit; 3 — scanning system; 4 — focusing unit; 5 — spindle;
6 — rotator; 7 — working table
mental sensor (80000 pulses per rotation) and a sepa-
rate precise drive for linear movement, equipped with
Q-switched YAG laser (P,, =40 W) and focusing unit.

For the technological process of laser milling it is
necessary to know the parameters of caustic surface (size
and position of beam waist and asymptotes’ angles of
inclination) formed by focusing system. A scanning dia-
phragm method was used to find parameters of the caus-
tic surface with further approximation of received values
of the diameter of laser beam by hyperboloids of revo-
lution. Figure 3 shows fragments of caustic surface
formed by objectives with different focal distances F.
Optical elements with long focal distances could be used
for processing of deep holes and grooves with walls
inclination up to 2°. In this case there is no shielding
of laser beam by the workpiece.

Numerical simulation was used to determine initial
data for the development of laser milling technologi-
cal process. The nonlinear time-dependent equation

AF w06 s 0T

mm

o,

AFFa50mm, MM

Figure 3. Caustic diameter wz to the defocusing of the objective
DF, where: 1 — caustic surface formed by an objective with focal
distance F = 50 mm; 2 — caustic surface formed by an objective
with focal distance F = 100 mm; 3, 4 — asymptotes of caustic
surfaces formed by objectives with F = 50 mm and F = 100 mm
respectively

of heat-conductivity with non-linear treatment of
phase changes was used for simulation that was solved
using finite difference technique by sweep method.
Results of simulation (temperature distribution, dis-
sociations, dimensions of the evaporation and melting
zones at different times) were compared with the ex-
perimental results.

Double Linnik microscope and BMI microscope
were used for measuring purposes.

Experimental results and discussion. Results of
laser beam interaction with matter significantly de-
pends on the processing regimes and properties of the
workpiece material. In case of laser milling the proc-
essing quality depends on the mechanisms of material
destruction. For example, let’s consider two cases
where pulse frequency equals 3 and 50 kHz (diameter
of laser beam 7p equals 0.025 mm). Peak power den-
sities Pp equal 2.45-10° W and 1.17-10° W respec-
tively. Pulse duration then equals 150 and 480 ns
respectively (Figure 1). Figure 4 shows calculated
temperature distribution while processing hard alloy
VK8 (VK8 composition: 92 % WC and 8 % Co) at
different pulse frequencies.

Although the pulse duration was very small and
laser beam power density was high a significant amount
of molten phase is observed during laser milling (Figure
4) that lately is expelled from the processing zone by
erosion plasma. When molten phase solidifies on the
surface of the workpiece it distorts the profile of the
groove (Figure 5). There is a specific sequence of phase
transformations for laser heating of VK8 alloy. At the
temperature of 1494 °C Cobalt bonding starts to melt,
and, lately, at the temperature of 2720 °C wolfram car-
bide melts and dissociates. With further increase of
incoming energy cobalt evaporates and Wolfram con-
tinues to melt and starts to evaporate. Laser processing
of this material requires high energy inputs comparing
to commonly used materials.

Unlike hard alloy VK8, that undergoes at laser
processing with nanosecond pulses phase changes like
melting-evaporation, heating of intractable material
based on cubic boron nitride (borazon) has some dif-
ferences. Slow oxidation of borazon starts at the tem-
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Figure 4. Temperature distribution in VK8 at laser pulsed process-

ing (rp=0.025 mm, V,= 50 mm /s), where: « — P, = 2.45- 10 W,

t, =150 ns, pulse frequency — n=3kHz; b — P, =1.1710' W,
=480 ns, n = 50 kHz; ¢ — temperature scale

40



LTWMP'13

Figure 5. VK8 surface after laser processing at different regimes
(rp=0.025 mm, V, =50 mm /s, StepOX = 0.02 mm), where: a —
Pp=2.45 10 W, tp, = 150 ns, pulse frequency — n =3 kHz; b —
Pp=1.17- 10w, tp=480ns, n =50 kHz; 1 — untreated Workplece
2 — processed workpiece; 3 — scale

perature higher then 2000 °C and at temperature
2850 °C at normal atmospheric pressure it breaks into
hexagonal boron nitride, which, in turn, breaks into
boron and nitrogen thus facilitating laser processing
of this material.

For the processing regimes mentioned in Figure 3
and Figure 4 the calculated zone of destruction (dis-
sociation) of borazon (Figure 6) is significantly higher
than the dissociation zone of VK8 hard alloy (Fi-
gure 3). In comparison to VK8 hard alloy, borazon
has lower density and heat capacity (although the
heat conductivity of these materials is almost equal).
Although, due to high specific dissociation heat laser
processing of borazon is highly efficient. The absence
of liquid phase al laser milling of borazon affects
roughness of processed area (Figure 7) that has regular
relief and repeats laser beam travel path along the
workpiece surface.

We can make a conclusion that laser milling of
alloys that break into separate chemical elements (ar-
tificial and natural diamonds, borazon, ceramics) is
not a problem and it is possible to reach such state
of processing when contour of the milled surface is
the same as laser beam travel path [6, 7]. Obviously,

RE-DOG -5 DG <RE-80% <8N}

B R

Figure 6. Temperature distribution in borazon at laser pulsed pro-
cessing (rp = 0.025 mm, V, = 50 mm/s), where: ¢ — P, =
= 2 45-10° W tp = 150 ns, pul%e frequency — n = 3 kHz; b —

=1.17-10" W, tp = 480 ns, n = 50 kHz; ¢ — temperature scale
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Figure 7. Borazon surface after laser processing at different regimes
(r, 0.025 mm, V,=50 mm /s, StepOX = 0.02 mm), where: @ —

= 2.45- 10 W, tp =150 ns, pulse frequency — n =3 kHz; b —
P, =1.17-10' W, ¢, =480 ns, n =50 kHz; { — untreated workpiece;
2 — processed workpiece; 3 — scale

when one decreases the value of StepOX the milling
depth and surface roughness decreases as well (Fi-
gure 7, b).

Typical technological process that employs layer-
by-layer material removal scheme is manufacturing
of nozzles and dies out of intractable materials [4—6].
Implementation of multi-coordinate processing sys-
tems helps to manufacture nozzles out of artificial
diamonds that consist of initial and end cones and
calibrating part (positions A, C, B correspondingly,
Figure 8) [6].

Knowing the properties of caustic surface it is pos-
sible to avoid shielding of laser beam (Figure 3) by the
workpiece while processing cylindrical parts (calibrat-
ing, outer and end parts) of the nozzle (Figure 8). Fi-
gure 9 shows main stages of nozzle manufacturing,
whereas Figure 10 shows manufactured nozzles within
the workpiece (tablet of artificial diamond with the
diameter of 7 mm and thickness of 5 mm).

Preliminary experimental results showed that at
laser milling at low frequencies (Figure 4, a and 6, a)
bigger amount of material is removed. On the other
hand, the surface roughness is significant, since liquid
phase of the removed material solidifies on the milled
surface. It has a chaotic appearance and the micro-
hardness values, in some cases, are equal or even ex-
ceed the milling depth (Figure 5, b). This is a common
case not only for hard alloys but also for ordinary
steels. As it was noted earlier, continuous (from layer
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Figure 8. Nozzle sketch: initial A and end C cones, calibrating B
and outer part D



LTWMP'{3

Figure 9. Nozzle forming stages: ¢ — manufacturing of inlet cone:
1 — base; 2 — workpiece; 3 — caustic surface; b — cylindrical
part; ¢ — back cone; d — direct cutting of workpiece

to layer) change of angle at which milling grooves
are formed leads to smaller values of surface roughness
[2]. In this case laser milling should be done at higher
pulse frequencies that, in turn, lead to lower material
removal depth. In most cases this processing is very
time-consuming.

It is possible to keep appropriate surface roughness
and high productivity of laser milling making some
changes to the processing scheme — the necessary depth
is reached by using two laser passes instead of one.

For example, the required groove depth is achieved
by two passes, where:

o for the first pass (Figure 11, a—d) — single crate
is formed (trying to keep the symmetry of the holes);

e for the second pass (Figure 11, e—h) — gaps
between crates are removed and the required surface
is formed.

Symmetrical position of separate crates with the
diameter D, is possible when forming them at angle
a of 60°, 45° and 30° given that Dy = 2Dp (just like
at manufacturing of printing rolls) (Figure 11).

Figure 12 shows top view and profile of workpiece
after the first (Figure 12, a, b) and second laser beam

Figure 10. Workpiece remnants (@) with manufactured nozzles (b, ¢)

Figure 11. Manufacturing of first layer (a—d) and second layer
(e—h) of single crates (holes) at different angles, where: 1 — 1st
layer; 2 — 2nd layer; a — processing angle 60°; b — processing
angle 45°; ¢ — processing angle 30°; ¢ — no inclination (90°)

pass (Figure 12, ¢). The workpiece material is VK8
steel and it was processed according to the scheme
shown in Figure 10, @, e. The processing results were
compared to those that were processed according to
ordinary scheme (Figure 5, @) and we found that for
hard-to melt materials it is possible to avoid spatter
on the processed surface and to increase the produc-
tivity and quality of the processing.

Given that all processing parameters that guaran-
tee the formation of crates with equal depth, crate
diameter Dp and distance between crates D; (Fi-
gure 11, @) remain unchanged (mean power, focusing
distance and pulse frequency), laser processing time
significantly depends on a. Thus, for the piece of
surface with length Soy and width Sox (idle move-
ments are not considered) the laser beam travel dis-
tance Sy could be calculated using (1).

SL:SOx+SoySox/St€pOX. (1)
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Figure 12. Processed surface (VK8 steel) with crates (holes) manu-
factured with angle @ = 60° (@) and its profile after the first laser
pass (b) and second laser pass (c), where: / — untreated part;
2 — laser processed part; 3 — scale
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The processing speed would then be equal to V =
= Dy sin (an) and, consequently, the processing time
will be different for following processing regimes
(workpiece dimensions: Sgy = Sox = 100 mm, Dp =
= 0.05 mm, n = 3 kHz). The processing time will be
25.7 min for angles a 30° and 60° and 22.3 min for
angles a 45° and 90°. Greater processing time in the
first case is explained by lesser laser beam travel speed
along the axis Oy (for angle of 30°) and by the increase
in laser beam travel path S; (for the angle of 60°)
due to the decrease in StepOX (Figure 11). We think
that optimal processing regime would be when proc-
essing angles 45° and 0° are used.

Although, when laser beam travel speed remains
unchanged but we need to process surfaces with dif-
ferent dimensions in one cycle our assumptions are
not so obvious.

For instance, to produce the printing roll with
diameter of 175 mm and pattern length of 549 mm
with polished metal surface (workpiece material —
chromium coated steel with thickness of 500 pum) it
is necessary to guarantee required groove depth (70,
140 and 210 um) for the formation of micro-relief
that applies paint to the paper. This task was solved
using laser milling technique using experimental laser
equipment presented in Figure 13. The spindle rotated
at the speed of 10—40 rotation /min (linear speed —
91.6 366.5 mm /s). Depending on the step caliper
(that depends on the angle @ in our case) the laser
beam processing time may vary from 100 to 3 h.

Modeling of the technological process of laser mill-
ing was done using experiment planning technique.
Since laser pulses were dependant on the position of
incremental sensor with controllable arc step of
6.8 um on the diameter of 175 mm it was impossible
to shift the origin for the second laser pass for the
angle a = 60° (Figure 11, ¢). We decided to build
several models of the process (for each a taking a
values 45° and 30°). We designed quadratic models
using fully saturated Rechtschaffner designs for three
technological factors [7].

Independent variables for this design were: arc
length (corresponds to StepOY in Figure 11) that
changed from 13.7 pm (lower level) to 41.23 pm (upper
level), number of spindle rotations @ (from 10 to 40
rotations /min) and defocusing D (for the focal dis-
tance of 50 mm) that changed from 0.3 to 0.6 mm.
Milling depth and surface micro roughness were used
as a response factors. Additional experiments were done
on the centre of the designed plans to verify the adequacy
of the models. In total, 11 experiments that were re-
peated with triple repetition were carried out in order
to build models for each value of a.

Upon the completion of experiments, building of
models and verification of statistical hypotheses (uni-
formity of dispersions and adequacy of models) opti-
mal processing regimes were found (laser milling
down to the depth of 70 mm with minimal micro
roughness in two laser passes was used as a target

Figure 13. Laser milling of print roll

function) using Hooke and Jeeves [8]. We found that
for similar processing conditions (StepOY, w and
Dp) laser milling in two passes with milling of sepa-
rate crate (hole) at the a = 45° guarantees deeper
milling that could be explained by smaller distance
D; between separate crates (holes) (Figure 11). It
took 16,6 h to remove a layer of material in two passes
using laser milling. The whole pattern was milled in
50 h. Processing time could be shortened using more
powerful lasers.

For a given laser power (P,, = 40 W), processing
speed (V, = 366 mm /s) and processing conditions
(OD = 80-90 %) 3 to 4 laser passes are required to
mill the pattern with the depth of 80 um (the height
of micro relief was less than 5—7 pm). It means that
this technology would be of a great use when it is
necessary to process material that form a significant
amount of liquid phase at laser processing.

Summary

o It was established that at laser milling of intractable
materials with solid-state Q-switched lasers it is pos-
sible to achieve the maximum milling depth without
the formation of liquid phase.

e In order to increase the productivity and quality
of laser milling in the case when a significant amount
of liquid phase form (intractable materials, hard alloys)
it is advisable to mill in two passes. First laser pass
forms crates that are positioned symmetrically and the
second laser pass breaks bridges between crates thus
forming the surface with required roughness.
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JIABEPHO-IIJIABMEHHAY CBAPKA
HEP)KABEIOIIUX CTAJIEN

N.B. KPUBIIYH, B./l. IEJISZITHH, A.X. BYIIMA, B.H. CUIOPEIl, B.]I0. XACKHH
Wnctntyt anexrpocsapkn uM. E.O. Ilatona HAHY, Kues Ykpauna

IIpoBeieHbl UCCIE0BAHNS TEXHOJIOTHYECKIX BO3MOKHOCTElH rHOPHIHOIT JIa3ePHO-TIJIA3MEHHON CBAPKU HEPIKABEIONUX CTa-
Jell, a Takke MX CpaBHeHUe C IIpolleccaMu IJIa3MEeHHOil U JladepHOU cBapku. lccienoBaHbl MexXaHUYeCKHUE CBOUCTBA
CBapHBIX COC/INHEHMIT, BHIIIOJTHEHHBIX TNOPH/HBIM CIIOCOO0M, H3YyUeHA CTPYKTYpa X Mertasia. [lokasana nepcrekTuBHOCTD
MPAKTIYECKOTO TIPHMEeHEeHNs JTa3epHO-TIIa3MeHHON CBapKHM TOHKOJMCTOBBIX HEPKABEIOMINX CTaJIeit.

B coBpeMeHHOI TPOMBINIJIEHHOCTH CYIIECTBYET PsIJL 3a-
Jlay, CBSA3AaHHBIX C HEOOXOAMMOCTHIO CBAPKH TOHKOC-
TEHHBIX U3/IeJIUi U3 Hep KaBelomux crajeil. [Ipumepa-
MU TaKUX 33/7[a4 MOTYT ObITb M3TOTOBJIEHUE CUIB(OH-
HBIX KOMIIEHCATOPOB [IJIsI AaTOMHOU SHEPreTUKU, XUMU-
YeCKOU U MUIeBOH MPOMbBIILIEHHOCTH, U3TOTOBJIEHNE
TaKoro 060pyA0BaHUs, KaK EMKOCTH XOJOAUIbHBIX yC-
TAHOBOK [IJIs1 XPAHeHUs] MOJIOYHOI MPOAYKIUU U TPO-
yee. [Ipu aToM cTaBsTCS 3a/1auM CBApKU IUIIEBBIX U
TEXHUYECKUX HEPKABEIOMNX CTajell TOMIMHON 10 3—
4 MM BCTBIK, BHAXJIECT, NHOT/IA IPOPE3HBIMU IIIBAMH.
Kaxk npaBuiio, s penieHust TaKuX 3a/1a4 UCIOJIb3YIOT
KoHTaKkTHYIo [1] mau aproHogyroByio cBapky [2], pe-
JKe — TiagMeHHyto [3].

Bompoc ucrosib30BaHus TOrO WM WHOTO CHOCO0a
CBapKH CBs3aH C KOMILIEKCcoM npuumH (a Toumee —
ONTUMU3ALUOHHBIX TPeGOBAaHM), CPEH KOTOPbIX CTO-
UMOCTHh 00OPY/IOBAHUS U €TO SKCILIyaTallud, Ka9eCTBO
MOJIYYaeMbIX COeJWHEHUH, UX MTPOYHOCTD M J0JTOBEY-
HOCTb, HAJIWYWE WU OTCYTCTBUE OCTATOYHBIX nedop-
Maruii u T.1. [IpuMeHnsieMbie crtocoObl CBAPKH He BCeTIa
MOJIHOCTBIO y/IOBJIETBOPSIIOT YKA3aHHOMY KOMILIEKCY
TpeboBanuii. Harpumep, ofHUM W3 Jy4IIHX CITIOCOOOB
CBApKU C MO3UIIUI OTCYTCTBUSI OCTATOUHBIX Jedopma-
Ui, TIOJyYeHNs] BBICOKOKAYECTBEHHBIX M JOJTOBEY-
HBIX COe/IMHEHMIT ABJISIETCST TadepHast cBapka. OIHaKO,
13-32 CPABHUTEJbHO BBICOKOH CTOMMOCTU JIA3€PHOTO
060pYyIOBAaHUS 3TOT CIOCOO HA CErOJHSANIHUN JeHb He
MOJIYYIJI MIUPOKOTO pacnpocrpanenus. OQHUM U3 1y-
Teil CHIDKEHUS CTOMMOCTH JIA3ePHOTO OGOPYIOBAHUS
SIBJISIETCS CHYKEHUE ero BbIXO/[HOI MOIIHOCTH 3a CYET
YaCTUYHON ee 3aMeHbI MJIa3MEHHO-IyTOBOI COCTABJISIO-
nieil B cCBapOYHOM Tpoliecce. Takoil mpoiiecc Ha3bIBa-
eTcss TUOPUHON Jia3epHO-TIJIa3MeHHON cBapkoil [4].
Ecv ipu 5TOM COXpaHUTh KauecTBO CBAPHBIX COEIMHE-
HU GJIM3KUM K KQUeCTBY JIa3ePHON CBAPKU, BO3MOYKHO
MOJTyYeHNe HOBOH TMEPCIIEKTUBHON CBAPOYHON TEXHO-
Jjorun. Vceie/joBaHIo 9TOI BO3MOMKHOCTH ¥ ITOCBSIIIE-
Ha JaHHas pabora.

WccaenoBanust mporiecca THOPUAHON Ja3epHO-
TJIAa3MEHHOUW CBAapKU HEP’KABEIOMNUX CTasell TTPOBOIN-
JIUCH COTJIACHO TEXHOJIOTMYECKOI CXeMe, TIPUBE/ICHHOI

B pabote [4]. B xo/1e 9KCIIepuMEHTOB IIPUMEHSLIIN TNO/T-
HBIl Jlagep C [JIMHAMH BOJH W3JyYeHUs A =
=0,808,0,940 MmxM. 3a cueT TpUMEHEHUS PA3JTUIHON
doxycupyiomnieil onTuKN AuaMeTp (HOKATHHOTO TISTHA
usMensim B nipexpesax 1,0—1,5 mm. Jlazeproe usoy-
YyeHKre COBMeIlaJd CO CXKaToi MajoaMIepHOW Jyroii,
JUIST 4ero ObLI pa3paboTaH WHTErPUPOBAHHBINA MUKPO-
[JIAa3MOTPOH IPSMOTo AelicTusd [5]. B nem cdokycupo-
BAaHHOE JIa3epHOE M3JIy4YeHue W cKaras [yTa BBIBO/IU-
JINCh COBMECTHO 4depe3 ofiiee corio &2,0—2,5 MM Ha
cBapMBaeMblli 00pasell, pacroJOKeHHBI HA PaCCTOs-
HUM TIOPS/IKa 2 MM OT cpe3a coria. DokaibHyo mI0-
CKOCTD JIAa3€PHOTO U3TyYeHUsT PACIIOJIATATH HA TIy6uHe
0—-0,5 MM OTHOCHTEJTHHO TIOBEPXHOCTH 06pa3iia. B akc-
MePUMEHTAX PUMEHSIN JJIeKTPUUECKYIO IyTY Helpe-
PBIBHOTO [IeWicTBUS TPsIMOi moJisspHOCTH. Cuja Toka
YT WHTETPUPOBAHHOTO MUKPOILIA3MOTPOHA IIJIABHO
perysmpoBaJsiach 10 110 A mpm HanpsiKeHUU Ha JIyTe
o 20 B.

[Ipu BBITIONTHEHWY TTPOTJIABOB U CBAPKHU BCTBIK 06-
pasioB u3 Hepykapeomux crajieii X18H10T (aycre-
HuTHOTO K1acca) 1 08X 17T (dpepputHoro kiacca) T0J1-
mmHO# & = 1,0—3,5 MM AMana3oH peryJupoBaHus Jia-
3epHoii MotHocTu coctasasan 0,7—2,0 kB, a cBapou-
Horo Toka — 50—110 A mpu Hanpsizxkernu 18 B. CBapky
BBITIOJTHAIA Ge3 MCIOJb30BAHUS MPHUCAJIOYHBIX MaTe-
puaJjioB. B kavecTBe 1m1a3zmMoo06pasyIolniero u 3amuTHO-
'O Ta30B UCIIOJIb30BaIHN aproH. CKOPOCTb CBApKY M3Me-
HaM B npegenax 14-108 /4 (3,8-30 mm,/c).

B 6osbimmHCTBE carydaeB, Mpu BBIGPAHHOM COOTHO-
HIEHUH TOJIIMH 06PA3IoB 1 CKOPOCTel CBAPKH, JIa3ep-
HBIN U TIJIA3MEHHbBIN MTPOTIecC B OT/AEJTbHOCTH He TT03BO-
JISLTA JIOCTUYb TTOJTHOTO TIPOBapa, B TO BpeMs Kak Tu6-
pUIHAS Ja3epHO-TIa3MeHHas cBapka obecriednBasa
kadecrsennoe opmuposanue mpos (puc.1). K nego-
CTaTKaM IJIA3MEHHOTO TIPOoTlecca TaKKe cJaelyeT OTHe-
CTH OTKJIOHEHWE aHOAHOTO IISITHA OT CTBIKA, MMEBIIIee
MEeCTO JlaKe IPU MUHUMAJIbHOI Jeriananuu, coopan-
HOTO CTBIKA. DTOT HEJIOCTATOK CBSI3aH HE TOJIBKO C JIeTl-
JlaHanuell cBapHBaeMbIX 06paslioB, HO U ¢ 3(deKToM
6Ty KJaHUST aHOAHOTO TiATHA. OH MPOSIBJISIETCS TEM 3a-
MeTHee, YeM BbIllle CKOPOCTh cBapKu [3].

© N.B. KPUBUYH, B./I. LIEJATMH, A.W. BYIIIMA, B.H. CUIOPEL, B.I0. XACKNH, 2013
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Bo Bcex caryyasx (popMHpPOBaHNE BEPXHETO BAJTHKA
mBa GbLIO KavecTBeHHbIM. VIMeBimee mecto mpu rub-
pUIHOM TIporiecce (DOPMUPOBAHHME HIDKHETO BaJIUKa
3aBHCEJIO OT IIJIOTHOCTH MOIIHOCTH JIA3€PHOTO M3JTyue-
HU, T.e. BeJIMYWHBI (poKasbHOTO MATHA. Ilpnm MuHN-
MaJIbHOH BeJmuuHe TATHA (COOTBETCTBEHHO € POCTOM
MJIOTHOCTH MOTITHOCTH M3JIyYeHHsT) Ka4ecTBO (POPMUPO-
BaHUST HUKHETO BAJIMKA MTOBBIIIAIACD, a 9 eKT 6IyK-
JIAHWS aHOHOTO MSATHA TJIA3MEHHON [yTd MUHUMU3H-
posasics. Ilo Hamemy MHeHUIO, GOJIbIlee BJIUSHUE HA
3TOT HPOIECC OKA3bIBAJIA HE MOIIHOCTD JIA3EPHOTO 13-
JIydeHusI, a CTaOUIU3alKs [JIA3MEHHOU JTyTU U3Jyde-
HueM nasepa (Tak Ha3bIBaeMas PUBSA3KA AyTH K co-
KYCHPOBAHHOMY Jla3epHOMY TIy4Ky [6]).

B xo/1e mpoBeieHNsT SKCIIEPUMEHTOB OBLIO YCTAHOB-
JIEHO HaJIMYMe TaK Ha3bIBaeMOro THOPUIHOTO addeKTa,
KOTOPBII 3aKJIIOYAETCSI B HEAUTHBHOM YBeJITYEHHN
o6beMa PACILIABIEHHOrO METaJLIA IBA [IPH JIA3EPHO-/LY-
TOBOM TIPOIIecCe, 10 CPABHEHUIO C CyMMAPHBIM 00bEMOM
MeTaJlJIa, PACIJIABIEHHOrO OT/IEJIbHO JIA3EPHDBIM U T1/1a3-
MeHHBIM criocoGamit (prc. 2). Takxke GbIIO yCTAHOBJIEHO,
YTO C yMeHbIleHneM pa3Mepa (POKAIbHOTO TIATHA M3JTY-
ueHust (COOTBETCTBEHHO, € POCTOM TLJIOTHOCTH MOII[-
HOCTH) HIMPUHA 1IBA YMEHBIIAETCS € OJHOBPEMEHHBIM
yBeJMueHneM TJIyOWHBbI TIPOBapa, T.e. THOPUIHBIN 3¢-
ekt cTaHOBUTBCS 60OJIEE STBHO BBIPAYKEHHBIM.

Emte omHuM BayKHBIM PpE3yJIbTATOM ITPOBEIEHIS
TEXHOJIOTHYECKIX UCCIIe0BAHUI MTPOIiecca THOPIIHON
CBapKH CTAJIO ONpe/lesIEHHe TAKOTO PEXKUMA, TPU KOTO-
poM He TpelyeTcs TIpIMeHEHHe MPHUCAJ0YHOTO MaTe-
puasia. Bbio ycTaHOBJIEHO, YTO €C/iU J1a3epHO-IyTo-
BBIM CIOCOOOM TOGUTHCS (DOPMUPOBAHUSI CBAPHOTO
IIBA, PU KOTOPOM IIMPUHA HIDKHETO BAJINKA He 6yIeT
[IPEBBIIIATh YETBEPTh NIMPUHBI BEPXHETO BAJIHUKA, TO
He TOJbKO He 6yleT HaGMIOAAThCS TPOBUCAHUS INBA,
HO BO3MOXKHO C(DOPMHPOBATH YCUJIEHHE BEPXHErO Ba-

L] s -

Puc. 1. O6pa3siet Ne 181 crpikoBoro coepunenust u3 craaun 08X17T
(8 =3,5MM): @ — suieBas cTopoHa; 6 — oGpaTHast CTopoHa; | —
Jla3epHasi CBapKa; 2 — IIa3MEeHHasi cBapka; 3 — rulOpujHas cBapKa

JuKa BbIcOTOH mnopsiaka 0,5 MM (aust  TOJIIMHBI
3,5 Mm). IIpu sTOM (popMa MOMEPEYHOTO CEYEHNUS MIBa
Hambosiee PUOJMKEHA K TOM, UTO HAGJI0MAeTCs Tpu
JIa3epHOI cBapkKe.

MUKpOIIOpPOMETPIUYECKIH aHAIN3 CBAPHBIX IIBOB
[IOKAa3aJ1, YTO B CJIydae JIa3epPHOM 1 [1J1a3MEeHHOI CBapKu
CKJIOHHOCTD K TIPOSIBJICHUIO ANCIEPCUN MUKDPOTBEP/O-
cTd B iuToM MeTasuie mBoB u B 3TB Gosbias, yeM B
ciyyae THOPUIHON Jla3epHO-TIJIa3MEHHOI cBapKu. Bo-
Jiee YETKO 3TO 3aMETHO Ha CTaJISAIX, CKJIOHHBIX K 06pa-
30BAaHUIO 3aKAJOUHBIX CTPYKTYp. B Hamewm ciyuae —
ato craib 08X17T (puc. 3). Ormernm, 4TO B Cydae
JIA3ePHOIl CBAPKU CKJIOHHOCTH K 06PA30BAHUIO CTPYK-
TYp C TIOBBIMIEHHOH TBEPAOCTHIO B GOJIbINEH CTETleHN
00yCJIaBIUBAETCS BBICOKOI TEPMUYECKON JIOKAJIbHO-
CTBIO TIpollecca W MaJjbiMu pasdMmepamu 1mBa u 3TB
(puc. 3, @). IT0 TakKe NPUBOAUT K 0OPA30OBAHMUIO 3a-
KaJoyHbIX CTPYKTYp B 3TB. B otnmuune ot nasepHoit
CBapK#, NMpu TMOPUIHON cBapKe o6pa3oBaHUe CTPYK-
TYP C IOBBIIIEHHON TBEPIOCTbIO OOYCIABIUBAETCS,
MIPENMYIIECTBEHHO, BBICOKUMH CKOPOCTSIMHU IIPOIIECCa.
[Toatomy moBbIIEHNE TBEPAOCTH HAGJIONAETCS TIpe-

Puc. 2. MakpocTpyKTypa CThIKOBbIX coe/unennii u3 craaun 08X 17T (8 = 3,5 MM): ¢ — JiazepHas cBapka; 6 — IJIa3MEHHAsl CBApKa; 6 —

ruGpujiHas cBapka
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MMYIIECTBEHHO B JIUTOM Metasiie mBa (puc. 3, 6).
MOXKHO OKHIaTh, YTO HEKOTOPOE CHIKEHUe YIapHOii
BSI3KOCTHU TIPH JIA3€PHON cBapKe Oy/eT HaOI0IaThCS B
3TB, a npu rubpuaHOil — B CBAPHOM IIIBE.

[lns mpoBeieHnst MEXaHUYeCKUX MCIIBITAHNHI U3 Ka-
YeCTBEHHBIX YYACTKOB INIBOB, CBAPEHHBIX TPEMS CPaB-
HUBaeMbIMU crioco6aMu, ObLJIN BbIpe3aHbl 0OPa3Ilbl:
Mu-96 (ITOCT 6996-66) — a4 onpejeneHus Bpe-
MEHHOTO CONPOTHBJIEHNS paspbiBy (puc. 4) u Mu-50
(TOCT 9454-78) — st onpe/iesieHust yIapHOl Bsi3-
Koctu. VcnbiTanue Ha BpeMeHHOe COIIPOTUBJIEHNE Pa3-
pBIBY mpoBoauiochk mipu Temieparype +20 °C Ha pas-
poeiBHoi Mammbe [[/IM-4. 13 o6pasia Ne195 Boipe-
3271 TI0 TPU TEMILIETA [IJI CTBIKOBOTO COEIWHEHUS,
MOJIY4YeHHOTO THOPUIHBIM CIIOCO60M, U JIJISI OCHOBHOTO
Metasia. IlosydyeHHble Pe3yabTaThl WMCIBITAHUN Ha
BpeMeHHOe COTIPOTUBJIEHNE Pa3pbIBy o, [ MIla] cToixo-
BbIX coequHenuii n3 cranu X 18H10T (ta6amma) moxa-
3a7a1 ypoBeHb mopsaara 0,856, OCHOBHOTO MeTasia,
YTO MPEBOCXOJNUT TIOKA3ATENU [Jis COeJIUHEHul, cBa-
PEHHBIX AyroBbIME criocobamu [7]. ITu pesysabraTb
XOPOIIIO COBIAJAIOT C JAHHBIME 0 CBapKe 3JEKTPOH-

Puc. 4. O6pasust Mu-96 u3 cramm X18HIT (§ = 1,0 mm): / — OCHOBHOW MeTas1; 2 — CTBIKOBOE COEIMHEHUE; d —

Pa3pbiB; 6 — mnocie IIpoOBE/IEHUA UCHbITaHUA

6, MM

1700
1600
1500
1400
1300

1200

1100

Puc. 3. MukporBepioCTh CBapHBIX IIBOB CTAJN
08X17T (8 = 3,5 MM), U3MEPEHHAS B TIONEPEYHOM
cevenn rpu Harpyske 0,5 H. Crioco6 cBapku: @ —
JIA3EpHbIH; 6 — TUTAa3MEHHBIN; 6 — TUOPUIHBIH

HBIM JIy4oM B 6apokamMepe 06pa3IioB U3 aMePUKAHCKON
crasm 304SS [8].

[yt mpoBeleH1i UCIIBITAHUE Ha Pa3pbiB 06Pa3IoB
u3 cram 08X17T (8 = 3,5 MM) M3rOTABAMBAJIN TEMII-
JIETBI TaKUM 06pa3oM, 4To6bl Mosy4nth cepuu (1o
3 mr.) 06pasioB Ja3epHON 1 THOPUAHON CBapKH, IO~
JIY4EeHHBIX HA OJTHOM W TOM Ke pexume. Takxe ObLIN
M3rOTOBJIEHBI 06Pa3Ilbl M3 OCHOBHOTO Metasiia. Vcmnbl-
TaHus mpoBoausn pu Temiepatype +20 °C Ha Toi ke
pa3pbiBHOM MarHe. B pesysbrare GbLIO yCTaHOBJIE-
HO, YTO IIPOYHOCTb 06PA3IOB, CBAPEHHDBIX TUOPHIHBIM
crroco6oM, Ha 3—5 % MPEBBITIAET TIPOYHOCTD 06PA3IIOB,
MOJTyYeHHDBIX JIA3€PHBIM CIIOCO60M, ¥ TIPUMEPHO Ha S—
7 % YCTyMalT IPOYHOCTH OCHOBHOTO MeTajlia
(puc. 5).

Wcnbrtanust Ha yaapayio Bsiskocts KCV (110 me-
toxy Hlapmm) npoBogumu cormacao TOCT 9454-78
Ha MagTHUKOBOM Kompe K-15 mpum Ttemmeparype
+20 °C. Pe3yabraTbl 3TUX WMCIIBITAHWN, TTOJYYEHHBIX
1711 06pasnos Mu-50 u3 cramu 08X17T (8§ = 3,5 Mm),
npuBesieHbl Ha puc. 6. Kak u oKuganoch, CHUKEHUE
VAApHON BSI3KOCTH CBAPHBIX COEIUHEHUIl, TOyYeH-

J10 MCIIbITAHUA Ha
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BpemenHoe conpotusieHue paspbiBy o, coeaunennii uz cramu X18H10T (8 = 1 MM), cBapeHHbIX THOPUHBIM CIOCO6OM

Bpemennoe conporusnienue paspoisy o, Mlla
Ne o6pasna Mapxka cramm Buz coepmnenns Mecro paspbiBa
CBapHoe coeinHeHme OCHOBHOIT MeTaJLT
195 X18H10T CTbIKOBOE OKoJIOIIOBHAST 30HA 621; 637; 675 753; 762; 762

Mila
650 -
500
550 / -
* z/ X
) 4
3
§50 t
400) 4

Jazep OM

Tt

Puc. 5. Bpemennoe conporussenne paspoiBy o, [MIla] o6pasios
n3 mBoB craau 08X17T (§ = 3,5 MM), cBapeHHbBIX Ja3epHbIM U
THOPU/IHBIM CITOCO6AMI

HBIX JIa3epHBIM crtocoboM, Habmogaercss B 3TB, a cHu-
JKEHHEe yAapHOHN BSI3KOCTU COEAWHEHWH, TTOJTyYEeHHBIX
rUOPUAHBIM CTIOCOOOM - — B JINTOM MeTaJiie mBa. Pac-
Ipe/iesieHre YIaPHOI BI3KOCTU B COEUHEHUIX,, TIOJIY-
YEeHHDBIX TJIA3MEHHBIM CIIOCO60M, MoA06H0 HabJII0/1ae-
MOMY TIpU THOPHUIHOM criocobe, ¢ TOH TOJBKO pa3Hu-
11elt, 4TO BI3KOCTD B IOy YEHHOM I1JIa3MEHHOI CBAPKOI
mBe mpumepHo Ha 10 % Mewbine, a B 3TB — Menbine
Ha 15-18 %.

Takum 0o6pa3omM, TPOBeEHHbIE UCCIEIOBAHUS TI0-
Ka3bIBAIOT TIEPCIIEKTUBHOCTD cI1oco6a TUOPUIHON Jia-
3epHO-TIA3MEHHO CBAPKHU [IJIsT PEIIEHUS TPOMBbIIILIEH-
HBIX 337124 COeMHEHNST TOHKOJNCTOBLIX (710 3—4 MM)
HEpIKABEIOINX CTalell KaK ayCTeHUTHOro, Tak u dep-
PHUTHOTO KJIACCOB. Y CTAHOBJIEHO OTCYTCTBHE HEOOXO/IN-
MOCTU TIPUMEHEHUsS] MPHUCAIOYHBIX MATEPHAIOB IIPU
rUGPUIHOM cBapKe Takux craseii. CoeIMHEHNS, TTOTy-
YeHHbIE ITUM CII0CO60M, IO CBOMM MeXaHUYeCKUM
CBOUCTBAM He YCTYIAIOT KAYecTBY JIA3€PHON CBAapKH,
a B pslle CJIy4YaeB ero MPEBOCXOMIAT, W CYIIECTBEHHO
MIPEBOCXO/ISAT KAYECTBO, 06ECIIeYnBAEMOe T11a3MEeHHOIT
cBapkoit. [Ipu 3TOM TIPOM3BOAUTENHBHOCTD THOPUIAHOM

Jlasep
Cimon)

Jazep TnGpua FnGpug Taassqa [laaasqa OM
(3TB) (mwon) (3TB) (wos) (3TB)

Puc. 6. Ynmapuas Bsiskocts KCV ay [/ CM2] [IBOB W3 CTaJH
08X17T (& = 3,5 MM, Temreparypa +20 °C), cBapDEHHbIX JIa3€PHbBIM,
TUOPU/IHBIM U TLIA3MEHHBIM CIIOCO6aMU

CBapKW TPEBBIIIAET MPOU3BOJIUTEHHOCTD JIA3EPHOI B
2—3 pasa, a TPOU3BOJUTEIBHOCTD ILJIA3MEHHOU cBap-
Ku — 10 4 pas.
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INFORMATION SYSTEMS AND ECONOMIC
AND STATISTICAL DATABASE
ON THE WELDING PRODUCTION

A. MAZUR, L. LUBOVNA, S. PUSTOVOYT, V. PETRUK, O. MAKOVETSKA
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The well-known axiom is that he who owns the in-
formation controls the situation, or he who is informed
- is armed. Therefore, research of current state and
development priorities of welding science and tech-
nology, of the main indices of global welding produc-
tion, of the state and dynamics of welding engineering
market, conducting economic and statistical, infor-
mation-analytical and knowledge-metric researches in
the field of welding, and publication of research re-
sults are a traditional area in PWT research activities
that we consider necessary to ensure the competitive-
ness of national science and engineering.

The urgency and necessity of these studies are con-
firmed by the high demand for their results both in
theory and in practice, not only here, but also in
industrialized countries.

At the Institute information databases and data
banks are created and constantly updated, the most
important of which are:

e Global and regional welding markets;

e Macro-economic indices of Ukraine;

e Welding production of Ukraine;

e Ukrainian market of welding consumables;

e Ukrainian market of welding equipment;

e Ukrainian system of training engineers and
skilled workers;

Image
recording; 1 %

Instumentation

& sensors; 4 %

Scientific &

military 5 %
Medical &

therapy, 6.1 %

Pumps 4%

Communi-
cations 31 %

Data
storage

11%

Excimer .
Materials
lithography ‘1 |.I1 i !!l'. Z
% processing 26 Te

Source: LaserFocusWaorld

Figure 1. Laser Revenues by Application, 2011. Total Revenues
$ 7.46 billion

e Ukrainian experts in the field of welding and
related technologies;

e Technologies and developments of PWT;

e Bibliography of publications on the welding.

The institute of experts involving leading special-
ists of PWTI and other Ukrainian organizations, our
own databases and data banks with problem-oriented
target («SVESTA», «Orientator», «Technologies and
developments of the PWI», «Experts in welding sci-
ence and technology», «Terminology», «Welding
production of Ukraine») have been formed. The re-
search results are regularly updated and published on
PWI Web-site, in «Avtomaticheskaya Svarkas jour-
nal, «Paton Welding Journal» and other professional
editions.

The following separate editions are released on a
regular basis:

e Economical and statistical data on world welding
production and structural materials markets (Eco-
nomical and Statistical Data on Welding Produc-
tion — SVESTA);

e Economical and statistical overview of welding
production and of the market for welding engineering
in Ukraine;

e Foreign trade of Ukraine (welding consumables
and equipment);

e Technological parks of Ukraine;

e Technical and economic performance of PWT;

Fiber 4 %

Other 1 %
Diode-pumped 551 6 %

Excimer 6 %

Lamp-pumped
S5L9 %

COs 16 %
s " Diode 58 %

Mote, 55L-Solid-state lasers :

Source: LaserFocusWorld

Figure 2. Laser Revenues by Technology, 2009. Total Revenues
$ 5.32 billion

© A. MAZUR, L. LUBOVNA, S. PUSTOVOYT, V. PETRUK, O. MAKOVETSKA, 2013
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Table 1. Worldwide Commercial Laser Revenues

Revenues 2006 2007 2008 2009 2010 2011 2012
Total, $ billion 5.93 6.81 7.01 5.32 6.55 7.46 7.57
Include:
Diode Laser, % 58 55 59 61 50 50 50
Nondiode Laser, % 42 45 41 39 50 50 50
Source: LaserFocusWorld

Table 2. World Market for Lasers and Laser Systems for Mate-
rial Processing, 2009 (in Euro Billion)

Table 3. World Market for Laser Systems for Materials Process-
ing (in Euro Billion)

1.25
3.80

Laser Sources

Laser Systems

Source: Optech-Consulting

e Technologies and equipment for welding, sur-
facing and special metallurgy (catalog of PWT devel-
opments);

e Science of Ukraine. Figures, facts, problems;

e Ukrainian-Russian, Russian-Ukrainian welding
dictionary;

e Ukrainian-Russian-English welding dictionary;

¢ Bibliography of «Welding and Related Techno-
logies» (signal information).

The globalization of world economy, development
of international cooperation in the field of science and

=1
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April 2010
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Figure 3. World Market for Laser Systems for Materials Processing
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Figure 4. World Shares in Installations with Laser Systems for
Materials Processing by Laser Type, units in 2008

Year 2004 2005 2006 2007 2008 2009
World 4.65 4.80 6.10 6.35 6.40 3.80
Market

Source: Optech-Consulting
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=6 %2
28 % 29 %
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Source: Industrial Laser Solutions

Figure 5. Worldwide Industrial Laser Revenues, by Laser Type,
in 2008
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Figure 6. World Market for Laser Materials Processing Systems
by Application, 2008
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Figure 7. Market for Laser Material Processing Systems by Geog-
raphy, 2008
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Figure 8. Market for Laser Material Processing Systems by Laser
Type, 2008
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Figure 9. World Market for Fiber Lasers

industry have exacerbated the problem of improve-
ment, enriching and bringing the Ukrainian scientific
and technical terminology into accord with the gen-
erally accepted requirements This created the need
for appropriate lexicological research and compilation
of multilingual welding dictionaries. English-Russian
and Russian-Ukrainian-English dictionaries on weld-
ing and related technologies have been prepared and
published, and work is underway to create a multil-
ingual explanatory dictionary.

Recent edition of «SVESTA» collection provides
information on the volume of sales in the global and

Table 4. World Market for Fiber Lasers, 2008

Medicine 7

Ar All Lasers (in | Fiber Lasers (in | Share of Fiber
ca USD millions) | USD millions) Lasers, %

Materials 1730 165 9.5
processing
Medical ther- 360 20 5.6
apy
Other applica- 3 377 57 1.7
tion areas
Total $5 467 $242 4.4
Source: TPG PHOTONICS Co

o

Materials
Processing 70 %

2008 5 300 million

regional markets of industrial lasers, structure of the
market by type of lasers and laser systems for material
processing, geography and dynamics of this market.
The extracts from this data are given below in the
form in which they appear in «SSVESTA» (Tables 1-4,
Figures 1-9).

Frost & Sullivan finds that new opportunities for
market growth are constantly emerging, pushing reve-
nues in the European Laser Welding Equipment Mar-
ket from $542.8 million in 2004 to an estimated
$802.2 million in 2011.
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OCOBEHHOCTU CTPYKTYPBI
CBAPHbBIX COEJMHEHU BBICOKOIIPOYHOM CTAJIA,
dGOPMUPYIONIENCHA
B YCJOBULIX JABEPHOU CBAPKU

J.A. MAPKAIIIOBA, B./I. IO3HAKOB, E.H. BEPIHUKOBA, B./l. IEJIATHH, C.J. ;JKIAHOB, A.B. CHUOPA
Wnctntyt anexrpocBapkn uM. E.O. Ilatona HAHY, Kues Ykpauna

[IpencraBiienbl pe3yJibTaThl UCCJIEA0BAHUIT 0cOOeHHOCTEH (DOPMUPOBAHUS CTPYKTYPBI M (Da30BOr0 COCTaBa CBAPHBIX COE-
JINHEHUIT BBICOKOIIPOUHOIl GeitnuTHO-MaprencuTHoil cramu 14XTH2M/IADD ¢ Cpy > 700 MIla, B yc10BUAX Pa3IMYHBIX
ckopocreil (vClx ~ 18, 30 u 50 M/ 4) nasepnoii cBapku, ¢ npumenenueM CO,-masepa 6e3 HCIOJIb3OBAHMA MPHCATOYHBIX
marepuasios. [Tokaszano, 4ro Han6osiee onTuMaibHast CTPyKTypa Metasia uBos 1 3TB uccienyembix coenunennii (¢ Touku
3peHNsi PABHOMEPHOT'O M3MeJIbYEHHs CTPYKTYPHBIX [IAPAMETPOB, OTCYTCTBHSI IPAJANEHTOB [0 3€PEHHOI CTPYKTyPe 1 MUKPOT-
BepiocTi) pOpMUPYeTCA HPU CKOPOCTH CBapKh o = 50 M,/4, 4TO JO0JKHO OOectednBaTh PaBHOMEPHbIi YPOBeHDb Mexa-
HUYECKNX CBOWMCTB ¥ TPEUMHOCTOMKOCTb CBAPHBIX COEIMHEHHI.

B Hacrosiee BpeMst Tpy MI3TOTOBJIEHUT OTBETCTBEHHBIX
CBapHBIX KOHCTPYKIMH [IJINTEJbHON 3KCILIyaTaluu
oco6oe 3HavYeHne MPUOOPETAIOT BBICOKOIIPOYHBIE CTAJIN
¢ npenesiom tekydectu 6osee 700 MIla, ob6ecrieqnBaio-
K€ B CJOKHBIX KCIIYATAIMOHHBIX YCIOBUSX TPeOy-
€MblIil yPOBEHb MEXaHMUYECKUX CBOHCTB. OIHAKO B ITPO-
11ecce M3TOTOBJIEHUSI CBAPHBIX COEAMHEHMI M3 CTajei
TAKOTO THUIIA B Pe3YJIbTaTe BO3AEHCTBUS TEPMUYECKOTO
IIUKJIa CBAPKM CTPYKTypa U (ha3oBbIll COCTAB MeTaJIa
IIBOB U 30HbI TepMudeckoro Bausanusa (3TB) moxer
CYIIECTBEHHO MEHSTHCS M, COOTBETCTBEHHO, BIMSTDL HA
YPOBEHb MEXAaHUYECKUX CBOMCTB U TPEIIMHOCTOHKOCTD
cBapHBIX coeaunHeHuit [1-3].

Hactostimast pa6oTa mocBsiieHa uccje[0BaHuio 0Co-
6eHHOCTell (Pa30BBIX U CTPYKTYPHBIX U3MEHEHWI B Me-
TaJljle CBApHBIX COEIWHEHWI BBICOKOTPOYHON CTaJIM,
MOJTYYEHHBIX JIA3€PHOW CBAPKOW M OIl€HKE BJIMSHUS
OJIHOTO W3 OCHOBHBIX TEXHOJIOTUYECKUX TapaMeT-
poB — ckopoctu (0.;) MazepHoil cBapku Ha (popMu-
PYIOIIYIOCS CTPYKTYPY U (pa30BbIil COCTAB MeTAIA IITBOB
u 3TB cBapHBIX coeqUHEHN.

B kauectBe 06beKTa NCCIE0BAHUI BHIOPAHbI CBApP-
Hble coequHeHusT OelHUTHO-MApPTEHCUTHON CTaJu
14XTH2M IADB, %: 0,183 C; 1,19 Cr; 0,98 Mn;
2,07 Ni; 0,22 Mo 0,08 V; 0,33 Si; ue 6osee 0,018 P
1 0,005 S ¢ 69 » > 700 MIIa Tosmunoit 6 Mm. CBapHbIE
COEIMHEHUS MOTyYaJu B YCJIOBHUSIX PAa3JIUUYHBIX CKOPO-
creit (v ~ 18, 30 m 50 M,/4) ;masepHOil CBapKu c
npumeHenureM Texunosorndeckoro CO,-yazepa ¢ 1m-
HO#t Bostabl A = 10,6 MrM (anamerp (OKamIbHOTO IATHA
0,4 MM) 6e3 UCHOJIb30BaHMs IIPUCAJOYHBIX MaTepHa-
JoB. Bo Bcex cuyuasx MOIIHOCTb Ja3ePHOTO M3JYy-
yeHus1 cocTaBJisina 4,4 kBT nmpu pacxojie 3aliUTHBIX
rasos (18 % CO, + 82 % Ar) Q = 14 n/mMun.

UccaenoBanust CTpyKTypHO-(A30BbIX U KOHIIEHT-
PaIllMOHHBIX U3MEHEHU XMMUYECKUX HJIEMEHTOB B Me-

tasute mBa 1 3TB usyvann ¢ oMOIIbI0 KOMILIEKCHOTO
MEeTO/Ia MCCJIe/I0OBAHNS, KOTOPbIl BKJIIOYAeT ONTHYEC-
Kyio Meramiorpaduio (onTuyeckue MHKPOCKOIIbI
«Versamet-2> u «Neophot-32») u aHaIUTUYECKYIO
PacTpOBYIO 3JIEKTPOHHYIO MHUKPOCKOIHIO CKaHU-
pyIoIuii 3JeKTpOHHbINH MUKpockon SEM-515 (pupmbr
«PHILIPS», Huzepianapr) oCcHAIEHHbIH sHEprocée-
peraionmM crekrpomerpom cucrembl «Links, TBep-
JTOCTb U3MepsIi Ha MUKpoTBepaoMepe M-400 ¢upmbl
«Leco» mpu narpyske 100 rp.

B pesyabraTe nccaeoBaHus CTPYKTYPHO-(Pa30BBIX
cocrapasionux: Geitnura (B); maprencura (M); dep-
puta (D); pasmepos sepen (D,); koaddunmenta ux
dopmer (x = [/ h), GopMEPYIOMIUXCSA B METAJLIE IBOB
u pazimunbix yuyactkax 3TB, a takske cooTBeTCTBYIO-
mux usMenennit mukporsepaoctn (HV) ycranosieno
cJIeyonee.

Crpyxrypa OCHOBHOT'O MeTaJia cTaJn
14XTH2M JADB Geitnuro-deppurnas (B—d) ¢ pas-
MepoM 3epeH D; ~ 5—24 MKM U MUKpPOTBepAoCcTbio HV
(Bb—®) = 27402850 MIla.

[Ipu munumanbHol ckopoctu (vg ~ 18 M/ u) na-
3epPHOI CBapKH CTPYKTypa Merasuia ImBa GelHUTHAS
(B) ¢ D, ~ 40-80x150—400 MkM 1 Koa(duimenre nx
opmbt k¥ ~ 3=7 ipu HV (b—M) = 2850-3510 MIlIa
(puc. 1, @ m 2). Jlna yuactka neperpesa 3TB (kpyn-
HOTO 3epHA) TAKMX COeIMHEHNH XapaKTepHo (hOPMUPO-
Banune b—M crpykrypnl ipu D, ~ 50-90 mm u HV
(B—M) = 3830-4170 MIla (puc. 1, 6 u 2). B yuacrke
nepekpucraanusaiun 3TB crpykrypa usmesbuaercs
B 5—8 pas npu yBenamuenuun HV = 3830—4170 MlIla
(puc. 2).

Takum o6pasoM B ciaydae v, ~ 18 M,/4 mpn nepe-
xoze ot mBa K 3TB (y4acTky meperpesa u nepekpuc-
TaJIM3AI[MN) u3MeHsieTcst (Pa3oBblil cOCTaB MeTaa OT
Geitrurroro (1moB) 10 6eiinnTHO-MaprencutHoro (3TB)

© JL.U. MAPKAIIIOBA, B./I. [IO3HAKOB, E.H. BEPJHUKOBA, B./I. LIEJIAATWH, C.JI. JK/IAHOB, A.B. CUOPA, 2013
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B 4

Puc. 1. Mukpocrpykrypa metasna msa (¢) n ygactka kpynHoro sepaa 3TB (6) cBapubix coequnennii cramu 14XTH2M TADB nosyueHHbIX
TIPU CKOPOCTHU JIA3€PHOIT CBAPKHU 0, ~ 18 M/ 4

1o ars i
400 4400
w\/\ < 4000
300
- 3600 i
'3:'. [ 2500 = " /g
= 100 HV 2P .
P o o 4 2400 2 O i, min
= P | 1] 2. - 2000 E’_ 8 0o,cp
£l ] ¥ ;
2 ] - // - 1600 ﬁ O D, max
g g ? 2 g
£ 40 g d1200 2 | — H
¢ ¢ 800~
5 H1HLE
20 ] 1 o
' Lefbelbel
0
0 2500 3000 4000 4500

Paccroauie or uentpa wsa &, sMEsM

Puc. 2. VI3MeHeHHe CTPYKTYPHBIX IapameTpoB (pasMepa KPUCTQJUIMTOB, BEJMYMHBI 3ePHA, MHTErPAJbHONH MUKDPOTBEPIOCTH) CBADHOTO
coegunenust cramn 14XTH2M/ITADD B meranne msa n 3TB npu o, ~ 18 M /u

I H+M B+M H+M
300 4500
lf|:||

2 "‘1 - . \ . 4 4000

250 - - .f,q,, "
Z HV 'l,'
= 5 g - 3500
=200 -
& s
M - 4 3000 =
A 150 I :
= = o
g D, 1 1250 £
5 100 b b (min . max} i v o, g
; - {min max) J 00K E
= =

Ll - i 4 1500 ©

10080

1los 6 1Mom 1 3TH
Of/e Bh: B Domin O Domax @ HV

Puc. 3. 3sMeHenne cpejHux BeJIUYUH CTPYKTYPHBIX mapamerpos (pazmepa KPUCTAJLJINTOB, BEJMYMHbI 3¢PHA, UHTErPAbHOR MUKPOTBED-
J0cT) cBapHbIX coeautenuii cramn 14XTH2MJIADB B Merasie mBoB u ydyacre kpynnoro sepua 3TB B 3aBucMMoctu 0T CKOpOCTH
JnasepHoii cBapku: @ — 0, ~ 30 M/4; 6 — 50 M/u
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Puc. 4. PacrpoBbie n3o6paxkerns: 6efiHUTHON CTPYKTYpBI B yyacTke KpymHoro 3epua 3TB cBapubix coepunenuit cramn 14XIH2M/IADDB
[pH Pa3NYHbIX CKOPOCTSX Ja3epHoil cBapKku: @ — 0., ~ 18 M/u; 6 — v, ~ 50 M/u (x8050)

IIpY yMEHbIIeHUU pa3Mepa 3epeH B 3—4 pasa U IOBbI-
mennun HV wa 17 %.

B ciayudae mcrnosb3oBanus ve; ~ 30 M/ 4 yCTaHOB-
JIEHbI CJIEIYIONNe CTPYKTYypHO-(Da30Bble M3MeHEHUs
(puc. 3, @). MeTaJi mBOB CBAPHBIX COEMHEHNUI UMEET
Geitrurhyto (B) crpykrypy ¢ x ~ 3—=5. Merajuny 1BOB
CBapHbBIX COEMHEHMI XapaxkrepHbl rpajguentsr (B 1,2
pasa) Mo MUKPOTBEPAOCTH, 4TO OGYCJIOBJIEHO (hOpMU-
poBaHueM CTPYKTyp Oeiinura BepxHero. IIpu nepexose
or mBa K 3TB ¢dasoBblii coctaB MeTana U3MEHSIETCS OT
Geitnurroro (B) no Geitnurao-maprencuraoro (B + M),
MUKPOTBEPJIOCTD B CPEIHEM yBeInunBaetcst Ha 12 % mpu
u3MeJIbYeHUN 3epeHHON CTPYKTYPbI B 3—4 pa3sa.

B ciydae mcmosb30BaHIST MAaKCHMAJIBHBIX CKOPOC-
teil cBapku (U, ~ 50 M/4) (pa3oBbIiA COCTAB IMBOB
6eitnuro-Maprencuthbiii (B + M) ¢ Gosiee paBHOOCHOI
3epeHHOl CTPYKTYpOoil ipu Koaddurmente ¢hopmbl 3e-
peH K ~ 2—3 1 OTCYTCTBUU 3HAYUTEJIHHBIX TPAJUEHTOB
no mukporsepaoctu (puc. 3, 6). Crpykrypa 3TB B
yuacTke reperpesa tak:xe b—M. [Ipu nepexoze ot mBa
K 3TB asoBblit coctaB MeTaIa IBA U yYacTKa mepe-
rpeBa OfIMHAKOBbI — GelHUTHO-MapTencuTHbiid (B +

E+M i I

[~

300

200

Frps

100 -

Pasmep spneraamimos by, S, M

(43
Olw Bhy @HV

+ M) npu u3MeJpYEHMU 3€pHA NMPUMEPHO B 3 pasa.
[Ipu aTOM MUKPOTBEPIOCTD TPAKTUYECKU He U3MEHSI-
eTcs.

AHasN3 3JIEKTPOHHO-MUKPOCKOITNYECKUX HCCIIE0-
BaHMI KOHIIEHTPAIMOHHBIX M3MEHEHUH, TIPesK/ie BCero,
OCHOBHBIX XUMHUYECKUX 9JIEMEHTOB (XpoMa, HUKeJs,
Maprania), BO BCEX MCCJEYEMbIX CBAPHBIX COEANHE-
HUSIX TT0Ka3aJ, YTO TPAJAUEHTHI 10 COAEPIKAHUIO ITUX
snemenToB He npesbimaior 0,4 % (Macc. %).

PesysbTaThl feTaNbHBIX UCCJIEIOBAHUIN Ha PACTPO-
BOM 3JIEKTPOHHOM MHUKPOCKOIIE O Xapakrepe (opmu-
poBaHUS CyOGCTPYKTYPHl BO BHYTPEHHUX 0ObeMax 3e-
PEH B Pa3JINYHBIX CTPYKTYDPHBIX COCTABJISIONINX TTOKA-
3asm ciepyiotiee. Otpeesenbl mapaMeTpbl CyOCTPYK-
TypbI Geiinnta — mupuHa peex (2,) i pactpeenete
Kap6uanbix (as (puc. 4).

Taxk, B MeTaJLjIe IITBa 1 yYaCTKe MeperpeBa IpH Ug; =
=18 M/ 4 mmpuHa peek GEHHUTHBIX CTPYKTYP COCTAB-
astet h, (B) ~ 0,5-0,8 mxm (8 mBe) u i, (B) ~ 0,25~
0,6 mxm (B 3TB) coorserctsento (puc. 4, a). C yBe-
JINYEHNEM CKOPOCTHU CBAPKU JI0 V¢ = 50 M /4 B MeTaLIE
1IBa U B yyacTKe IleperpeBa Mertajia 3TB crpykrypa

B+M B+M B+M

hw_(-l'——i“

Hv

4500

A0

- 3500

Mna

= S

D, ,
{min max} - 2300

Mukporsepaocts HV,

- 1500

100K

0O Dmin B Domax @ HYV

Puc. 5. V3MeHeHNe CPEHUX BEJIMUYMH CTPYKTYPHBIX TapamMeTpoB (pasMepa KpUCTaIMTOB, BEJTMYUHBI 3€PHA, MHTEIPAJIbHON MUKPOTBEP-
Jocti) cBapHbix coeaunenuii craau 14XTH2MJIADD B merasse msos (@) u yyacre kpynnoro sepua 3TB (6) B 3aBucumMoctu 0T cKopocTn

Ja3epHOil cBapku: v, ~ 18, 30, 50 M/ 4
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TaGuuna 1. 3HaueHUs CTPYKTYPHBIX MapaMETPOB CBAPHBIX COEMINU-
nernit cramn 14XTH2MJA®DD, mosyuyeHHBIX B YCIOBUSIX Pas3JIid-
upix ckopocteit (v ~ 18, 30 u 50 M /u) JazepHoil cBapKu

wecreomms | o | Do | e | s
0, ~ 18 M/u

1os b 50-90x150—410 | 0,5-0,8 | 0,3-0,7

I3ona 3TB| b+ M 50-90 0,25-0,6 | 0,13-0,4
Ve ~ 30 M/ U

ITos b 30-100x120-400 | 0,3-0,5 | 0,1-0,3

I3oma 3TB | b+ M 30—-80 0,2-0,4 | 0,08-0,2
0., ~ 50 M/

1os b+ M | 40-120x100—400 | 0,2-0,4 | 0,08-0,3

I30ona 3TB| b+ M 30-60 0,2-0,3 | 0,07-0,2

nuMeet 6oJiee TUCTIEPCHOE CTPOEHNE, YMEHBIIAeTCs -
puHa peek OeifHUTHBIX CTpyKTYp A0 Ay (B) ~ 0,3-
0,5 mkm (B mBe) u hy, (B) ~ 0,13-0,4 Mxm (B 3TB)
(puc. 4, 6). Kpome toro, (opMupyercst peednbiii Map-
TEHCHUT, B OCHOBHOM — MapreHcut oriycka (MOTII).

Takum o6pa3oM, cONOCTaBIeHNEe CTPYKTYPHI 1 ¢a-
30BOTO COCTaBa METAJIJIA TIBOB B MCCJIE/JOBAHHBIX CBAp-
HBIX COeITUHEHMX TI0KA3aJI0, UTO IIPU YBEJMYEHNH CKO-
POCTHU CBAPKH OT Uy ~ 18 10 50 M /4 uamensiercs dpaso-
BBII COCTaB MeTaJlja MiBa 0T GEHHUTHOTO 10 GEHHUTHO-
MapTEHCUTHOTO, Ha 25 % YBEJIUUYUBAETCSI MUKPOTBEP-
JocThb, QopmupyeTcss 60jee PaBHOOCHAsI 3epeHHAas
CTPYKTypa IIpU M3MeJbYeHHn 3epHa Ha 15 Y% U yMeHb-
meHnn Koadduiinenta Gopmbl 3epHa K OT ~ 3—7 110
2—3, yMeHbIIIaeTcs MUPHHA peek GETHUTHBIX CTPYKTYP
B 2 pasa (puc. 5, @). B yuactke neperpesa 3TB ans
BCEX CKOpOCTeil cBapku (Das3oBbIil cocTaB MeTasa 6eii-
HUTHO-MAPTEHCUTHDBIN, MHUKPOTBEPAOCTb TPUGIN3U-
TEeJIbHO OINHAKOBAS TIPU YMEHBIIEHUN pa3Mepa 3epHa
u cy63epna B 1,5 pasa (puc. 5, 6).

B utore ycranoBsieHno, 4to HanboJiee ONTHMAJbHAS
CTPYKTYPa UCCJIeyeMbIX CBAPHBIX coeuHenuii (¢ Tou-

e, Mlla Zhe, Mllx
Wesy | 3TB (Mlon {1 3TB llos § | 3TE
- |:|ji (R1E] E 5111 E :
B i i — J :
: : ofT | s
500 ! i
i i i
400 i i o
] [l
) i
300 :
! < 400
1
200 i
1
1 <4 300
100 I Il-
1
]
0 r : 0
Ven =18 M./ Ven=30 m./w Vi ~30 M./

0O Aes O Aoe B ATLy. O ZATacav)

Puc. 6. I'mcrorpaMma, oTpaskaionas BKJIa/{ OT/IeJbHBIX CTPYKTYPHbBIX
napamerpos (D,, d., A,) B unterpabHoe yupousenue (2Ac, . ,,) 10
30He CBapKW cBapHbIX coequnennii cramm 14XTH2MJIADB, momy-
YEHHBIX B YCJIOBUAX Pa3auuHbIX cKopocTeit (v, ~ 18, 30 u 50 M,/ u)
JIa3ePHON CBapKH

TaGauna 2. YupouneHue, 0GyCJIOBJICHHOE CTPYKTYPHBIMH Iapa-
merpamu (D, d¢, A,) 110 30He CBAPKU CBAPHBIX COEMHEHUIT CTamu
14XTH2M TA®D, nosyueHHbIX B YCJIOBHSX Pa3JIMUHBIX CKOPOC-
Teit (0 ~ 18, 30 m 50 M,/ 4) JasepHON cBapKn

Yuactox
iccaeoBanust / Yipoute 1o I sona 3TB
Hue
0, ~ 18 M/
Ac,, MIla 35 75
Ac,, MIla 187-300 214-600
Ao, ,, Mlla 37-75 60—-152
ZAc, . .y Mlla 376 588
Ve ~ 30 M/4
Ac,, MIla 57 90
Ac,, MIla 300—500 375-750
Ao, ,, MIla 76—188 106—-225
ZAG, . .y Mlla 589 820
U, ~ 50 M/
Ac,, MIla 60 100
Ac,, MIla 375-750 500-750
Ac, ., Mlla 76-225 106-250
ZAG, . .y Mlla 774 903

KU 3pEHNST PAaBHOMEPHOTO U3MEJbYEHUs CTPYKTYPHBIX
[apaMeTpPoB, OTCYTCTBHS TPAJUEHTOB II0 3€PEHHOI
CTPYKTyPE ¥ MEKPOTBEPAOCTH) (POPMUPYETCS TIPH yBE-
JIMYEHWH OT Uey = 18 M ,/4U CKOpPOCTU CBAPKU [I0 Uy =
= 50 M/4, 4yTO MO/KHO OOecIieynBaTh PAaBHOMEDPHBIN
YPOBEHb MEXAaHNYECKIX CBOUCTB U TPEIMTHOCTONKOCTD
CBAPHBIX COETMHEHUI.

IKcniepuMeHTaMbHAsg 6a3a JaHHBIX C UCIIOJIb30Ba-
HUEM pPa3pabOTaHHOTO 9KCIePUMEHTAJbHO-aHAJUTH-
YeCKOTO TI0/IX0/Ia 0 oIlleHKe M depeHITIPOBAHHOTO
BKJIa/Ia TAPAMETPOB CTPYKTYPBI HA MEXaHMUYECKIEe Xa-
PAKTEPUCTUKY CBAPHDBIX COEIMHEHIIT BBICOKOTIPOYHBIX
cTaseil, TO3BOJIMJIA TIPOBECTH ITPOTHO3MPOBAHUE
CBOICTB IIPOYHOCTH CBAPHBIX COEJMHEHUN 10 M3BECT-
HbIM 3aBucumMoctsiM XoJsna—Ilerya, OpoBana u ap. [3—
6]. Ha nanroM atarie HCXOIHbBIE TaHHDIE 1/ KOJTMYECT-
BEHHOIl OIIEHKU TTPOYHOCTH MEeTaJlJIa — 3TO IKCIIEPH-
MEHTaJIbHbIE [JAHHbIE, [TOJyYeHHbIE TOJbKO IIPU [TOMO-
MU ONTUYECKOI U PACTPOBOIT 3JIEKTPOHHOU MUKPOCKO-
mn: D, — pasmep 3epen; h, — mmpuna peek Geii-
HUTHOHN CTPYKTYPDBI; Ay — 3(MDDEKTUBHBIE PACCTOSHUS
MeXy KapOuaHbiMu hazami, T.e. 6e3 ydera mapamer-
POB TOHKOI1 CTPYKTYPBI (p — IUIOTHOCTH ANCTOKAIIHIT;
d, — BesmuuMHBI cy63epHa; d, — pasMepoB (Ha30BbBIX
Boigesenuii) (ta6a. 1).

ComnocTaB/ieHEEM YITPOYHSIOINIETO BJAUSHUS (DOPMU-
PYIOIIUXCS CTPYKTYP B MeTaJIIe CBAPHBIX COeINHEHUIT
cramu 14XTH2M/JIA®DDB npu nepexose v = 18 —
— 30 —» 50 M /4, a UMEHHO BEJIMYNHbBI 3€PHA, ITUPUHDI
peek OEWHUTHBIX CTPYKTYP, PaclpeeseHus] 4acTull
(a30BBIX BbI/IEJIEHUIT YCTAHOBJIEHO, UTO IIPH YBEJIHYe-
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HUY CKOPOCTH JIa3epHOI CBapKU BO3PACTaeT yIIPOUHSIIO-
1iee BJMSIHNE CTPYKTYPBbI, YTO CBSI3aHO B C YBEJUYEHU-
eM BKJIaza cy6erpykryproro (Ac. ~ B 1,8 pasa), mauc-
nepcuonHoro (Ac,y ~ B 2 pa3a) U 3epPHOIPAHIYHOTO
(Ao, ~ B 1,2 pasa) ynpodyHeHUHi 3a CUET AUCTIEPTUPO-
BaHUsI CTPYKTYPHBIX cocTaBsonux (tabu. 2, puc. 6).
Taxnm o6pa3oM, METOANKY KOJMUECTBEHHOI OIleH-
KM CBOWCTB TPOYHOCTH MeTa/JIa 10 KOHKPETHLIM
CTPYKTYPHBIM IapaMeTpaM IMO3BOJISIOT ITPOrHO3UPO-
BaTh KaueCTBO CBAPHbBIX cOeJiMHEHUII 11pu (pOpMUPOBa-
HUU B 30HE CBAPKH CTPYKTYP PA3JIMYHOTO THIIA U BBISIB-
JITb CTPYKTYPHBIE (DAKTOPBI, OKa3bIBAIOIME OCHOBHOE
BJIMSIHUE Ha M3MEHeHUe MeXaHWYeCKUX CBOICTB.

BbiBo bl

1. ¥YcraHoBJieHbI 3aKOHOMEPHOCTH BJUSIHUSI CKOPOCTH
JIa3epPHOI CBAPKHU HA CTPYKTYPY METaJLJIA [IBOB U 30HBI
tepmudeckoro Bausaus (3TB) cBapHbIX coepnHeHui
BbicokonipouHoit ctamm 14XTH2M/IADB. [Tokazano,
YTO € yBeJMYEHHEM CKOPOCTH CBAapKU OT Vg ~ 18 10
50 M /4 m3MeHsIeTCs (DA30BBIN COCTAB MeTaJlja IBOB
OT 6eTHUTHOTO 10 GEITHUTHO-MAPTEHCUTHOTO, YBeJIUYe-
BAETCSI MUKPOTBEPIOCTD Ha 25 %, YMEHBIIIAETCSI PAa3MeED
6ellHUTHBIX TIAKEeTOB B yuacTke meperpesa 3TB B 1,5
pasa Mpu W3MEJTbYEHUU ITUPHUHBI peek OeHHUTHBIX
cTpyKTYp B 1,3-2 pasa.

2. Ilpn MUHEMAIBHBIX CKOPOCTAX (¢ ~ 18 M/ 1)
JIA3epHOI CBapKHU B METAJLIIE TIIBA CBAPHBIX COCAMHEHUTT
BBICOKOIIPOYHBIX CTaseil (POPMUPYIOTCS TPATUEHTHDIE
10 pa3MepaM 3epeHHbIe CTPYKTYPbI TIPU HepaBHOMEp-
HOM M3MEHEHUU MUKPOTBEPIOCTH, YTO MOKET IPUBO-
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JIUTh K CHIDKEHUIO MEXaHNYECKUX CBOMCTB, a TaKiKe K
CHIDKEHUIO TPEIUHOCTONKOCTH CBAPHBIX COEIUHEHUH.

3. Haubomee ontumanbHast CTPYKTypa HCCIeIye-
MbBIX COEMHEHNH (DOPMUPYETCS MPU CKOPOCTH CBAPKH
Uep = 90 M /4, 4TO HOJIKHO oOeciieuuBaTh paBHOMEP-
HBI YPOBEHb MEXaHUYECKIX CBOICTB U TPEIIUHOCTOM-
KOCTDb CBApHBIX COEIMHEHNH.

4. Ha ocHOBaHUM 3KCIIEPUMEHTAJbHBIX UCCJIE0BA-
HUM, OITUYECKOH 1 PACTPOBOM MIUKPOCKOIINY aHATTUTH-
YEeCKUMU OI[eHKaMU N3MEHEHUS MeEXaHNUEeCKUX CBOMCTB
10 30He CBapKM ITOKA3aHO, YTO HanOoJIbIINE TOKA3aTe-
JIN TIpejieJia TeKy4eCTH (10 1000 MTla) o6ecriednBaoT-
¢S IUCTIEPTUPOBAHUEM CTPYKTYPBI.

1. Hlopwopoe M.X., benoe B.B. @aszoBble IpeBpallleHUs U

cBOHCTBA cTanau 1pu cBapke. — M.: Hayka, 1972. — 220 c.
2. T'opvnun H.B. CBapuBaeMble KOPITyCHbIE BHICOKOIIPOYHBIE CTa-
s 1 ux npumenenne. — Kues: Hayk. mymxka, 1980. — 132 c.

3. Bausinue TepMUYECKHX IMKJIOB CBAPKH U BHEIIHETO HArpy’Ke-
HUSL Ha CTPYKTYPHO-(ba30Bble M3MEHEHHS M CBOWCTBA COE/H-
Henuii cramu 17X2M / JI.W. Mapkamosa, .M. T'puropen-
ko, B./l. [TosusxoB u ap. // ABromar. cBapka. — 2009. —
Ne 7. — C. 21-29.

4. Bausinue neTMPOBAHUS IBOB Ha CTPYKTYPY U CBOWCTBa CBap-
HBIX coemamueHmii ctamm 17X2M / JI.M. Mapxkamosa, B./l.
Tosusikos, T.A. Anexceenko u ap. // Tam xe. — 2011. —
Ne 4. — C. 7-15.

5. CmpyxmypHolii KpUTEpHil IPOYHOCTH, IJTACTUYHOCTH, TPEIIH-
HOCTOMKOCTH METAJIJIOB, CILIABOB, KOMIIO3UIIMOHHBIX MaTepha-
JIOB M WX cBapHbIX coemuuenmit / JI.J. Mapkamosa, .M.
T'puropenko, E.H. BepmuukoBa, T.A. Anekceenko /,/ Me-
XaHika pyiHyBaHHS MarepiasiiB i MinHicTb KOHCTpyKuiil: 30.
JIokJ1. yeTBepToi Miskuap. kKoHd. (JIbBiB, 23—27 ueps. 2009 p.)
/ Ilin 3ar. pexn. B.B. Ilamacioka. — JlpBiB: @i3uKo-
Mmexaniunmit in-T iM. I.B. Kapnenka, 2009. — C. 447-451.

6. Estimation of the strength and crack resistance of the metal
of railway wheels after long-term operation / L.I. Marka-
shova, V.D. Poznyakov, A.A. Gaivoronskii et al. // Mate-
rials Sciense. — 2012. — 47, Ne 6, May.
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ONTUMU3AIINYI CTPYKTYPBI
N SKCILJIYATAIIMOHHBIX CBOMCTB
PABOYUX IMOBEPXHOCTEM U3/IEJUI
13 BBICOKOIIPOYHOTO YYTYHA
IIOCJIE UMITYJIbCHOM IIJIASMEHHOM
IHOBEPXHOCTHOM OBPABOTKU

JLA. MAPKAIIIOBA, 10.H. TIOPUH, O.B. KOJJMCHUYEHKO, M.JI. BAJIEBUY, /I.T. BOTAUEB
Wnctutyt anexrpocsapkn uM. E.O. Ilatona HAHY, Kues Ykpauna

Ha ocHoBaHuu sKCTIepUMeHTANbHOI HH(DOPMAIINHT, TOJYIEHHON HA PA3JIMYHBIX CTPYKTYPHBIX YPOBHSIX, BBITIOJHEHA OI[EHKA
BJIMSIHUST TEXHOJIOTMYECKUX T1APAMETPOB UMITYJIbCHO-IJIA3MEHHON 3aKaJKU BbIcOKONpouHoro yyryna BU 80 na crpykryp-
HO-(pa30Bblil COCTaB U N3HOCOCTOIKOCTb 06PA0OTAHHDBIX H3J/IC/INIL.

Buaarogapst Hasmumio mapoBUAHOTO TpaduTa, BHICOKO-
My YPOBHIO IPOYHOCTHBIX CBOMCTB U XapaKTEPUCTUK
MJIACTUYHOCTH BBICOKOITPOYHBIE UyTYHBI SABJISIOTCS O/T-
HUM U3 HauboJiee MHPOKO IIPUMEHSIEMBIX B ITPOMBbIIII-
JIEHHOCTH KJIACCOB MAaTEPHAJIOB /ST IPOU3BOICTBA Jie-
TaJieil OTBETCTBEHHOTO HazHaYeHuUst (HacOCOB BHICOKOTO
JIaBJieHNUs, TYpOUH, KJIAIIAHOB, IMATYHOB, KOJEHYATBIX
BAJIOB, IIPOKATHBIX BAJIKOB 1 JP.). VICIoIb30BaHNe BbI-
COKOIIPOYHBIX YYTYHOB OGECIeYMBAET BBICOKYIO HA/-
€XHOCTD 1 HU3KYT0 ce6eCTONMOCTH U3/eni, paboTaro-
IIUX B CJIOKHBIX YCJIOBUSIX BBICOKUX TEMIIEPATYP, 3HA-
YUTEJbHBIX YAAPHBIX W 3HAKOIIEPEMEHHBIX HATPYy30K,
a TakKe MHTEHCUBHOTO (DPUKIMOHHOrO u3Hoca [1-3].
C y4eToM BBIIIECKA3aHHOTO, TIPE/ICTABISIET 3HAUNTEIb-
HbIl WHTepeC TIOBbINIeHNe (DU3UKO-MEXaHUUECKUX
CBOWCTB W, TIPEXKEC BCETO, M3HOCOCTOMKOCTU M3ICIUN
13 BBICOKOITPOYHBIX YyTYHOB.

Opaum u3 HanboJjiee COBPEMEHHDBIX IIyTel yIydiie-
HIST pabGOTOCTIOCOGHOCTH PAa3JINYHBIX MAaTEPHAJIOB SIB-
Jsietcst 06paboTKa UX MOBEPXHOCTHBIX PabOYNX CJIOEB
KOHIIEHTPUPOBAHHBIME TIOTOKaMu sHeprun (J1aszepHas,

2100 ; '
1 1
O 1800 F | :
o i Pesxum 1 i
512 1500 i_ L _i Pexum 11
g 1200 F N
1
5 /4 TN
= 900 / i Pexan 11 | \\
g /; . i \
$ 600 ' | \
3 i :
= 300 ! i
! '
1 1l 1 1
0 0,3 0,8 1,1

JluTeTbHOCTD BO3AEHCTBUS T, MCEK

Puc. 1. TemneparypHO-BpeMeHHbIE TapaMeTPhI HarpeBa-OXJIasK/eH-
us uccaeayembix o6pasuos (peskumbl 1-111) u3 BbICOKOIPOYHOTO
gyryna BU-80

HIEKTPOHHO-JIy4eBast, MJIa3MEHHAst U AP. TEXHOJIOTHH)
[4-6]. B U3C um. E.O. [Tatona paspaboTaH mepcriek-
THBHBII MeTOJ] WMITYJIbCHO-TIIa3MEHHOI 06paboTKH
(UTIO) marepuasoB, OCHOBaHHBIN Ha MEPEKPUCTAILIH-
3a1mn CTPYKTYPBI mipn KparkospeMersom (10°-1078 ¢)
IIUKJINYECKOM BO3/I€HICTBUH HA U3/IEJIII HOTOKAMH KOH-
1IEHTPUPOBAHHOI 1J1a3Mbl [ 7—8]. IT0O, B CBOIO 04Yepe/ib,
CTIIOCOGCTBYET 3HAYNTEJBHBIM TIPe0OPA30OBAHUSAM CTPYK-
TYPHO-(ha30BOr0 COCTOSTHUS MOBEPXHOCTElH YIIPOUHEH-
HBIX MaTepUaJiOB M, COOTBETCTBEHHO, WX IKCILIyara-
MOHHBIX cBOMCTB [9]. OmHako, Ha CEeroAHAIIHNAIN JeHb
uH(OpMaIS 0 BJIUSHUU PA3JIUIHBIX TEXHOJOTHYEC-
kux napamerpoB UIIO Ha cTpykTypHO-(a3oBble mpe-
o6pa3oBanus 06pa0OTaHHbBIX U3/IEJNI B 3HAYUTETbHON
Mepe OrpaHuyeHa.

Henpio HacTOsATIEH PAGOTDI OBLIO 9KCTIEPUMEHTAJb-
HOe WCCJeJOBAaHNE BJIMSHUS PA3JNYHBIX PEKIMOB
NIIO Ha CTPYKTYPY M CBOWCTBA 3aKAJTEHHBIX TTOBEPX-
HOCTEH W3/IeTMii W3 BBICOKOMPOYHOTO YyTyHA MapKu
BY 80.

MatepuaJbl 1 METOAMKH HcceaoBanuit. /[ nc-
cJIe/IOBaHM# GBLIN TIO/TOTOBJIEHBI 06PA3IThI U3 BBICOKO-
npounoro yyrysa mapku BU 80 (TOCT 7293-85) cuie-
JyIOIero xummudyeckoro cocraBa, %: C 3,3, Si 2,3,
Mn 0,5, Cu 0,5. [IpeaBaputenbio 06pasiibl TepMUIEC-
K1 o6pabarbiBasi Ha peskume: Harpes 10 900 °C, BbI-
JlepeKKa 2 4 — 3aKajka B Macio — otiryck mnpu 200 °C,
BBIZIEP3KKa 2 4. MoauduiinpoBanre OBEpXHOCTEH 06-
PA3II0B UMITYJIbCHOH TJIa3MOH OCYIIECTBJISJIN TIPHU TI0-
MOIIY TJIa3MOTPOHA MIPSMOTO JlelicTBrs. TenoBoi mo-
TOK U3MEHSJICS 32 CUET BAPbUPOBAHUS PACCTOSHUS OT
aJiekTpojia 1o obpasma: pexum I — 50, I — 60 u
IIT — 65 mM. TemmepaTypHO-BpEeMEHHbBIE TTapaMETPI
pesxumos (I-111) UIIO mnpuBesenbl Ha puc. 1.

[lna wccnemoBarus 06pasnoB GBI HMCIIOJIb30BAH
KOMILJIEKCHBI METOJMYECKUIl I10/IXO0JI, BKJIIOUAIOIIII

© JI.U. MAPKAIIIOBA, 10.H. TIOPMH, O.B. KOJIMCHUYEHKO, M.JI. BAJIEBUY, /I.I. BOTAUEB, 2013
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onruueckyio Meraanorpaduio (Versamet-2, dnonus,
Leco M-400, CIIIA), pacTpoBYIO 3JI€KTPOHHYIO MUK-
pockormio (Philips SEM-515, Tosumanans) u mpoc-
BEYUBAIOINILYI0 MUKPOAUDPAKIIMOHHYIO 3JIEKTPOHHYIO
mukpockormio (JEOL JEM-200 CX ¢ yckopstiomum
nanpskennem 200 kB, dunonus). B pesyabrare 1mpo-
BeZIeHHOH paGoThbI GBIIN TTOJTyYeHBI OCTOBEPHBIE JKC-
HepUMeHTAIbHbIE JAHHbBIE O CTPYKTYPHO-(Ha30BOM cOC-
TOSTHUU O00PA0OTAHHOTO UMITYJIbCHON ILIa3MOil Mare-
puasa Ha Pa3JMYHBIX CTPYKTYPHBIX ypoBHsAX (OT 3e-
PEHHOTO JI0 UCIOKAIMOHHOIO).

Peayabrathl nccenoBannii. Ha ocHoBanuu nsyue-
HUS CTPYKTYPHO-(a30BbIX COCTABJISIONINX, UX 00BEM-
Hoit goau (V, %), pasmepos 3eper ([1;, MKM) 1 nsme-
nenust Mukporsepaoctu (HV o5, MIIa) B o6pasiax,
06paGOTaHHBIX MUMITYJILCHON TMJIa3MON Ha Pa3JMIHBIX
pPEeKUMaxX, YCTAHOBJIEHO CJIEYIOIIee.

CTpyKTypa OCHOBHOTO MeTaJljla UCCIENYEMBIX 00-
pasios (peskumbl [-111) na ray6une (h) Gomee 40—
50 MKM OoT 06pabOTaHHOI MOBEPXHOCTH XapaKTepPU3Yy-
ercst HammaneM 80 % METKOUTOJBYATOTO MApPTEHCHUTA
(I, 0,5-2,5 mxm), 10 % ocrarounoro aycrenura ( /I,
2,5-20 mxm) u 10 % raoGy.spHoro rpadura (JI3 25—
50 mkm). Wurerpanbhast mukporsepaocts (HV os)
HaxoauTcs Ha ypoBHe 4600—5490 MIla.

WMy ibcHO-TIIa3MeHHAsT 06paboTKa pabounx To-
BepXHOCTel u3/Je/Mii U3 BbICOKOIIpOUYHOro uyryna BY
80 npu ncrnosb3oBaHUM peskuMa I MPUBOIUT K OTLIAB-
JIEHUIO TIOBEPXHOCTHOTO ot ry6uuoit (k) 1o
~ 7,5 MKM ¢ (hOPMUPOBAHHUEM CTPYKTYPBI 6€JI0TO UyTy-
na (puc. 2, a). B 3one o6paGorkn Ha riay6une () ~ or
7,5 1o 40 MKM Ha6TI0/IAI0TCS YKPYITHEHHE ayCTEHUTHO-
MapTEeHCUTHOU CTPYKTYpsl B 1,25—2,0 paza m obiiee
CHIKEHME MHTErPaIbHON MUKPOTBEPAOCTH Ha 25 % 110
CPABHEHWIO C OCHOBHBIM MeTaJIoM, puc. 3. OTmeua-
eTcsi Iiepepaciipe/ie/ieHne CTPYKTYPHBIX COCTaBJISIO-
MAX 32 CYET TIOBBLINIEHWS COJEepPKaHMS OCTATOUYHOTO
aycrernrta (V, Aoy ® 50 %) 1 yMeHbleHust 00beMHOiT
nomu (V, M) maprencura 10 40 % 10 CPaBHEHHUIO €
OCHOBHBIM METAJLJIOM.

B stoii 30He Hab0/1a€TCST 06pa30BaHNEe MUKPOTPE-
MIMH, KOTOPbIE JIOKAJU3YIOTCS B/IOJIb TPAHUI] OCTATOY-
Horo aycrennta (Ha i ~ go 110 MKm), uTO, TI0-BUAK-
MOMY, CBSI3aHO € O6eJHEHUEM OCTATOYHOIO ayCTEHUTA
110 YIJIEPOAY.

[Ipumenenne pesknma I mpmBoaWT K ONJIaBIEHUTO
MOBEPXHOCTHOTO ¢J1051 TIy6uHoii (8) ~ 10 5 MKM ¢ ¢op-
MHPOBaHUEM CTPYKTYPBI GeJIoT0 UYyryHa AaHAJOTHYIHO
peskumy I (puc. 2, @). 3ona o6pabotku Ha riay6ute (8)
ot 5 10 40 MKM xapakTepusyercst HammuneM 40 % ocra-
TOYHOTO aycrenuta, 50 % WroJbyaToro MapreHcura (Ha
10 % Goublie 1o cpaBHEHHIO ¢ pexkumoM 1) um 10 %
chepryeckoro rpacdura. Paszmepsl 3epeH ayCTEHUTHO-
MapTEHCUTHOU CTPYKTYPbI M MHTETPJbHAS MUKPOTBEP-
JIOCTb COOTBETCTBYIOT TaKOBBIM B OCHOBHOM MeTaJlje
(puc. 3). MUKPOTPENIMHDI B 9TOI 30HE He OGHAPY/KEHDI.

MoaudurmpoBanne BU 80 na pexume 111 mpuso-
JUT K 06PA30BAHUIO 3aKAJEHHOTO CJI0OST C HAMMEHbBIITIM

W Gy =75 MK

Loy I By =7—=50 mim
b

B =50 mMEm

o =< G TN - GBS

Puc. 2. llamenenue crpyKTypbl BbicokonpouHoro uyryna BU 80 Ha
passmynoM paccrostiuu (8) oT 06paGoTaHHON MOBEPXHOCTH MOCJIE
UIO: a — na pexkumax 1 u I (x500); 6 — wna peskume 111; §; —
OTJIABJIEHHBIN CJI0#1; 8, — 00pabGoTaHHAs TOBEPXHOCTD; 83 — OCHOB-
Hoit metast (x1000)

conepskanneM octatounoro aycrenuta (V, <10 %) B
coUeTaHu! ¢ MaKCUMaJIbHOI OOBEMHON OJIell MEJIKO-
urosbyaroro maprercura (V, ~ 80 %) u 10 % mapo-
BuHOTO Tpadura. HabmonaoTcs namenpuenne B 1,5—
2,0 pasa ayCTEeHUTHO-MapTEHCUTHOH CTPYKTYpbI
(0, A~ 2510 Mmxm, I, M ~ 0,5-1,5 MKM) 1
yBeJIMYeHNe NHTETPATbHOI MUKpoTBepAocTy B 1,8 pasa
(5480—8710 MIla) no cpaBHEHHIO C OCHOBHBIM MeTaJI-
JioM, puc. 3. TpemuHoo6pa3oBaHus U OIJIABJIEHUS TIO-
BEPXHOCTH He o6Hapyskeno (puc. 2, 6).

WccnenoBanmsiMn XMMIYECKOTO COCTaBa TOKA3aHO
pPaBHOMEPHOE pacipe/iesieHrie XUMUYECKUX 2JIEMEHTOB
(Fe, Si, Mn, Cu) 110 ray6une ot 06paGoTaHHOTO CJI0S
JI0 OCHOBHOTO METaJLJIa, & TAKXKE OTCYTCTBUE JIOTIOJIHI-
TEJIHOTO JIETUPOBAHUS TIPUIIOBEPXHOCTHBIX CJIOEB 32
cuer MaTepuasa ajaekrpoga (W).

_ 9000
E s000 ;
= Pesamm 111
= 7000 f
2= gooo b Pesan 11
- il T -
3 4 5000 | S 7 ®
4000 | s’
E 2 3000} Pesin |
=z
= 2000 -
£ 1000
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Paccrofime of NOBepXHOCTI, MKM
Puc. 3. 13Menenne MUKPOTBEP/IOCTH 110 I1yGuHe MOANMUIINPOBAH-

HBIX cJ10€B Bbicokonpoyroro uyryHa BY 80 mocse MITO Ha pexxumax
I-111

57



LTWMP'{3

—

...l.IH.'II-|.'|?I TP RIS |
MUKPOCTPYETYPBE

Chiaanenne
MIKPOCTPVETV]

Puc. 4. Toukast maprencurno-aycrenurnas (M—A) crpykrypa Bbicokonpounoro uyryna BU-80 nocie UTIO: @ — ocuosuoii Merasn (8>
> 100 mxm) (x37000); 6 — omnasaennbi coit (8 < 7,5 mxm), Habmonaempiii Ha pesknmax [ u 1T (x37000); ¢ — yupouHeHHbBIH CJI0#

(8 ~ 0-40 mMrm) (x50000) na pexume 111

UccaenoBannsiMu Ha TIPOCBET yCTAHOBJIEHO, 4YTO
TOHKasi CTPYKTypa OCHOBHOTrO Metaia (pexumbl I—
I11) xapaKkTepusyeTcst pPABHOMEPHO TIOBbILIEHHOH MI0T-
HOCTBIO JUC/IOKanuii B MapreHcure (p ~ 10" eMm?) n
aycrenure (p ~ 10° em?) (puc. 4, a).

O6paGoTKa WMITyJTbCHOH TJIa3MOI MOBEPXHOCTEH
nm3gaemnit u3 BU 80 ¢ nmpumenenuem pexxkumoB I u 11
MPUBO/IUT K YKPYITHEHUIO CyOCTPYKTYPBI B 3€pHAX aycC-
TEHUTAa, COMPOBOKIaoIIeecss (POPMUPOBaHIEM cJ1abo-
Pa30PUEHTUPOBAHHO GJIOUHOI CTPYKTYPbI IPH 06IIIel
HEPaBHOMEPHOCTH IIIOTHOCTH aumcJaokarmii (p ~ 10—
10" em?) (puc. 4, 6). JI/1s1 MAPTEHCHTHOI COCTABIISIO-
niell XapaKTepHO HaJUYUe 30H OTIyCKAa TIPU yMeHbIIIe-
HUM TUIOTHOCTH juciokammii (p) go yposmst 109—
10'" M2, Ha rpanniax KOHTaKTa MAPTEHCHTA I OCTa-
TOYHOTO AyCTEHUTA OTMevaeTcs Hanuuue Hanbosee
motaeix (p ~ 2-4-10'" em?) u nporsxennbix (1 ~

10000
] 2
1000 - .
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Puc. 5. M3Hoc noBepxHocTeil 06pasIioB BbICOKOIPOYHOTO UyryHa
BY 80 npu cyxom TpeHuu 1o nuanHApreckoit kepamuke Zr,0 u SiC
(6) B cpaBHeHnu ¢ usHOCOM ceporo uyryHa (a): 1 — 6e3 UIIO;
2 — mnocne UITO

~ 0,25-0,35 MKM) JMCJOKAIIMOHHBIX CKOILJIEHUH —
MOTEHIINATBHBIX 30H 3aPOKAEHUS U PACTIPOCTPAHEHNS
TPEITH.

ToHKasg CTPYKTypa YIPOYHEHHBIX CJIOEB TIPU WC-
nosb3oBanuy pesxnma 111 xapakrepusyercs paBHOMep-
HO TIOBBIMIEHHOH TJIOTHOCTBIO JAUCJIOKAIUN B CTPYKTY-
pax maprencura (p ~ 10 2-10'" emM™2) npu orcyrerBun
3HAYUTEBHBIX TPAJUEHTOB B WX PACIIpPEIeJeHUuu 10
rIyOuHe U Ha TPAHUTIAX CTPYKTYPHBIX COCTABJISIONINX.
Kpome toro, nabuiofaercs uameabuenue cyocTpyKTy-
pbl B MapTeHcUTHBIX mriax (mmmpuHa peek B 2 pasa
MEHbIIE 110 CPABHEHUIO MAapPTEHCUTOM OCHOBHOTO Me-
Tasna). [l 3epeH Ager HaGJIOMAETCS U3MEJIbUeHHe
cy6CTpYKTYpbl, (DOPMUPOBAHKE PA30PUEHTUPOBAHHOI
6JIOYHOIT CTPYKTYPBI IIPH 061l pABHOMEPHOCTH [I¥IC-
noxarmonnoit miotsoctn (p~ 4-10° em2) (puc. 4, 6).

Bermm Taxske mpoBeieHb! UCTIBITAHYS TI0 OTIPeeie-
HUIO aHTUQPUKITMOHHBIX CBOWUCTB U U3HOCOCTOMKOCTH
n3aeanii n3 Bbicokonpounoro yyryHa BY 80 mo cpas-
HEHUIO C W3/IeJUSIMU M3 CEPOro UyryHa [0 U TIOCJIe
UMITY TbCHO-TIIa3MenHol o6pabotku (puc. 5) [10]. Mc-
CJIe[IOBAHWST TPOXO/MJIN HAa YCTPOUCTBE C BO3BPATHO-
MOCTYTATETbHBIM JIBWJKEHUEM KepaMUYeCKUX IITud-
TOB, m3rotoBaenubix 3 Zr,O u SiC, ¢ TBepjocThIO,
coorBerctBerHo, HV 1200 u 3000. ¥Ycuine npmwxuma
KepaMUYeCKUX MTHQTOB K HCCIeyeMO TOBEPXHOCTH
gyryra BU 80, o6pa6oTaHHOr0 UMITy IbCHOM T11a3MOii,
coctasysio 104 H. CropocTb ABMKeHUS MTHMTOB 110
noBepxHoctu — 120 mm /¢, wacrora — 2 I.

Ycranosieno, uro 11O BbICOKOIIPOYHOIO UyTyHa
BY 80 mosBoJisieT B fECATKU pa3 yBEJUYNTb U3HOCOC-
TOWKOCTH TIOBEPXHOCTHU YIIPOYHEHHBIX W3/IeHii 6J1aro-
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Japsi 3HAUNTEJbHOMY CHIDKEHWIO KoapuimenTa Tpe-
uust ¢ 0,4—0,6 y neo6paborannoro uyryna g0 0,1-0,35
y 06pa6OTaHHOTO MMITYJILCHOMH TIIa3MOil.

CuaenoBaresibHO, MOAMDUIINPOBAHNE U3JIEIUN W3
BBICOKOIIPOYHBIX UYT'YHOB MMITYJIbCHOI IJIa3MOH 1103-
BOJISIET B 3HAUNTEIbHON Mepe TPOTHBOCTOSITh abpasuB-
HOMY M3HOCY TIPH CyXOM TPEHUU B HE3ABUCUMOCTHU OT
TBEPAOCTN a6Pa3sUBHBIX YAaCTHII.

Takum o6pa3om, npumenenue pexxuma I11 Moxxer
ObITb PEKOMEH/I0BAHO [IJIS MMITYJIbCHO-TIJIA3MEHHOMN
yOpOoYHsIoNeld 06paboTKN M3IeaUil U3 BBICOKOIPO-
yHoro uyyryna BY 80, uro mpuBoaut k Moaudu-
IUPOBAHUIO CTPYKTYPHO-(A30BOTO COCTOSIHUS W
VJYUIIEHUIO OKCILIyaTAIIMOHHBIX XapPaKTEPUCTUK
pabounx MOBEPXHOCTEI.

BsiBoabl

B pa6ore mokasaHo, YTO WUMITYJIbCHO-ILJIA3MEHHAS
o6paboTKa BbicoKompoyHoro yyryHa BY 80 croco6-
CTBYeT 3HAUMTEJNbHBIM CTPYKTYPHO-(HA30BbIM IIPeos-
Pa30BaHUAM, KOTOPbIE BBIPAXKAIOTCS B CJEAYIONINX
N3MEHEHUSX !

1. BbIcOKast MHTEHCUBHOCTD TEIIOBOTO MoToKa (pe-
skuMbl 1, I1) IPUBOIMT K OTLJIABJIEHUIO TIOBEPXHOCTHOTO
cnos (8~ 5-7,5 MKM) 1 (POPMUPOBAHUIO B 30HE MM-
MyJIbCHON 06paboOTKM YKPYMHEHHON (110 CpaBHEHMIO C
OCHOBHBIM ~ METAJJIOM)  AyCTEHUTHO-MAPTEHCUTHOM
CTPYKTYPBI ¢ GOJIBITNM KOJTMIECTBOM OCTATOUHOTO ayc-
TEHUTA U MOHWKEHHON MUKPOTBEPAOCTBIO (10 25 % 10
CPABHEHUIO ¢ OCHOBHBIM METAJLIOM).

2. Ilpu CHMKEHUU TJIOTHOCTH MOIIHOCTH 06paboT-
ku (pesxum III) B 30He 3aKaiku u3 TBepAOH (hasbl
OTMEeYaeTCs MOBBINIEHNe MHTErPATbHON MUKPOTBEP/IO-
ctu B 1,8 pasa 1o CpaBHEHMIO C OCHOBHBIM METAJIJIOM
3a cuer (popMupoBaHus uaMesabuernoii (8 1,5-2,0 pa-
3a) ayCTeHUTHO-MaPTEHCUTHON CTPYKTYPBI ITPU yBEJIH-
4eHUN OOBEMHOI [I0JM MapTEHCUTA TI0 CPABHEHUIO C
pexxumamu I u 1T #a 20—30 %. OmiaBrenne TOBEPX-
HOCTHOTO CJIOS He HaGJII0/IaeTcsl.
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3. Ha ypoBHe ToHKOH cTPYKTYpbI 11pu peskume 111
B 06paGOTaHHOW MOBEPXHOCTH HAOJIOLAeTCST PABHO-
MepHOe yBeJIMYeHHue IMJIOTHOCTH AMCJIOKALMN MPHU OT-
CYTCTBUY 3HAYUTETHHBIX IPAUEHTOB B UX pactpeeie-
. OTKJIOHEHNE OT PEKOMEH/TyeMOT0 PeXKinMa IIPUBO-
JIUT K BO3HUKHOBEHUIO PE3KOT0 IPAIMEHTA 110 IJIOTHO-
CTH AMCJIOKAIUil Ha TPAHUIAX CTPYKTYPHBIX COCTaB-
JITIONTNX ayCTEHUT-MAapPTEHCHUT, YTO CTAHOBUTCS ITPUYN-
HON (POPMUPOBAHUS 30H 3apOXKACHUS U PA3BUTHS
TPEIH.

4. Takum 06pa3oM, IUCTIEPTHPOBAHUE CTPYKTYPbI
B YIIPOYHEHHBIX IOBEPXHOCTHBIX CJOSIX W3JENUN U3
BbIcOKoIpoyHoro uyryHa BY 80 npu MIIO na peko-
MeHayeMoM pesknMe III cmoco6eTByer onmTmMusanun
CTPYKTYPHO-()a30BOTO COCTOSHUSA W YJIYUIIEHUIO 9KC-
IJIyaTallNOHHBIX CBOIMCTB pabOUNX MOBEPXHOCTEN.

1. Connyes JI.A., 3aidenbepz A.D., Manwii A.D. Ioxydyenue
YYTYHOB TOBBIIIEHHON MPOYHOCTH. — XapbKoB: Bumma miko-
sa. V31-Bo ipn XapbKoBcKoM yHuBepcutere, 1986. — 152 c.

2. Jlumosxa B.H. IloBbienne KadecTBa BbICOKOIPOYHOTO UYTY-
Ha B otsimBKax. — Kmues: Hayk. mymxa, 1987. — 208 c.

3. Koncmpyxyuonnwvie matepuannl. Cunpasounuk / B.H. Apsa-
MacoB, B.A. bpoctpem, H.A. Byme u ap. — M.: MamuHo-
crpoenne, 1990. — 688c.

4. Koganenxo B.C. YmupouHeHme AeTajeil JydeM Jazepa. —
Kues: Texwuika, 1981. — 241c.

5. Apsamacuesa I.11., Sunuenxo B.M. IDJEKTPOHHO-JyueBast
00paGoOTKA-HOBBIIl 9KOHOMUYHBIH METO[| TIOBEPXHOCTHOTO YII-
pounenusi gertaneit // Texuosorusi aBTOMOOGHJIECTPOE-
Hus. — 1980. — Ne 5. — C. 23-26.

6. Twopun FO.H., JKaokesuu M.JI. IlnazmMennble yIIpOYHSIONINe
texnosorun. — Kues: Hayxk. nymxa, 2008. — 218 c.

7. Cmpyxmypa n MexaHMyecKye CBOWCTBA HWHCTPYMEHTOB U3 Gbl-
CTPOPEXKYIIEHl CTaMM NPU UMILYJIbCHO-IIJIA3MEHHON MOBEPXHO-
craout o6pabotke / JI.U. Mapxkamosa, O.B. Komicanuenko,
M.JI. Baneswmu, /[.I'. BoraueB // CrpoutesbcTBO, MaTepua-
JsoBesenne, Mammuocrpoenne: C6. nayd. Tp. — Bopim. 64, —
[u-Bck: IBY 3 «IITACA», 2012. — C. 211-220.

8. Tyurin Yu.N., Kolisnichenko O.V. Plasma-detonation tech-
nology for modification of the surface layer of metal parts
// Vetnam. The Open Surface Science J. — 2009. —
Ne 1. — P. 13-19.

9. Estimation of the strength and crack resistance of the metal
of railway wheels after long-term operation/ L.I. Markas-
hova, V.D. Poznyakov, A.A. Gaivoronskii et al. // Materi-
als Science. — 2012. — 47, Ne 6, May. — P. 799-806.

10. H3nococmotixocms BAJKOBBIX UYYTYHOB TIOCJ€ HMILYJIbCHO-
miasmennoit o6paborku,/ I0.H. Twopun, O.B. Kosncunuen-
ko, U.M. lyna u np. // Uepubie metammpl. — 2010. —
Ne 12. — C. 14-17.
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CTPYKTYPHO-®A30BOE COCTOAHUE 3ANIUTHDBIX
Ni—Cr IIOKPBITUI1, HAHECEHHBIX METO/IOM
KYMYJATUBHO-AETOHAIIMOHHOTO HAIIBIJIEHHA

JL.LH. MAPKAIIIOBA, 10.H. TIOPHH, O.B. KOJIUCHUYEHKO, M.JI. BAJIEBUY, /I.I. BOTAYEB
Wucruryt anekrpocsapku uM. E.O. ITatona HAHY, Kue Ykpauna

WccnenoBanoch BAUSHUE TEXHOJOIMYECKHX [1apaMeTPOB KyMYJIATUBHO-ACTOHAIIMOHHOIO HAIbLIEHUS CILIaBa cucTeMbl Ni—
Cr—Fe—B-Si na ctpyxrypHo-a30Boe cOCTOSTHIE IOy YeHHDBIX TOKPBITHIA. Y CTAHOBJIEHO, YTO TPUMEHEHHE PEKOMEH/1yEeMOTO
PeKIMa PUBOANT K (POPMUPOBAHUIO MOKPBITHIA CO 3HAYUTEBHOIT CTENEHBIO aMOP(HU3AINY MATPHUILBI, BBICOKUMI 06bEMHOIT
noJiell amesieil U ypoBHEM MHTerpasIbHON MUKPOTBEPAOCTU B COUETAHUU C MUHUMAJIBHON IIOPUCTOCTBIO.

OpHuM u3 HanboJiee MMPOKO PACTTPOCTPAHEHHBIX U B
TO K€ BpeMs TEePCHEKTUBHBIX CHOCOOO0B IMOBBIIIEHUS
9KCILIyaTAllMOHHBIX CBOWCTB W [IOJITOBEYHOCTU HU3[l€-
JIUH SIBJISIETCS HAaHECEHWe Ha X TTOBEPXHOCTU Pas3Jiny-
HbIX (DYHKIUOHAJBHBIX IIOKPBITUIl C HPUMEHEHHEM
TEXHOJIOTHH razorepmMmaeckoro Hamburenus (ITH) [1,
2]. HauboJsiee niepe/ioBbIMEI U JUHAMUYHO Pa3BUBAIO-
mmucs Texaosorussvu I'TH o mpaBy cunratorcs me-
TOJIBI BBICOKOCKOPOCTHOTO Ta30IJIAMEHHOTO HaIlbLIe-
mus T'TTH (high velocity oxygen fuel (HVOF) u high
velocity air fuel (HVAF)), kortopble, Grarogaps
OUYEHb BBICOKMM KAueCTBY MOJyYaeMbIX MOKPBITUH 1
MIPOU3BOIUTENHLHOCTH TIPOIECCA, B Ps/ie CAYYa€eB BbI-
TECHUJIM J[PYTHe PACIIPOCTPAHEHHbIE TEXHOJOTHH Ha-
HeceHusi NMOKpbITHN. OpHAKO OAHUM U3 HauboJiee
3HAYUTEJbHBIX HEIOCTATKOB IMEPEUNCIECHHBIX BBIIIE
TEXHOJIOTUI BBICOKOCKOPOCTHOTO HAHECEHUS TIOK-
PBITHIT SIBJISIETCS BechbMa BBICOKHII pacXojl ra30BOii
cMecu. AJTbTepHATUBON BBICOKOCKOPOCTHBIM METOZaM
T'TIH aBuisiercss MeToz IeTOHAIIMOHHO-Ta30BOI0 HAIIbI-
aenust (JITH), KOTOPbIH MO3BOJISIET TIOJyYaTh CPaB-
aumble ¢ Merogamu HVO(A)F mo xadecTBy MOKPBI-
TUSI, OTJIMYAlONINecs: Mpu aToM Gojiee HU3KUM KO-
s¢dunmentom ncnospsosanusa marepuana (KMUM) u
JINCKPETHOCTBIO TIpoltecca [3, 4].

B N9C um. E.O. Tlatona HAH Ykpaunnr paspa-
60TaHbI TEXHOJIOTHS 1 060PYIOBaHKE JJII KyMYJISITUB-
Ho-geronanuonnoro Hambutenma (KJH), xortopoe
MPUBOJUT K (POPMUPOBAHUIO BBICOKOKAYECTBEHHBIX
MOKpLITUi ¢ BbIcOkuMuU KM u mpomsBoauTeIHHO-
CTHIO, OTJIMYAIOIIEECS MPU 3TOM OT YKA3aHHBIX BBIIIE
Hambostee mepenoBbix MetonoB I'TIH mpocroroit 060-
PYZIOBaHUS, 3HAYNTEJNBbHO MEHBIINMHU yAEJbHBIMU 3a-
TpaTaMu U JJaBJE€HUEM ra30B, a TAKKe IHEPTOEMKOCTHIO
[5]. K ocob6enHoCcTAM JaHHOI TEXHOJOTHH CJEIYET OT-
HECTU HAJNYKMe HECKOJbKHUX CIIEIUATBHO MPOPUINPO-
BaHHBIX JIETOHAIIMOHHBIX KaMeP U TOBbIIIEHHAS YacTo-
ta meronarmn (20 I'r) ropiodell cMecn, KOTOpbIe Ipa-
KTMYECKH HHBEJUPYIOT OTpuilaresbHbie 3(hdEKTo,
CBSI3aHHBIE C JMCKPETHOCTBHIO KJIACCUYECKMX METO/IOB
JIETOHAI[MOHHOTO HamblIeHusa [6].

Bocrpe6oBanHbIM HallpaBJeHIEM TIPUMEHEHUS KY-
MYJISITUBHO-/IETOHAIIMOHHOTO METO/Ia MOJTyYeHus1 (PyHK-
IIMOHAJIbHBIX TOKPBITUI SIBJISIETCS HATIbLJIEHHE CILIABOB
Ha ocHoBe cucreMbl Ni—Cr—Fe—B—Si g nosbimenuns
CTOWKOCTU TIPOTUB WM3HOCA U3JEHil, paboTaionux B
YCJIOBUSX BBICOKUX TEMIIEPATYP W XUMHUUYECKU AKTHUB-
HBIX cped. Takue craBel 001a1a10T BHICOKUMHU TIPOY-
HOCTBIO U KOPPO3MOHHON CTOMKOCTBIO 32 CYET COep-
JKaHUsI 3HAYUTENBHOTO KOJMYECTBA XPOMa, a HaJUIne
60pa, KpeMHUS U YTJiepoia TIPUBOANUT K 00Pa30BaHUIO
$a30BbBIX COCTABJAIONIUX C YPOBHEM TBEPAOCTH, 0be-
CIIEYMBAIONIMM BBICOKUE TIOKA3aTe N U3HOCOCTORKOCTH
TaKuX TMOKphITHii [7].

OnHaKo Ha JaHHBIH MOMEHT HEAOCTATOYHO JOCTO-
BEPHOU W OJTHO3HAYHOW WH(MOPMAIIUU O BJIUSHUU Pa3-
JUYHBIX TeXHOJOTHYecKnX TapametpoB KJIAH mHa
CTPYKTYPHO-(ha30BO€ COCTOSTHME HATBLIEHHBIX TAKUM
06pa3oM MOKPBITHI.

[espio nanHoi paboThl OblJA OlEHKA BJIUSHUS T1a-
PaMEeTPOB TEXHOJIOTUYECKUX PEKUMOB KyMYJISITUBHOTO
JIETOHAIMOHHOTO HAIIBLIEHNS HA CTPYKTYPHO-(Pa30BbIi
COCTaB TOKPBITUN M3 MOPOITKAa CaMOMJIIOCYIONETOCS
HHKe1eBoro ciniaBa cucreMbl Ni—Cr—Fe—B—Si.

MarepuaJbl u MeTouKa. [[J1s1 HANbLIEHUS TTOKPBI-
THUIl IPUMEHSIJI PACIIbLIIEHHBINA TOPOIIOK cucTeMbl Ni—
Cr—Fe—B-Si (TY 48-4206-156—82) caeayromero xu-
MUYECKOro cocTaBa, %: Ni — ocnosa; 10—-14Cr; 5—
7 Fe; 2,0-2,3 B; 2,0-3,2 Si; 0,5 C, BHemHuii BUg
KOTOpOTO TIpe/icTaBsieH Ha puc. 1. [loBepxHOCTH HAITbI-
JIsIeMbIX 06pa3IloB MPeIBAPUTETBHO TTOABEPTATHN [PO-
6ecTpyitHOIT 06paGOTKE C IEJbI0 yAaJeHUsT OKCUIHON
IJIEHKH, Pa3BUTHS TIOBEPXHOCTU M, COOTBETCTBEHHO,
VJIYUIIEHUS aJIT€3MOHHON TTPOYHOCTH TIOKPBITHS. ¥ PO-
BEHb TEILJIOBJIOKEHUS IIpH HambLaienun (pexxumbpl [—
IT1) M3MEHAJICA 3a CYET BapPbUPOBAHUS CJIEAYIONHX
TEXHOJIOTUYECKUX TIapaMETPOB: COOTHOIIEHUS JIJIU-
Ha,/ quamerp crBosa nymku (I/d, MM) u pasMepoB
YaCTHI UCTOMb3yeMoro mopomka (dg,, MKM). I—pe-
wum: 1/d — 300,16 MM, dg, < 40 mxm; 1T pesxum:
l/d — 330,20 mm, dg,, < 40 mxm; I pesxnm [ /d —
330,20 MM, dgp < 40—63 MKM.

© JI.U. MAPKAIIIOBA, 10.H. TIOPMH, O.B. KOJIMCHUYEHKO, M.JI. BAJIEBUY, /I.I. BOTAUEB, 2013
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WccnenoBanust CTPyKTYpPHO-(a30BOTO COCTOSTHUS
nosy4yeHHbIX Ha peskumax [—I1I mokpeiTuii mpoBoguIN
C IpUMEHEeHNEeM KOMIIJIEKCHOTO METOIMYECKOTO TTO/IXO0-
Jla, BKJIOYAIOMIETO ONTHYEYeCKYI0 MeTasIorpaduio
(Versamet-2, SInonusg; Leco-M400, CIITA), ananutu-
YeCKYI0 PACTPOBYIO SJIEKTPOHHYIO MEUKpOcKomuio (Phi-
lips SEM-515, Tommauaus u JEOL JAMP 9500F c
sHeproaucnepcuonubiM criekrpomerpom Oxford EDS
INCA Energy 350, Snoaust) u peHTreHOCTPYKTYPHBIH
dasospiii anamms (JIPOH-YM1 B MoHOXpOMaTHYEC-
koM CuK,-usnyuenun). B pesymbrare mposementnoit
paboTbI GBLTH TOJYYEeHbI 9KCIIePIMEHTAIbHBIE TaHHbBIE
0 CTPYKTYPHO-(Pa30BOM COCTOSIHUY TTOKPBITHI, HATIBI-
JIEHHBIX HA Pa3JIMUHBIX PEXMMax.

Peayabrathl uccienoBanmii. Kak ussecto [8, 9],
KauecTBO METAJINIECKUX MOKPBITHI TeM JIydlle, 4eM
HIDKE B HUX COJepKaHWNe HEepPACIIaBJIE€HHBIX YaCTHII
(puc. 2, @) n BonEe o6bemuas nons gamenein (puc. 2,
6), cOPMUPOBAHHBIX PACIIABJEHHBIMA ¥/ WM TI/Ia-
CcTH(UIMPOBAHHBIMI YAaCTHIIAMHU TIOPOIIKA. Bbicokoe
cofiep:KaHMe JaMeselt IpeAoTpeie/sseT XOPOoyIo Ko-
Te3uio M aJ[re3ui0 MoJydaeMbiX MOKpbITHil. [loBbiiie-
HIIe Jke 00beMHOIT 1011 HepacIIaBJIeHHbBIX YaCTHI], KO-
TOpbBIE B TIPOIECCE HAMBLIEHUS OOBIYHO HAXOATCS HA
nepudepunt ABYyX(a3HOTO MOTOKA <ITOPOIIOK—Ta3»,
MPUBOAUT K HAPYIIEHUIO KOHTAKTHBIX MTPOIECCOB B3a-
UMOJIENCTBUS YaCTHI MEXKIY COOOI U C TOBEPXHOCTHIO
OCHOBbBI, CYIIECTBEHHO YXY/IIAs MPH 3TOM KAuyecTBO
MIOJTyYaeMbIX TTOKPBITHI.

[IpoBeieHHBIMU WCCJIEJOBAHUSME ITOKA3aHO, UYTO
HAIIbLJIEHNEe C TIPUMEHeHueM pexuma | mpuBomuT K
dbopmuposannto nokpbitus (puc. 3, @) ToOMIMHOIL
(8) ~ g0 125 MKM ¢ UHTErpaJbHON MUKPOTBEPAOCTHIO
(HV 05) nopsimka 3620—4410 MIla (puc. 4). O6bem-
Hast goast (V) nmameneii B mokpbituu [ cocraBisier
~65 % 1pu 25 % HepaciUiaBjieHHbIX yactuil U 10 %
MIPOYNX CTPYKTYPHBIX cOCTaBJsomux. [lopncrocts Ta-
KOTO TIOKPBITUSI HaxoauTcst Ha yposHe 2,8—3,0 %.

[Tpu yBeTMIeHNN TETIJIOBJIOKEHMS 32 CUET N3MeHe-
HUSI COOTHOIIIEHUS JIJIMHBI K JMAMETPY CTBOJIA IIYIIKH

Puc. 1. Buemnuii Buj HanbLisieMoro nopomka, POM (x1010)

(1/d) no 330,20 mm (pesknm IT) popmupyercs mok-
pbitue Tommunoi (8) ~ 1o 250 MM (puc. 3, 6). 3Ha-
YeHHUs] MHTErPAJbHON MUKDPOTBEPAOCTH HAXOIATCS Ha
yposHe 3620—4730 Mlla, uro ua 10 % BbIlIe, YeM TIPH
pexnme 1. O6bemuas gons (V) namesieii B MOKPHITHI
IT cocrasisier ~70 % 1ipu 20 % HepacIIaBIeHHbIX Yac-
tuif 1 10 % MIPOYNX CTPYKTYPHBIX COCTABJSIIOMUX. [10-
pucrocth mokpbitusa 11 ymenbimaercs ~ B 2 pasa mo
cpaBHenuio ¢ mokpbitueM I u cocrasisier 1,0—1,5%.

UcnonbzoBanue noponika cucrembl Ni—Cr—Fe—B—
Si ppaknuonnoro cocraba d g, 40—63 MkM Ha peskuMe
[T mpuBoauT K (hopMupoBanuio MokpbiTus (puc. 3, 6)
trommuaoi (8) ~ go 325 MkM. VHTerpasibHas MUK-
porBepaocTb cocrapisier 3810—-5930 MIla, yro mHa
~25 %sbiiie, yem npu peskuMax I u 11, O6beMHast 1011
(V) nameneii B nokpoituu 111 cocraBaser 75 % npu
15 % HepaciuiaBieHHbIX yacTuil 1 10 % mpovnx CTpyK-
TYPHBIX COCTABJSIONUX . [IOPUCTOCTD TOKPBITHST MUHU-
MasibHa U Haxomutcs Ha yposae 0,8—1,0%.

MeTo/10M PEHTTEHOCTPYKTYPHOTO (Da30BOT0 aHAJIH-
3a YCTAHOBJIEHO, YTO MCXOJHBIN MOPOIIOK COCTOUT W3
TBEP/IOrO PACTBOPA HA OCHOBE HUKEJISI M XPOMa, COJIEP-
JKalero GOpUIHbIE, CUIUIUHBIE U KapOuHbie (hasbl

I !l!l].’ll'lL’I ARTCHHAR YAacTHia

Jlamean

Puc. 2. XapakrepHble CTPYKTYPHbIE COCTABJIAIONIME: ¢ — HEpacIIaBleHHas yacTuia; 6 — Jamesib, PAOM (x3100)
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J1 = mamenn

H = nepaciaapicsise Sactinin
C = nposine CTRPYETYPHBIC COCTREISIOUNE

Puc. 3. Mukpocrpykrypa u obbeMHas [0JIst
CTPYKTYPHBIX COCTABJISIIONINX HOKPHITHH, HAIIBI-
neHHbIx Ha pesknmax [-111: @ — pexnm [; 6 —
pexum 1I; 6 — pesxnm 11 (x800): JT — namenu;
H — nepacmnaBrenusie yactuiel; C — mpoune
CTPYKTYPHBIE COCTABJISIIONINE

B UHCTOM BH/IE, a TaKKe WHTEPMETAIUIBI U Kap6o6o-
PHUIBI B HEGOIBIIIOM KOJIITYECTBE.

Ha penrrenorpamMMax MOKPBITUI, HATIBLJIEHHBIX HA
peskumax [-111 o6napyxeHo mpucyTCTBHE CJIEYIONUX
das: tBepmoro pacrsopa na ocuoBe Ni—Cr, 60puaoB
nukens (NizB) u xpoma (CrB u CrsBs), u B He6ob-
oM KoJsimuectBe cuymnuaa Hukess NisSiy u kapbuma
xpoMma Cr;Cs. 3HaunTeNbHBIX M3MeHeHWI (a30BOTO
COCTaBa MEXK/Ty TIOKPBITUSIMU, HATIBITIEHHBIMY HA PESKU-
max I-II1 ne obuapyskeno. [lnsg Bcex mccieqyeMbIx
nokpbIThii (puc. 5, munus 1), 10 CPaBHEHUIO C PEHTIe-
HOTPaMMOii BcxXoAHoro mopomka (puc. 5, munuga 2),
XapaKTepHO HAJIWYWe TaJIo0 MeXIy =37 U 55°, CBUjle-
TeJIbCTBYIONIEe 06 aMOP(GHO-HAHOKPUCTAIITYECKOM COC-
TOSTHUU MaTPHIIbI TIOKPBITUI, CBS3AaHHOTO C BBICOKIMU
ckopocramu oxaaxaenns (1o 107 K /¢), xapakrepHo-
TO [IJISI IETOHAIIMOHHOTO METO/Ia HANbLIEHUs. JTO TaK-
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MI-IIC'ITI’H-I.‘p.‘.I_ﬂCTII.
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Puc. 4. VI3MeHeHne MUKPOTBEP/IOCTH 110 TJTyOMHE IIOKPHITUII CHCTEMbI

JKe TOJ/ITBEPIK/IaeTCs JIAaHHBIMU PACTPOBON 3JIEKTPOH-
HOHM MUKPOCKOTIVH.

WccnemoBaHugaMy XUMUYECKOTO COCTABA TTOKPBITHI
I-III moka3aHno, 4TO JlaMeJid U HepacIlJIaBJIeHHbIe Yyac-
THUIIBI IPEACTABJSIOT CO60 MHOTOKOMIIOHEHTHBIH pac-
TBOp Ha ocHoBe Hukeas (puc. 6, @), cocrosimii us,
%: 79-83 Ni; 7,9-11,3 Cr; 5,1-7,2 Fe; 2,0-2,3 Si.
O6Hapy’KeHO TaKKe He3HAUUTeJbHOe KOJUYECTBO IB-
TEKTHK Ha OCHOBE KapOumos u cumiuaos (puc. 6, 6)
CJIO’KHOIO XMMHUUYECKOro cocrasa, %: 31—-53 Ni; 36,5—
60 Cr; 1,0-2,7 Si; 6,9-8,5 C.

TakuM 06pa3oM, YCTaHOBJIEHO, YTO KyMYJISITUBHO-
JIETOHAIIMOHHOE HATTbLJIEHUEe TOKPBITUI U3 CILIaBa CUC-
temMbl Ni—Cr—Fe—B—Si mpuBoaut k dopMupoBaHUio
CTPYKTYPHO-(ha30BOTr0O COCTOSIHUS, CPABHUMOTO TI0 CBO-
UM XapaKTEPUCTHUKaM C IMOKPbITUAMHN, HAIIbIJICHHBIMN
C TIPUMEHEHUEM TaKWX MEePeIOBbIX METO/I0B Ta30Tep-
mugeckoro Hambuienus, kak HVO(A)F. Ilposemen-
HBIMU UCCJIE/IOBAHUSAME TIOKPBITHIA (I-111) nokasaHo,
uyto peskuM 111 aBisiercst pekoMenIyeMbIM J1Jist 06eciie-
yeHus HanboJsiee MpeAnoYTUTELHOTO CTPYKTYPHO-(hba-

J665

1835

25 30 35 40 45 S0 55 60 65 YO V5 8O0 85 490

Puc. 5. CpaBuutesbHAsI PEHTTEHOBCKAsH AU(PAKTOrpaMMa ITOPOIIKA
n nokpoitus cucreMbl Ni—Cr—Fe—B—Si, nanbutennoro na pesxume 111
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Hepaciuammen e
HECTHILL

DETCKTHER

10 h:m

Puc. 6. dparmentbl MUKPOCTPYKTYpbI mokpbitust 11T (POM): @ — o6uuii Bug (x2000); 6 — sBTeKTHKA Ha OCHOBE KAPOU/IOB U CUJIMIIU/IOB

(x5000)

30BOTO COCTOSTHUSI MaTepHaJia TIOKPBITUS, TJe OTMEYa-
ercst HamboJjiee BBICOKHE OObeMHas [OJ JaMeseil u
HHTErpajibHasi MUKPOTBEPAOCTb, a TaKyKe MHUHUMAJIb-
Hasl IOPUCTOCTh B COYETAHUU CO 3HAUUTENbHOII crelie-
Hblo amopdusaiun Ni—Cr MaTpHIIbI.

BbiBoab!

1. TexHoNOTUS KyMYJISITUBHO-JETOHAIIMOHHOTO HAITBI-
JieHus OKpbiThii u3 criaBa cuctembl Ni—Cr—Fe—B—Si
MIO3BOJISIET TIOJIYYaTh MMOKPBITHS CO CTPYKTYPHO-(a3o-
BBIM COCTAaBOM, CPABHUMbBIM 110 CBOUM XapaKTEPUCTU-
KaM C MMOKPBITUSMH, HAHECEHHBIMHU C TPUMEHEHWEM TTe-
PENOBBIX TEXHOJIOTHII Ta30TEPMUECKOTO HaIbLIEHUs
HVO(A)F.

2. Crpyxrypa nokpoituii I-111 npezacraBiena mame-
JIIMU U He PacIlJIABUBIIUMUCS YACTUIIAME, COCTOSIIIN-
MU U3 TBEPJIOTO PACTBOPA CJOKHOTO XMMUYECKOTO COC-
taBa Ha ocHOBe Ni—Cr, KOTOpbIil, B 3HAUNTEIbHOM CTe-
MeHU, HAXOAWUTCS B aMOP(HO-HAHOKPUCTAINIECKOM
COCTOSTHUU.

3. YcTaHOBJIEHO TIPUCYTCTBUE CJEAYIONMNX YIIPOY-
usomux a3 ¢ BBICOKUM YPOBHEM TBEPIOCTU: GOPHUIOB
nukens (NizB) n xpoma (CrB u CrsBs) u neGobimoro
KOJIMYeCTBa cuHIm/a HuKesst NisSi; n kap6ua xpoma
Cr;C3, obecrednBaIOIUX BBICOKHE IIOKA3aTEeIH M3HO-
COCTOMKOCTH TaKUX TOKPBITHIA.

4. Tlpumenenue pesxkuma III mpuBoauT K yBeande-
HIIO 00beMHOIT o tamesieil Ha ~10 % 1 uHTEerpasb-

HOW MHUKPOTBEPJAOCTH Ha ~35 %. IlopucToCcTh TAKOro
MOKPbITUST MUHUMaJIbHA 1 cocTasJsier ot 0,8 1o 1,0 %,
YTO TO3BOJISIET PEKOMEHIOBATb AAHHBIN PEXUM IS
KyMYJISITUBHO-/IETAHATIMOHHOTO HAIBIJICHUS HUKeJe-
BBIX CIIJIABOB.

1. T'azomepmuueckoe HalblIeHNE KOMIO3UIIMOHHBIX TOPOIIKOB,/
Al Kymuk, 10.C. Bopucos, A.C. Muyxun, M./[. Huku-
tuH. — JI.:  Mamunocrpoenue, JleHUHrp.oTaeeHMe,
1985. — 199 c.

2. Bopucos IO.C., Bopucosa A.J/I. IlnasMeHHbIE NMOPOIIKOBBIE
nokpeitist. — K.: Texmika, 1986. — 223 c.

3. Bapmenes C.C, @edvxo IO.Il., I'puzopos A.H. [letona-
IMOHHbIE MOKPBITHS B MamuHocTpoenun. — JI.: MammHoct-
poenne, 1982. — 214 c.

4. Pawlowski L. The science and engineering of thermal spray
coatings. Second edition. — 2008. — 647p.

5. Cpasnumenvroiii anaau3 3pOEKTUBHOCTH KyMYJISATHBHO-/[ETO-
narmonHoro 1 HVOF ycTpoiicTB Ay rasoTepMuyecKoro Ha-
netenust nokpeituit / IO.H. Tiopun, A.Jl. Ilorpe6usk,
O.B. Kosmmcunuernko, .M. [lyna // YupouHsionue TeXHO-
goruun. — 2009. — Ne 5. — C. 27-33.

6. Twpun 10.H. Koaucnuuenxo O.B. Ilonewyx M.A. Kymyis-
THBHO-/IETOHAI[IOHHOE YCTPONCTBO LIS TAa30TEPMUYECKOr0 Ha-
npuienns mokpbituii,/ Tp. 9-it Mexaynapona. koud. «Ilnen-
k1 1 MOKpbITUA-2009». — C. 44—46.

7. Microstructural Characteristics of High Velocity Oxygen
Fuel (HVOF) sprayed NiCrBSi—=SiC Composite Coating on
a Low Alloy Steel / M. Karagoez, S. Islak, S. Buytoz,
B. Kurt // 6th Intern. Advanced Technologies Symp.
(IATS’11). — 2011. — P. 13-21.

8. Cavaliero A., De Hosson J.T. Nanostructured coatings //
Nanostructure science and technology, Springer. — 671 p.

9. Tracton A.A. Coatings technology: Fundamentals, Testing
and Processing Techniges. — 2007. — 371 p.
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BJINAHUE CTPYKTYPHO-®A30BOI'O COCTOAHUA
HA MEXAHUYECKHWE CBOVMCTBA ITIOBEPXHOCTHHBIX
CJIOEB KOHCTPYKIIMOHHOI1 CTAJIN,
OOPMUPYIOIINXCA B YCJAOBUAX JTJASEPHOIO
N JJASEPHO-IIJIASMEHHOTI'O JIJETUPOBAHUA

JLU. MAPKAIIIOBA, B./I. IEJSTUH, B.IO. XACKUH, O.C. KYIIHAPEBA, A.B. BEPHAIIKUIA
Wucruryt anekrpocBapku uM. E.O. ITatona HAHY, Kue Ykpauna

C 11eJ1bI0 TOBBILIEHUS SKAPOIPOYHOCTH U APYTUX IKCILIYATAIlMOHHBIX XapaKTePUCTUK M3/e/INi U3 KOHCTPYKI[MOHHOM CTa/Iu
38XH3M®DA a5t 0oTpabOTKN TEXHOJOTHN PESKUMOB YIIPOUHEHNUST TIOBEPXHOCTEH METO/IaMU JIA3EPHOTO 1 JIa3ePHO-TIJIA3MeH-
HOTO JIETUPOBAHHS BBIIOJHEHBI CTPYKTYPHO-(Da30Bble HCCICAOBAHIA 00PaGOTAHHBIX CJIOEB B 3aBHCHMOCTH OT BBEICHIS
HOPOIIKOBBIX [IPUCA/IOYHBIX MATEPUAIOB HA OCHOBE KapOu/ja BoJbdpama u xpoma. Ha 6ase skcrepuMeHTAIbHBIX HCCJIe-
JIOBaHUiT BBIIOJTHEHDI OLeHKH [ dePEeHIIMPOBAHHOTO BKJIA/Ia CTPYKTYPHBIX apaMeTpoB (XMMHYECKOro COCTaBa, Pa3MepoB
3epeH U cy63epeH, 00beMHON [0/ (DA30BBIX BbIEIEHHU, [IOTHOCTH JAMCJOKAIM U T.II.) B U3MEHEHHE MEXaHHYECKHX
XapaKTePUCTHK 00pabaTblBAeMbIX MOBEPXHOCTHBIX CJIOEB, a Takke (DOPMUPOBAHUE B HUX KOHIIEHTPATOPOB BHYTPEHHUX
nanpsokennit (T, ,.) 1 MEXaHH3MOB PEJIAKCAIMH TAKOTO THIIA HATIPSKEHHl.

B 3HaunTEIbHO CTENEHN AOITOBEYHOCTD, B TOM YHCJIE
¥ M3HOCOCTOWKOCTDH PaGOTHI JleTajlell MAllliH U MeXa-
HU3MOB B PAa3JIMUHBIX YCJOBUSX HKCILTyaTallUU 3aBU-
CUT OT CBOWCTB WX MOBEPXHOCTHBIX CJIOEB U TIPEXK/IE
BCETO METO/IOB WX yIpouHstonieir o6padorku [1-3].

K Takum HOBBIM POTPECCUBHBIM TEXHOJOTHAM 00-
PaGOTKN OTHOCSTCS METO/bI JIA3ePHOTO W JIa3epHO-
IJIAa3MEHHOTO YIPOUHSIONero JernpoBanus. OmHaKO
BO3HUKAIOT TPOGJIEMbl HAKOIJIEHWS BHYTPEHHUX Ha-
npsiKeHuit B 06paboTaHHbIX CJI0SIX, UTO 3a4aCTYIO TIPU-
BOJIUT K BO3HUKHOBEHUIO B 3TUX 30HAX MUKDPOTPEIIHH.

[ToaToMy, uccremoBaHWEe CTPYKTYPBI JIETHPOBAH-
HBIX CJIOEB B 3aBUCHMOCTH OT PEXMMOB 00pabOTKH, a
TaK)Ke B3aUMOCBSI3H CTPYKTYypa — CBOWCTBA U TIPUYNH
BO3HUKHOBEHWSI MUKPOTPEIINH SIBJSETCS AKTYaJbHOI
3ajaueil JJIsl ONMTUMUBAINU U KOPPEKTUPOBKU TEXHO-
JIOTHii JIernpoBaHusi oBepxHocTu (JlazepHoe U Jasep-
HO-TIIa3MeHHoe) . UTo 1 JOJKHO 06eCeunTh J0CTaTou-
HBIIl YPOBEHDb 9KCILITYaTAIIMOHHBIX CBONCTB JIETHPOBAH-
HOTO ITOBEPXHOCTHOTO ¢Jiost [4, 5].

JlernpoBaHme TTOBEPXHOCTH JIa3€PHBIM U JIa3epHO-
MJIa3MeHHBIM METO/IOM BBITIOJTHSJIOCh HA TOPIIEBO MO-
BEPXHOCTH KOJBIEBBIX 00pasnoB J187x3125x30 mm
u3 KoHCTpyKImonHoi cramn 38XH3MDA. Ilpu Ja-
3epHOM JIETUPOBAHWN MCIOJb30BATACh MEXAHUYECKAS
cMech opotnkoB ppakiy 0—40 MKM cJ1e/1yo11ero coc-
taBa (macc. %): 46 % (WC-W-,C) + 46 % Cr +
4 % Al + 4 % Si, a pu j1asepHO-ILIa3MeHHOM — 48 %
(WC-W,C) + 48 % Cr + 4 % Al.

[lnsg  na3epHOTO  JIETHPOBAHWS — WCIOJb30BaH
Nd:YAG-nazep DY044 ¢ MOITHOCTBHIO M3JIy4EHUS 10
4,4 kBt n gmwHON BosHBI n3aydeHns A = 1,06 Mk,
npousBojctBa Gupmbl «Rofin-Sinar» (Tepmanus).
OG6opyoBanue W TeXHOJOTHH [IJIS JIa3ePHO-TIJIa3MEH-

Horo JjerupoBanusi pazpaéoranbl u B UIC um. E.O.
[Tarona HAHY . IIpu aToM Ha 6a3e TPUKOOPIUHATHOTO
MaHuIyaaTopa «Jlacrouka-1» 6bL1 opranuzoBan Ja6o-
patopubiii creHa. IIpomecc TpoBOAWAM TpU TOKaX
rasmenHoro ncrounuka 40—50 A, narnpsikenuu 32 B.
JlucTannus OT colvia 11a3MOTPOHA K 30He JeifCTBUS
JIa3epHOTO M3JaydeHus cocrasisiia 110—-150 mm. Jla-
3epHbIE U JIa3epHO-TIJIa3MeHHbIe 0OpabOTKH TOBEPXHO-
CTeli BBIMOJTHAINCH TTPU BAaPbUPOBAHUU MOIIHOCTH Jia-
3epHOTo u3iaydenus B npegenax P = 3,0—4,4 kBr, cko-
poct 06paboTKu v = 24—45 M /4 TIpU BeJIMYMHE Pac-
chokycupoBku uzmnyuerns AF = 30—45 mm.

WccnenoBanust cTpyKTypHO-(pa30BbIX U3MEHEHUIT,
MHUKPOTBEPJOCTU, XUMUIECKOTO COCTABA B JIOKAJbHBIX
TOYKaX M ero pacrpe/eenue 1o ray6ute o6pasia (ot
BHEIIHEH MOBEPXHOCTH JIETUPOBAHHOTO CJIOS JIO OCHOB-
HOTO METa/IIa), a TaKKe XapakTepa JUCIOKAIMOHHOI
CTPYKTYPBI U TIpoIieccoB a3006pa3oBaHuUs BBITIOIHS-
JIM C UCIIOJIb30BAHUEM KOMILJIEKCA METO/IOB BKJIIOUAS:
cBeToByl0 MuKpockonuio («Versamet-2»), aHaanTu-
YeCKyI0 PACTPOBYIO 9JIEKTPOHHYIO MUKPOCKOITHIO
(COM-515, pupmbl PHILIPS, Tonnanans) u MUKpPO-
MUPaKIUOHHYIO TPOCBEYMBAIONIYIO  3JIEKTPOHHYIO
mukpockommio (JEM-200CX, ¢upmsr JEOL, Sno-
Husi). Ha Gase sKCIepUMEHTAJTbHBIX MCC/IEI0BAHUN
BBITIOJTHEHB! OIlEHKU AN PepeHITMPOBAHHOTO BKJIAIA
CTPYKTYPHO-(pa30BBIX ITAPAMETPOB B M3MEHEHUE MTPOY-
HOCTHBIX XapaKTEPUCTUK ITTOBEPXHOCTHBIX CJIOEB, a
TaK)Xe pacrpefiejieHie W YPOBEHDb JIOKAJbHBIX BHYT-
PEHHUX HANPSKEHWI B 0Opa0OTAaHHBIX MOBEPXHOCTSX
1 WX TPAJUCHTOB.

JlazepHoe serupoBanue. O6paGOTKA TOBEPXHOCTH
BBITIOJIHSTIACH KaK Tipu MotitHocTH P = 3,5 KBT ¢ paznoit

© JL.U. MAPKAIIIOBA, B.JI. LIEJIATUH, B.IO. XACKUH, O.C. KYIIIHAPEBA, A.B. BEPHAIIKU, 2013
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Puc. 1. MUKpPOCTPYKTypa HOBEPXHOCTHBIX CJI0EB KOHCTPYKIMOHHOI cTanu 38 XH3M MDA B ycioBusx JazepHoro (@) u 1a3epHO-11a3MEHHOTO

nernposanust (6) (x500)
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Puc. 2. I'paduk konuentpannonnbix nametnenuii aaementos (Fe, Cr, W) or BHemHell OBEPXHOCTH JIETHPOBAHHOTO CJIOSI K OCHOBHOMY
merasny (craap 38XH3M®DA) nocne nasepuoro seruposanust (P = 3,5 kBr, v = 30m /1)

CKOPOCTBIO JIETUPOBAHUS v = 24—45 M /4, Tak U TpH
P =4,4kBrco=24-42 Mm/u.

YcranosseHo, yto u ipu P = 3,5 kBT, Tak u npu
P = 4,4 kB tonmuHa JIerupoOBaHHOIO CJIOSI YMEHbIIIA-
€TCS B 3aBUCUMOCTH OT yBEeJIUYEHUS] CKOPOCTHU JIETHPO-
BaHUsI. MUKPOCTPYKTYpa JIETHPOBAHHOTO CJIOS HMEeT
YETKO BBIPAKEHHYIO KPHUCTAIINYECKYIO CTPYKTYPY €
MHUKPOTBEPAOCTBIO, KOTOPast YMEHbIIAeTCS B 3aBUCHU-
MOCTH OT yBEJIMYEHUU CKOPOCTHU JierupoBanus Ha 30—
36 % (mnsa P =3,5kBt) u 1o 26 % (npu P = 4,4 kBr),
puc. 1, a.

Crefyer OTMETHUTD, YTO TIPH JIA3€PHOM JIETHPOBA-
uun (P =3,5Br, v =30 M /1) HabmoxaeTca Hau6o1ee
PaBHOMEPHOE HACBIIIEHNE TOBEPXHOCTHOTO CJIOST JIETH-
pytonmmMu ajeMenTamu, %: po 70-75 Fe; 12—14 Cr;
7-8 W (puc. 2) 6e3 pe3skoro rpafuenTa KOHIIEHTPaIllu
B 30He 1epexoga (0 25 MKM) OT JIMHUY CILIABJICHHS
B HAIIPaBJICHUK BHEIIHEH IIOBEPXHOCTH JIEFTHPOBAHHOIO
cnosi. Kpome Toro mpu atom pesknme (uKcupyercsi
MIPAKTUYECKOE OTCYTCTBUE TPEIIUH.

B ciygae yBemdyeHusT MOIIHOCTH JIA3€PHOTO JIETH-
posanusa (1o P = 4,4 kBr) nHa6mopmaerca o6pazoBaHue

Puc. 3. Mzo6paskeHne MUKPOTPEIMH B 00JaCTH MOBEPXHOCTHOTO JiernpoBanHoro ciost (@ — x1500), pacupenenenne Cr BAOJIb JaHHOL

tpemunbl (6)
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‘ _ Xy 23
Puc. 4. @azosbie o6pazosanus (DO) B 06paGOTaHHOM MOBEPXHOCTHOM CJl0e: d — u3o6paskenne (asoBbix o6pasosanuii (x1010); 6 —
KapThl pacnpezaenenns W B gaaabix GO

TpenuH AJAuHOM 10 50—550 MKM Kak B JIETHPOBAHHOM
c7oe, TaKk W B 30He JIWHUW CIJIABJEHUS, B 06JacTH
KOTODPBIX PE3KO yBenumuuBaercst Kounenrpanus Cr 10
25 % (puc. 3). DKCHEPUMEHTATIBHO YCTAHOBJIEHO, YTO
B YCJIOBHSIX JIA3€PHOTO JIETUPOBAHUS TOBEPXHOCTHOTO
CJIOST MEKPOTPEIINHBI SBJISIOTCS HAMOOJee XapaKTep-
HBIMU JleDeKTaMu /T BCEX MCCJIeNyeMbIX obJacTeil
(JermpoBaHHBIN CJIOH, 30HA CILIABJIEHUS, OCHOBHOI
MeTasLn).

WccnenoBanusiMu CTPyKTYPHBIX M3MEHEHUN B 06-
paGoTaHHBIX TOBEPXHOCTSX Tpu BBegeHun (asz (pe-
JIUTOB) KPYIHBIX Pa3MePOB YCTAHOBJEHO CJIeyIOIIee.
B snerupoBanHoM cjioe B ciaydae JazepHoit 06paboTKu
HabJogaoTcs KpyiHbie (pasmMepom 10 25 MkM) (aszo-
BbIe 06pasoBanus (puc. 4), KOTOPBIE OTIMYIAIOTCS BbI-
cokuM cozepxkanneM W — 110 9597 % u npucytcrBy-
0T B MUHUMaJIbHOM KoJamdectBe (o6beMHast 1ogst V
mo 1 %).

JlagepHo-mia3MeHHoe JerupoBaHue. PesxiiM o6pa-
60TkH rpu toctosgaHoi MorHocTr (P = 3 kBT) ncnoms-
30BaJii CKOpPOCTb JiermpoBanusi ot 30 70 45 M/4 ¢
HaJIOJKEHNEM Pa3JIMYHOTO KOJTMYECTBA JOPOXKEK.

B ycioBusAX s1a3epHO-TIA3MEHHOTO JIETHPOBAHWS
TOJIIITHA 06PAGOTAHHOTO CJIOS yMEHbBIIAIOTCS TPH yBe-
JIMYEHUN cKopocTh JerupoBarus ot 30 g0 45 M /4.
Takske Kak u pu Jia3epHOit 06paboTKe, JTerUPOBAHHbBIN
CJIOIl TIMeeT YeTKO BBIPAKEHHYIO KPHCTAJLIMYECKYIO
CTPYKTYPY, C OPHEHTallleld, HallpaBJIeHHOH IepIeH /-
KyJSpHO JUHUU ciiiaBiaenns. OMHAKO KPUCTAJITUTDI
uMeloT GoJsiee 4eTKyio siuenctyio crpykrypy (puc. 1,
6) NPU MUKPOTBEPAOCTH JIETMPOBAHHOTO CJIOS, KOTO-
pasi yMeHbinaercst 10 37 % ¢ yBeJUYEeHHEM CKOPOCTU
JIETUPOBAHUS.

VccnenoBanme KOHIIEHTPAIIOHHBIX H3MEHEHHUIT 1T0-
Ka3aJu He3HauuTebHOE u3MeHeHme 1o Fe Bo Bcex mc-
caeyeMbix o6actsax (OT BHENIHEH MOBEPXHOCTH 10
OCHOBHOTO MeTasina). [Ipu atom pacnpegenerue Cr B
JIETHPOBAHHOM CJIO€ B 3aBUCHUMOCTH OT YBEJUYECHUS
CKOPOCTH JIETHPOBAHUS W KOJIUYECTBA HATOKEHWS J10-
pokek usMensiercst ot 6 10 18 %. Pacnpenenenne W

B JIETHPOBAHHOM CJIO€ TaKKe M3MeHsieTcs OT 2—3 110
8 % COOTBETCTBEHHO.

OrHocureibHO (HOPMUPOBAHKS MUKPOTPEIIUH /IS
YCJIOBUT JIa3ePHO-TIJTA3MEHHOTO JIETUPOBAHUS Y CTAHOB-
JIEHO, UTO ZIePEKThI TAKOTO THIIA B OTIMYHE OT PEXKUMOB
JlazepHoro JiernpoBanust Habmogaores (V, ot 3 10
30 %) TOJBKO B JIerupoBaHHoM cJioe (110 TpaHuIe Kpuc-
TQJIJINTOB), a B 30HE JIMHWUH CIJIABJIEHUS] OTCYTCTBYIOT,
YTO CBUETEHCTBYET O XOPOIIEM CIIETJIEHUH JIETHPO-
BAHHOTO CJIOSI C OCHOBHBIM METAJJIOM — CO CTAJIbIO
38XH3M®DA. Crenyer oco60 MOMYEPKHYTb, YTO B
cJiydae JIa3epHO-TIIa3MEHHOTO JIETUPOBAHUS TIPU U =
=30 m /4 (oxHa ZOPOKKA) MUKPOTPELIUH He HaOII0-
JTaeTCsl.

OrnocuresbHo 06beMHuoM 1o (V, %) BBOAUMBIX
npu JiernpoBanuu KpymHeix (pasmep 50—230 MrM) Bo-
JbGPaMOBOCOEPIKAIITITX (o 97 % W) ¢as mokazaHo
caenyioree. Y BeJUYeHNE CKOPOCTU JIETUPOBAHUS OT
30 10 45 M/4) IPUBOAMT K IIOBBILIEHUIO OGBHEMHOI
o dasz or 1 g0 10 %.

Toukast cTpykrypa. boJiee nerasbHble nccienoBa-
HUST (POPMUPYIONIENcsT CTPYKTYPBI, (ha30BbIX BbIese-
HUI 1 30H TPENMHOOOPA30BAaHUS BBITOJHEHDI TIPH HC-
CJIeTOBAaHUH METO/IaMU TIPOCBEUMBAIONIEN MUKPOAUd-
PaKIIMOHHON 3JIEKTPOHHON MUKPOCKOIIIY HAa 00pa3iiax,
HOJTyYEHHBIX MIPU ONITUMAJIbHOM peskume (oTCyTCTBHE
TPENIMH UM MUHAMAJIBHOE UX KOJMYECTBO), ¥ BBIIOJ-
HEHHBIX TIPU OTKJOHEHUSIX OT ONTUMAJIHHOTO peKuMa
(mpu KOTOPBIX (POPMUPYETCS 3HAYUTENBHOE KOJMIEC-
TBO TPELIUH).

[ToxkazaHo, 4TO MPHU JTAa3€PHOM JIETUPOBAHUU B CJIYy-
Yyae OTKJIOHEHUS OT OTITUMAJIBHOTO PEsKUMa 0 =24 M /4,
P = 4,4 xBr ny1g IerupoBaHHOrO CJIOS /LIS XapaKTePHO
caenyionee. B nmoBepxHoCcTSIX popMuUpyeTcss BHyTpU-
KPHUCTAJJINTHAS UTOJbYATask CTPYKTYpa «IapKeTHOTO»
THUTIA, HACHINIEHHAS MPOTSIKEHHBIMUA KapOWaaMu pas-
mrunbix pasmepos (iixl = 0,06x1-0,5x1,6 MrM), pac-
IOJIOKEHHBIX BIOJIb MEK3ePEeHHbIX rpannt (puc. 5, d,
6). J1J1s TOHKOM CTPYKTYPbI B 3TOM CJIydae XapaKTepPHO
pe3Kie u3MeHeHUs IJIOTHOCTH JUCJOKAIIU TIpU TIepe-
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Tl = 0,06 1,0 MM
Il =0,1x1,6 mum

lxl = 0,753 smEm

Puc. 5. ToHKast CTPYKTYpa JIETHPOBAHHOTO CJIOSI, MOJYYECHHAsl ¢ MCIOJIb30BAHUEM JIA3€PHOTO JierupoBanus: ¢, 6 — P = 4,4 kBr, V =
24 M /4, TAEe @ — TpaAneHT pacipeeeHns AUCIOKAIMH BA0Ib ()a30BbIX BbIIENEHNI BO BHYTPEHHUX o0beMax KpucTammTtos (x37000);
6 — BHYTPEHHss CTPYKTyPa (a30BbIX BblieJaeHuii «apkerHoro» tuna (x30000); 6, 2 — paBHOMEPHOE PACIPE/ENEHHE IIJIOTHOCTH [IUCIO-

karmit mpn P = 3,5 kBt (x15000)

X0/Ie OT BHYTPEHHUX O0OBEMOB 3€PeH K 30HAM MeK3e-
pennbix rpanmi (p ~ 8-10% cm? B o6beMax U
110 em? — Baosb rpanmi (Ha3OBBIX BbIAEIEHMI).
B caydae onTMaJabHOTO peXX¥Ma JIA3€PHOTO JIETHPO-
Bauus (P = 3,5 kBT, v = 30 M /1) Ha61I012€TCs OOIIIEee
CHIKEHME TIJIOTHOCTH TUCJOKAII TTPH CPABHUTETHHO
paBHOMEPHOM uX pacnpesenernu (puc. 5, 6, 2), T.e.
6e3 pe3KUX T'PAJUEHTOB W COCTABJISET p ~ 2:10° 1o
410% em2. Jlucrepcubie (ha3oBble BBLICICHUS TPH
VKa3aHHBIX PEKMMaX PABHOMEPHO PacIpeziesieHbl 110
BCceMy 06beMy KPUCTAJITTUTOB.

B ycioBusix Jia3epHO-TIJIA3MEHHOTO JIETUPOBAHUS B
o6pasile — B CJIy4ae OTKJOHEHUS OT ONTHUMAJIbHOTO
pexnma (P = 3 kBr, v = 30 M/4 — HaJOKeHHE de-
TBIPEX JIOPOKEK) /IS CTPYKTYPbI MeTa/LjIa TIOBEPXHOCT-
HOTO CJIOSI XapakTepHO (OpPMHUPOBAHUE WIOJIbYATOM
CTPYKTYPBI ¢ OOJBITAM KOJIMYeCTBOM (ha30BBIX BbIjlE-
sernii (KapGuI0B), IPU PE3KOM IPAIMEHTE 10 TIOTHO-
ctu gucnokarmit (p ~ 2:1019-8.10'" em72), puc. 6, a,
6. TIpy ONTUMAJIBHOM PEKUME JIa3ePHO-TIIA3MEHHOTO
nerupoBanns (P =3kBr, v=30M /4 — oAuH IPOXO/)
JUUISL TIOBEPXHOCTHOTO CJIOST XaPAKTEPHO CYNECTBEHHOE
JICTIEPTHPOBAHUE CTPYKTYPbI B KapOUIHBIX da3 1mpu
CHW)KEHMM TLJIOTHOCTH auciaokanmii (mo p ~ 8-109—
1-10° cM™?) u paBHOMEpPHOM MX Ppaclpe/eJeHnun
(puc. 6, 6, 2).

Boimo iHeHHbIIT KOMIITIEKC 9KCIIEPUMEHTATbHBIX UC-
CJIe/IOBaHMH O3B0 IIPOBECTH AHAJNTHIECKIE OIeH-
ki uddepeHnnpoOBaHHOTO BKJIAA PA3JIUYHBIX CTPYK-
TypHO-(Pa30BbIX MapamMeTpoB, (POPMUPYIONTNXCS B HC-

CJIElyeMBbIX TMOBEPXHOCTHBIX CJIOSIX MPU PasJUIHBIX
pPeKMMax JIErMPOBaHUST B M3MEHEHME XaPAKTEPUCTHK
npounoctu (c,).

AHaJMTHYECKUE OLEHKH MHTETrPAJbHBIX 3HAUCHUH
npegena Tekydectu (ZG.) BBINOJHAINCH, COTJACHO
ypaBHEHUIO, BKJOYaioneMy 1uddepeHiimpoBaHHbIii
BKJIa/L (G;) PA3IUUHBIX CTPYKTYPHBIX COCTABJISIONINX
[6-10]: Zo¢,» = Acg + Aoy, + Ao, + Ac+ A, + Aoy y,
re Acy — HanpspKeHue TpeHus pemteTkn (Hanpsike-
uue [Taiiepaica—Ha6appo); Ao, , — TBepAOpacTBOpPHOE
yIpoutenue; Ac;, Ac. — 3epHOrPAaHIUYHOE U CYOCTPYK-
TypHoe ynpoutenune (3aBucumoctu Xosma—Ilerua);
AG, — JMCJIOKAIMOHHOE YNpOuYHeHue; Ac,, — JHC-
[EePCUOHHOE yIpouHeHue (3a CUeT ANCTIePCHBIX YaCTHI]
o Oposany).

AHaMTHYeCKIe OTEHKH TI0KA3aJI1, YTO TIOBBIIIEHUE
06110 HTErPaJIbHOTO 3HAYEHUS TIPe/Iesa TEKYYeCTH
26, HaBJIIOIAeTCS ITPU ONTUMAIBHBIX PEKUMAX KaK TSt
JazepHoro jernpoanust (Zo; = 406 MIla), tak u aJst
JIa3epHO-TLIa3MeHHOro JernpoBanust (2o, = 591 Mlla).
IKCIEPUMEHTABHO-AHATUTUYECKUME  MICCJIC/IOBAHHSI-
MU YCTAHOBJIEHO, YTO HANGOJIbIINE 3HAUEHUS TIpe/iesia
TEKy4ecTH, Ha6Io[aeMble IPU ONTUMAJIBHOM PEsKUME
JIa3ePHO-TJIA3MEHHOTO JIETNPOBAHUsI, 0G€CTIEYNBAIOTCS
3a cuer aucnepcnortoro (Ao, = 196 MIla) u cy6er-
pykrypHoro ynpoutenus (Ac, = 176 MIla), uro coort-
BerctByer 33 u 30 % ot 00Iero 3HayeHus Mpe/esia
tekyuectn (puc. 7, a). Bospacranue posm aucnep-
cHOHHOTO yrpoutenns (Acy y) IPOUCXO/UT 3a CUET Ol1-
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Puc. 6. Tonkas cTpyKTypa JerupoBaHHOro ciost (MeTo/1 1a3epHO-IJIA3MEHHOTO JIETUPOBaHUs): ¢, 6 — PE3KHil IPaJIUEHT [0 PACIIPECTIEHUIO
MJIOTHOCTH JIMCJIOKAII, Kak B 00beMe KPUCTAJIUTOB, Tak M BAOJb Tpanull npu P = 3 kB, v = 30 M /4 (HajoKeHne 4eThIpex JOPOKeEK)
(x20000); 6, 2 — paBHOMEPHOE paclpeieJieHe MIOTHOCTU JUCJIOKaIil 1 (pa30BbIX BbIJACACHUN B METAJLIE JIETMPOBAHHOIO ¢J10s1 1Ipu P =
= 3 kBr, v = 30 M/ 4 (Hanoxkenue oanoit gopoxkkm) (x37000, x30000)

TUMAJIbHOTO BKJIaja auctiepcHbix (63 %) u KpymHbIX
soigenennit (37 %) (puc. 7, 6).

TpemuHnocToiikoctb. UTo Kacaercss Takoil BecbMa
3HAYMMON MEXaHWYECKOW XapaKTEPUCTUKH CBAapPHBIX
CcoeIMHEeHNH, KaK TPEIUHOCTOUKOCTD, TO B 3TOM TLJIaHe
MIOKa3aTesleH XapaKTep U3MEHEHNs TOHKOH CTPYKTYPBbI
UCCJIEIyeMBIX TOBEPXHOCTEN JIETHPOBAHHBIX Pa3JIy-
HbIMHU MeTomamu [11].

Ady, Mlla
200

Zay, Mlia
b

150
500

100

400

300
Ormista b
CTPVETV PR

CrpyETypa

T o rpeumHai

Kpyrune [Tiucnepensie
B B

Kpyvmmae  JTienepeisie
H i

L1

Puc. 7. Tucrorpamma (@) mnddepeHIMpoBaHHOTO BKJIaJa CTPYK-
TypHbIX coctaBistionux (Ac,) B o6uyio (uurerpanbnyio c,) pac-
YEeTHYIO BEJIMUMHY TIPefiesIa TeKyIecTH; 6, 6 — CEeKTOPHBIE IMarpaM-
Mbl, OTPaKAIONIME BKJIA/ AMCIEPCHBIX U KPYIHBIX (PA3OBbIX Bbljle-
JieHuit B aucniepcuontoe ynpounenue: | — Acy; 2 — Ac,,; 3 —

Ac,; 4 — Ao 5 — Ao, 6 — Aoy,

B cayuae nazepnoro serupoanus ipu P = 4,4 kBr,
0 = 24 M /4 (OTKJIIOHEHUE OT ONTUMABHOTO PEKIMAa)
¢opmupoBanue $haz KOMIIO3UTHOTO TTPOTSKEHHOTO TH-
ma W pe3Kni TPaJAWeHT IO IJIOTHOCTH AVCJIOKAIUN
(Ap), ABALIOTCS OCHOBHOI TPUYMHO# (POPMUPOBAHIST
PE3KUX TPAJMEHTOB JIOKAJbHBIX KOHIIEHTPATOPOB BHY-
TpeHHUX HanpskeHuil (T, pp), COCTaBJSIONAX OT
Topu ~ 14,9 MIla (G/5,710°) o 18500 MIla
(G/4,510%), puc. 8, 4To U SIBISIETCS IPUIMHON Tpe-
MUHOOOPA30BAHUS U PE3KOT0 YXY/IIIEHHS KA4eCcTBa Mo-
BepxHOCTH. B ciyuae JazepHOro JiermpoBaHUs IIpU
yMeHbIlleHuu MoIHocTu o6paborku 10 P = 3,5 kBt u
yBesmueHnr ckopoctr 10 © = 30 M /4 (onTuMabHbIi

AT,y = 13-18500 MTTa (~Tpp)

o 1100 ey 2

Ty ome Mlla T
21000 5] Ppr
ATy i = 37-74 My
p =ao 109 cm~?

T
B

Pearnii / M-;'m-,,‘

ITRLTHEHT
ATa Pasmossepreoe
PRCTEPE L e e

'ﬁt 1

Puc. 8. [Inarpamma paciipe/ie/ieHust JJOKaJIbHBIX BHYTPEHHUX HAIIPsi-
kernii (1, gy) B JIETHPOBAHHOM CJIOE B 3aBUCHMOCTH OT XapaKTepa
¢opMupyomuXCs CTPYKTYP U IJIOTHOCTU JIUCJIOKAIMI
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pexuM) HaGII0aeTcsl CHUKEHNE U PaBHOMEPHOE pac-
mpesie/ieHre TIOTHOCTH UCTIOKAIII, YTO TPUBOIUT K
PAaBHOMEPHOMY PpaclpeieIeHI0 BHYTPEHHUX HaIps-
xernit (1, gy ~ 55,4 MIla — G/9,0-10%) B serupo-
BaHHOM CJIOE, TIPU KOTOPOM He HabJiogaercst popmu-
POBaHMe 30H 3aPOKIEHNUS C PACIIPOCTPAHEHIS TPEIINH.

[Tpu asepHO-TIIa3MEHHOM JIETHPOBAHUH B 0OpasIie
npu P = 3 kBt, v = 30M /4 — HaJO)KeHUE YeTbIpeX
Jgopoxkek (OTKJIOHEHME OT OITIMAJIBHOTO PEKUMA) Ha-
6.JTI0/JaeTCs PE3KUI TPAJUEHT TI0 TIJIOTHOCTU JMCJIOKA-
1uii B 06beMaxX KPUCTAJLIUTOB, KOTOPBIA U SIBJISIETCS
NPUYUHON (DOPMUPOBAHUS MTPOTSKEHHBIX KOHIIEHTPA-
TOPOB BHYTPEHHUX HAMPSIKEHUN — OYaroB 3apokje-
must tpern (tgy ot ~ 370MIla — G/2,3-10% 10
14000 MIla — G/6). B ciy4yae oHONPOXO/HOTO Jia-
3ePHO-TIJIa3MEHHOTO JernpoBanust pu P = 3 kBt v =
= 500 MM/ Mun (OITHMAJbHBIA PEKUM) HAJTUYHE JIC-
KPETHBIX 10 pa3Mepy (ha30BbIX BbIIETEHUI U HU3KAS
MJIOTHOCTDH JIUCJIOKAINi 63 PE3KUX TPAJIMEHTOB CBH/IE-
TEJbCTBYET 00 OTCYTCTBUU CTPYKTYPHBIX YCJIOBHUI
dopMupOBaHUA KOHIIEHTPATOPOB BHYTPEHHUX HAIIPS-
xernit  (tgy 148-370 Mlla G/5,710*
G/2,310%) (puc. 8). Ilocimeamee XapaKkTepusyer
CTPYKTYPHOE COCTOSIHHE TIOBEPXHOCTU KAK ONTUMAJIb-
HOE ¥ TOATBEPIKIAETCS MPAKTHYECKUM OTCYTCTBUEM
TPENIHH.

KommekcapiM metogom uccaenosanuii (11 pexn-
MOB) YCTAHOBJIEHO, YTO HanGoJiee ONTUMAIbHON SBJIS-
eTcs  JlasepHO-TIIasMeHHast  o6paGoTka ¢ 0 =
= 500 mm,/muH, P = 3kBr (ogna gopoxka), HOCKOJIb-
Ky Hapsily C OTCYTCTBHEM TPEINH, HU3KUM yYPOBHEM
KOHIIEHTPATOPOB BHYTPEHHUX HATIPSIKEHWIA, BBICOKOM
M3HOCOCTOMKOCTBIO HAGJMIOAIOTCsT 60Jiee BICOKHE TI0-
Kasartesm mukporsepaoct (HV B cpemmem 6000 MIIa)
10 CpaBHEHUH C J1a3epHON 06pa6oTKoii (onTuMaIbHbLi
pexxum) rae HV B cpeguem 3500 MIla.

BbiBo/1b1

1. OKcHepuMeHTaTbHO-aHATITHIECKIMIT FICCIIE/I0BaHIA-
MM U OIleHKaMu AnddepeHnnpoBaHHOr0 BKJIaa Pas-
JIMYHBIX CTPYKTYPHO-(ha30BbIX (DAaKTOPOB B HU3MEHEHNUE
MPOYHOCTHBIX XaPAKTEPUCTUK ITOBEPXHOCTHBIX CJIOEB
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YCTaHOBJIEHO, UTO JIa3€PHO-IIJIA3MEHHOE JIETHPOBAHUE
CIIOCOGCTBYET YBEJUIEHIIO TIPOTHOCTHBIX XaPaKTePHC-
ik (B cpeanem Ha 20 %) 110 CPaBHEHMIO C JIa3€PHBIM
JernpoBaHneM. HamGompmimii BKJAZ B YIPOYHEHHE
21 onrtuMaibioro pexkuma (P =3 kBr, 0 =30 M /u —
OJtHA JIOPO’KKa) BHOCAT (pasosbie Bbiesenus (27 %)
u cy6erpykrypa (25 %).

2. MakcumaJbHas TPeIUHOCTONKOCTh XapaKTepHa
JUIS1 PEKIIMA JTa3ePHO-TILIa3MEHHOro Jernposanms (P =
=3 kBr, v =30 M4 ¢ Ha/IOKEHNEM OHOI JOPOKKH),
4yTO 0o6ecrieunBaeTcs: JOPMUPOBAHUEM: JAUCIIEPTUPOBA-
HUEM CTPYKTYPBI U (DA30BBIX BBIJEJEHHI, PABHOMED-
HBbIM pacripe/ie/ieHieM TOHKOW CTPYKTYPBbI U OTCYTCT-
BHEM PE3KUX TPaJUeHTOB 10 AMCJOKAIIMOHHON IJIOT-
HOCTH, YTO B WTOre He MPUBOAUT K (POPMUPOBAHUIO

30H 3apOKJA€HUA U PaCIIPOCTPpaHEHWA TPEIIUH.
1. I'poxonvckuit H. . Boccranosenue jetaaeil Mallii 1 MeXa-

HU3MOB CBapKoil M HamiaBkoil. — M.: Mamrus, 1962. —

275 c.

. [louenxo H.HM. BoccranoBieHrne aBTOMOOWMJIBHBIX —JeTaJieit
cBapkoil u HamiaBkoit. — M.: Tpancnopr, 1972. — 352 c.

. Kypowomos B.A., Psasanoe B.II. PeMOHT CTPOHTENBHBIX Ma-
HIMH METOJAMU CBAPKH M HAIJIABKU. M.: Crpoitusar,
1973. — 231 c.

. Maprawosa JI.H., Beponuxosa E.H., Xomymcmxas H.H.
CBsi3b CTPYKTYPBI M IIPOYHOCTHBIX CBOWCTB CTAaJI€ATIOMUHIE-
BbBIX COE/IMHEHUII BBIIIOJHEHHBIX CBAPKOW TPEHUEM U B3PHIBOM
/ / Aromart. cBapka. — 2003. — Ne 1. — C. 23-26.

. Bxaiad CTPYKTYPHBIX IapaMeTpOB B H3MEHEHHE MeXaHHUYec-
KUX CBOHCTB pabounX IOBEPXHOCTEIl JleTajiell MalimH IocJe
UMITYJIbCHO-TIA3MeHHOiT  o6pabotku  / JI.M. Mapkarmosa,
O.B. Komucuuuyenko, M.JI. Banesuu u np. // Crpoutesinb-
CTBO, MaTepHayioBejileHne, MarnHocTpoeHune: CO6. HayuH.
tp. — 2011. — Bom. 59. — [u-Bck: [BY3 «IITACA». —
C. 49-55.

. Koupao I'. Mopenp fepopManitoHHOr0 yIpoYHEHUsT 1JIs1 06D~
SICHEHUSI BJIMSIHUSI BEJIMYMHBI 3€PHA HA HAIPSKEHHUE TeueHs!
metasioB / / Csepxmesikoe 3epro B Merasuiax / Ilox pex.
JI.LK. Topamenxo. — M.: Meramryprus, 1973. — C. 206—
219.

. Petch N.J. The cleavage strength of polycrystalline // J.
Iron and Steel Inst. — 1953. — 173, Ne 1. — P. 25-28.

. Orowan E. Dislocation in metals. New York: AIME,
1954. — 103 p.

. Ashby M.F. Mechanisms of deformation and fracture //
Adv. Appl. Mech. — 1983. — Ne 23. — P. 118—177.

. Kennu A., Huxoacon P. [lucniepcuoe tBepaenne. — M.: Me-
rastyprus, 1966. — 187c.

. Teopemuuecxoe n 9KCIEPUMEHTAJIBHOE HCCJIEI0BAHNE JNCKIIH-
wamuii / H.A. Konesa, /I.B. JIpruarun, JI.A. TemisikoBa u
ap. — JI.: Usp-Bo «JIOTU». — 1986. — C. 116—126.
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OIIEHKA BJIMAHUA JA3EPHOI IOBEPXHOCTHOI
OBPABOTRKU HA CTPYRTYPY 30HbI OIIJIABJIEHUSA
JIUTOTO BBICOKOHUREJIEBOTI'O CIIJIABA 9K62
(XHs56MBIO) 3JIEKTPOIIJIAKOBOTI'O ITEPEIIJIABA

A.A. IIOJIMIIKO, B.41. CAEHKO, C.H. CTEITAHIOK, A.J0. TYHUK
Wnctntyt anexrpocsapkn uM. E.O. Ilatona HAHY, Kues Ykpauna

[IpencraBienbl pe3yabTaTbl NCCIEAOBAHMIA JTUTOTO BBICOKOHHMKeNKBOro citaBa DK62 IIIIII mocse ero maszepHoii moBepx-
HOCTHOI 00paGOTKH C OILJIaBJIeHNEe. Y CTAHOBJIEHO MOJIOKUTEbHOE BJIMSHUE JAHHOH 00pabOTKU HA CTPYKTYPY M TBEPJAOCTD
30HbI o1TaBIeHns. HaG/mo1aetest HOBbIIIIEHUE YPOBHS MEKPOTBEPAOCTU METAJLIA TIOCJIE JIa3ePHOi 0GPaGOTKHY C OILJIaBJICHUEM

B atMocepe a3oTa.

JlazepHasi o6paboTKa TTOBEPXHOCTH, SIBJISETCS OJHUM
U3 IEPCIEKTHBHBIX METO/[0B PEIIEHNUS 33144 COBPEMEH-
HOTO MaTepuasoBeieHNs B (GOPMUPOBAHIH ITOBEPXHOC-
THOTO paGovero cJI0s1 ¢ 33JJaHHBIMI CTPYKTYPOIl 1 CBOH-
crBamu. Ilpu naszepHoii 06paGoTKe cTajieil U CIJIaBOB
C OILJIABJIEHUEM 32 OY€Hb KOPOTKOE BPEMsI [TOBEPXHOC-
THBIE CJIOW YCIIEBAIOT HATPEThCS 10 BBICOKUX TeMIepa-
TYp U PaCIIaBUThCs. B meperperoM merasiie mpumecu
MOTYT PACIJIABUTBCS, €CJIN OHU JI0 3TOTO COJIEPKAJNCh
B Bujie BkytoueHuil. [lockosbKy BpeMs Harpesa u ToJi-
MIMHA PACIIABICHHOTO CJIOSI OUeHb MAJIbl, OXJIAXK/CHUE
MPU KPUCTAJIU3AIUY SKU/IKOTO CJIOST TPOMCXO/INT C BBI-
COKOIl CKOpOCTBIO. B pesyJibTare BBICOKOCKOPOCTHAS
KPUCTAJIJIN3AINS OTJIABJICHHOTO JIa3€PHBIM JIyUOM MO-
BEPXHOCTHOTO CJIOSI OTKPbIBAeT HOBbIE BO3MOXKHOCTH
JUUIST TIOJTYYeHN ST KaUeCTBEHHO HHOTO CTPYKTYPHOTO COC-
TOSIHUSI B 30He OILJIABJIEHUS JIUTBIX CIJIABOB IO CPaB-
HEHUIO C TPAAUIIMOHHBIMI CBAPOYHBIMU U METAJIILY PTH-
YeCKUMU TIpolleccaMy. MHOTHMU HCCIeA0BATEISIMU 110~
KasaHo [1—4], 4To cymiecTBeHHBIH yIPOUHSIIONNH 3¢-
(pexT MOBEpXHOCTHOTO CJI0SI MOKET OBITh TIOTY9€eH TTPH
Jla3zepHOil 06paboTKe C OILJIaBJIEeHNEM, KOTOPAas MO3BO-
JISIET JIETKO PETYJNPOBaTh TOJIIUHY YIIPOYHEHHOTO
cJI0s1, a Tpu Hajn4uu (Ha3oBbIX TPEBpAleHuil u cTe-
IIeHDb €T0 YIIPOYHeHNs. BaskHBIM SIBJISIETCST TaKKe BO3-
MOJKHOCTD JIa3€PHOTO TIOBEPXHOCTHOTO JIETHPOBAHUS
13 Ta30Bol (ha3bl, B YACTHOCTH a30TOM [5]. Ympoune-
HIe B 9TOM CJIy4yae CBSI3aHO ¢ 06Pa30BaHIEM IIEPECHI-
IIEHHBIX TBEP/IIX PACTBOPOB 1 HOBbIX da3. Hecomuen-
HBIM TPENMYIIECTBOM MCIIOTb30BAHUS JTa3epPHOTO Me-
TOJIa SIBJISIETCST BO3MOZKHOCTD IMTOBEPXHOCTHOI 06paboT-
KM TOHKOCTEHHBIX [IeTaseil ¢ PeryJIMpy€eMbIMH TOJIIH-
HON W CBOMCTBAMU YNPOYHEHHOTO CJIOS MPH UX MU-

HUMAJIbHBIX ITOBOJKAX, a TAaK)Ke Pa3BUTHIX, B TOM UH-
cJie BHYyTPEHHNX, TIOBEPXHOCTEH.

[lenbio HAaCTOSAIIEl PAGOTHI SIBJISIETCS UCCIIEI0OBAHIE
CTPYKTYPBI ¥ TBEPAOCTH 30HbBI ortasaenus (30) mo-
cJie JIa3epPHOI TOBEPXHOCTHON 0OPaGOTKH JINTOTO BbI-
COKOHUKEJIEBOTO [TUCIIEPCUOHHO-YITPOYHSIEMOTO CILJIa-
Ba Mapkn IK62 (XH56MBIO [ TY-14-1-4025-85) mo
JIBYM BapuaHTaM: B aTMocdepax rejusd u a3oTa.

B xauectBe 00beKTa UCCIIEIOBAHNS MCITIOJIb30BAJH
00pasIibl JIUTOTO MeTasljla, BbIPe3aHHbIE W3 IIOJIOTO
cantka IIIIT amamerpom 350,230 MM BBICOTOM
1600 MM 3 K62 crimasa. [lockosbKy aTOT criiaB sB-
JieTcsl epCHeKTUBHBIM MaTepUaJioM ISl KOPILYCHBIX
3JIEMEHTOB 1 BbICOKOHATI DY KEHHDIX 3JIEMEHTOB KOHCT-
PYKIIUH SIEePHBIX dHEPreTHYeCKUX YCTAaHOBOK BBHLY
CBO€N YHUKAJIBHOCTH TI0 UATIa30Hy PAab0vnuX TeMIepa-
Typ mo 750 °C.

Texnonorus nosydenus merogoMm IUIII Toscro-
CTEHHBIX TOJIBIX 3aTOTOBOK M3 citaBa JKG62 Bnepsbie
6bl1a paspaborana eme B 1988-1990 romax MIC
uM. E.O. Ilatona HAH Ykpaunbl o1 pyKOBOJCTBOM
akagemuka b.M1. MenoBapa cosmectHo ¢ Hayuno-uc-
CJIeIOBATEIbCKUM M KOHCTPYKTOPCKUM WHCTUTYTOM
aneprotexanku uM. H.A. [lonnexxans PAH npumenn-
TEJTHHO K BBICOKOHATPY KEHHBIM 3JIEMEHTaM KOHCTPYK-
LU A/1EePHBIX S9HEPreTHYeCKUX YCTAHOBOK € Ta30BbIMU
TEIJIOHOCUTEJISIMU.

Oco6eHHOCTH TEXHOJIOTUY [T0JIyYE€HHSI TTOJIbIX TPYO-
ubix 3arotoBok DI u3 crraBa IK62 u pesynbrarst
HCCJIe/IOBAHNST KauecTBa MeTajja MOJyYeHHOU JUTON
mosioit 3aroroBku IJIIJT mmamerpom 350,230 MM 1
Bbicotoit 1600 MM coryacHo TpeboBanusm TY 14-1-

Ta6mma 1. Xumuueckuii coctas nosoro cantka DI cnnasa K62 (XHS56MBIO/T) TY-14-1-4025-85 (mac. %)

C Al Si Ti \Y% Cr

Mo Nb Ni Mn S P

0,04 1,65 0,4 0,48 0,4 19,0

10,0 5,3 4,8

OcH. 0,04 0,002 0,006

© A.A. IIOJIMIIKO, B.4l. CAEHKO, C.H. CTEIIAHIOK, A.IO. TYHUK, 2013

70



LTWMP'13

Ta6mua 2. TexHOJOTMYECKHE MapaMeTpbl Ja3epHoil 06paGoTKu
OILJTaBJIEHUEM

BammrHast [Tupuma Tiy6una

cpesa M HpoILIa-
" Pexum azepHOil 06paGOTKI | OTLIABJIEHHOTO
J1a3epHoOi BJICHUS,
€105, MKM

06paboTKI MKM
A3zor I1=17 A (P,,, =~ 3 kB1); 2050 270
Te.uii Auanerp Jyua 1,2 1850 240

1,5MM; CKOPOCTD
JIMHEHHOTO TIepPeMeTeHUST
630 MM/ MuH

3763—84 nzyokeHbl B paHee OMyGJUKOBAHHBIX pabo-
tax [6—10].

Ha puc. 1 mpuBemena cxema MOJIyYeHHUS II0JIOTO
CJIUTKA TYTEM 3JIEKTPOIILIAKOBOTO TieperniaBa. X1Mu-
YecKUil cOCTaB CJUTKA TIpecTaByieH B Tabu. 1. B xa-
YeCTBe PACXO/IYEMbBIX 3JIEKTPO/IOB UCIIOIb30BAU IPYT-
ku B/IIT quamerpom S55MM u3 cntaBa XHS6MBIO/I.
[Tocsie BBIMJIABKY CJAUTOK IIOBEPraeTcss TepMoobpa-
6otke 1o pexxumy: romorennsais 1150 °C 1 4; 3akaJ-
ka 980 °C 1 u u crapenne 730 °C 15 4, ¢ MOBTOPHBIM
crapenuem 650 °C 10 u.

[lJIs1 OlleHKH CTPYKTYDPHOI OJHOPOJHOCTU CJIUTOK
ObLI TIOIBEPTHYT MaKpouccJieoBanusim. 113 nero 6puin
BBIPE3aHbl TIPOIOJIBHBIN U TIONIEPEYHBIN MaKPOTEMILIE-
TBI. MaKpOCTPYKTypa, IpUBEEeHHAs HA pUC. 2 Xapa-
eTepHU3yeTcsl OJHOPOJHBIM IJIOTHBIM cTpoeHmeM. [le-
(eKTOB yCaJ0YHOTO TPOUCXOXKIEHUS, TOp, TPEIIVH,
IIJIAKOBBIX BKJIIOYEHUS He 0OHAPYKEHO.

W3 oty 4eHHBIX MAKPOTEMILJIETOB BBIPE3AJTHCDH 06-
pastpt 20x20x30 mM. JlazepHyto MOBEPXHOCTHYIO 06-
paboTKy 06pa3roB MpoBoaAMIN Ha HempepbiBHOM CO4
nazepe Ha craexayiomem pekume: I = 17 A (P, ~
~ 3 kBTr); amamerp syua 1,2—1,5MM; CKOPOCTH JIMHEH-
noro nepemetienus 630 mm /mun. [IpoBoauiu Be ce-
pun 06pabOTKU: MPU BCEX PABHBIX MPOUYUX YCJIOBUSX
B IepBOIl cepuu 06pabOTKY IPOBOAUIN B aTMocdepe

|

%\\\\ N7
\=a
N |

i

Puc. 1. Cxema nosrydenns nosoro cantka IIIIL: 1 — pacxomyembrii
3JIEKTPOJL; 2 — NLJIAKOBasg BaHHA; 3 — MeTajjinyecKas BaHHA; 4 —
TOKOMO/BO/SANINN KPUCTAJIIN3ATOP; 5 — JOPH; 6 — IOJIbI CJIUTOK

o

7.

3aIIUTHOrO Ta3a a30Ta, BO BTOPOl — B arMocdepe
resust (ta6a. 2).

Ha puc. 3 nokasanbl o6pasipl 110CJe JIA3ePHOTO
oriaBseHusi B armocdepe asora (puc. 3, @) u resust
(puc. 3, 6), Ha KOTOPBIX MPOBOAUJIOCH H3YydYEHUE
CTPYTYPbI U TBEPIOCTH 30HBI OILJTABIEHI.

Merannorpacdudyeckue MCCAEIOBAHUS JUTOTO Me-
TaJlJla BBICOKOHUKeJseBOro ciiaBa JK62 mpoBoanamn
Ha TpasJyeHHbiX B peaktuse (CuCly, — 5 mr + HCI-
100 ma + aranon 100 M) nwmmdax ¢ npUMEHEHHEM
orrtnyeckoro Mukpockomna «Heodor-32». [lokaszaHo,
YTO ero0 MUKPOCTPYKTYPA COCTOUT U3 ayCTEHUTA, IBTEK-
KK (YYaCTKOB, COEPIKAIINX MOBBINIEHHOE KOJTNYEC-
TBO HUOGHAM, MoJmbjeHa) U KapOOHUTPUAOB TUTAHA
(puc. 4, a). TIpoBeaeHa OlleHKA BJIMSTHUS BBIIIEOTTNCAH-

Puc. 2. Makpocrpykrypa ¢gpparmentos 1pojoJbroro (a) u nonepeutoro (6) temiieros nojoro cautka I auamerpom 350 /230 mm

BbicOTOI 1600 MM M3 BBICOKOHHMKEJIEBOTO criaBa JK-62
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Puc. 3 Buemmnunii Bug 06pasioB I10C/€ JIA3€PHOTO OIJIABJIEHUS B
armocdepe azora (a) u reaust (6)

HOIl TepMUYecKOoil 06pabOTKH Ha MUKPOCTPYKTYDPY JIM-
Toro Merassa. Habmomaercs JuIb He3HAUUTENTbHOE
U3MEHeHNne MUKPOCTPYKTYypbl (puc. 4, 6).

[Tpu nomomu CKaHUPYIOUIETO 3JEKTPOHHOIO MMK-
pockona JSM-35CF ¢upmbl «JEOL» (Snonus) u
PEHTIeHOBCKOTO CIIEKTpOMeTpa ¢ Jucliepcueii 1o sHep-
run pentreHoBeknx kBanto (Mogenp INCA Energy-

350 ¢upmbr «Oxford Instruments») (BesmkoGpura-
HUs) M MeTasorpaduueckoro Mukpockona « Heodor-
32», OCHAIIIEHHOT0 TIPUCTABKOII /1711 1 poBoro poTor-
padupoBaHus MPOBeJicHA OTEHKA CTPYKTYPBI JUTOTO
BBICOKOHUKeJeBoro cmiaBa IR62 mo n mocse ero mo-
BEPXHOCTHO# J1azepHoii 06paGoTKU € OILIABJEHUEM B
arMocdepe a30Ta v TeIus. Y YUThIBAs CIIEIUMUKY MPo-
SIBJIEHUSI MUKPOCTPYKTYPBI JIUTOTO CILJIABA JIJIS DJIEK-
TPOHHOTO MUKPOCKOIA wucmob3oBagu pexknm BEI
(u3o6paskenne BoO BTOPUYHBIX 3J1eKTpoHax) (puc. 5).
[LJ1 OITHYECKOTO MUKPOCKOTIA UCTIOTHb30BAJIH MTOJTyYe-
Hye uzoOpaskenus B temHoM noJe (puc. 6).
Ha6monaercs naMesnbueHne CTPYKTYPBI 30HBI OTI-
JIABJIEHUSI TIO CPABHEHUIO C JIUTHIM METAJIJIOM, KaK B
atMocdepe asora, TaK W Teus, a TakxkKe O6oJee
JICTIEpCHOE pactipeiesienne (Pa3oBbIX BKJIIOUEHUI.
UccaenoBanus, ¢ TpuUMEHEHWEM CKaHUPYIOIIEH
3JIEKTPOHHOU MWKPOCKOIINH, JIUTOTO MeTasna 6e3 Jia-
3epHOI 06pPaGOTKHU TIOKa3aJu, 4TO CTPYKTypa COep-
JKUT (Da30Bble BKIIOYEHUS—IBTEKTUKY—CBETJIbIE yUaCT-

Puc. 4. MUKPOCTPYKTypa JIMTOrO MeTaJlla BbICOKOHMKENEBOro ciiaBa DK62 B cocroshuu nocae Bbiasku (@) U 110C/ae TEPMUYECKOI

o6pa6orku (6) (ys. x500)

-J'Tit': o
SO0 sm

Puc. 5. Ctpykrypa nosiydeHHasi ¢ HpUMEHEHHEM CKaHUPYIOIIEro 3JIeKTPOHHOrO MUKpOCKoIa B pexkume BEI BTOpHUHBIX 2/IEKTPOHOB: @ —

B armocdepe asora; 6 — B armocdepe resus (yB. x25)

Puc. 6. Ctpykrypa, MosydeHHAs ¢ MTPUMEHEHNEM ONTHYECKOTO0 MIKPOCKOIIA B TEMHOM TIOJIe: @ — B atMocdepe a3ota; 6 — B atMocdepe

reaust (yB. x25)

72



LTWMP'{3

) MM

Puc. 7. MukpocTpyKTypa JIUTOT0O MeTalIa BBICOKOHNKEIEBOTO CTlIa-
Ba DK62 Ges sasephoit o6padorku (yB. x1000)

KU, KOTOPbIE COZEPKAT TOBBINIEHHOE KOJIUYECTBO MO-
mbaena, anobus n kpemumsa (cuextp 3, 4 puc. 7
Ta61. 3), 110 CPAaBHEHUIO ¢ METaJIJIOM MaTpUIlbl (CIIEKTP
5, puc. 7 ta6u. 3 ). O6Hapy KEHbI TAKIKE TEMHbIE BKJIIO-
4YeHus: KApOOHUTPUIA TUTAHA B CTPYKTYPE MATPHUIIBI,
KOTOPBIE COZIEPKAT TTOBBINIEHHOE KOJINIECTBO YTJIePO-
Ja, asora, TMTaHa u Huo6ua (cuexkrp 1, 2, puc. 7
Tab1. 3).

UccnenoBanme MeTasia mocsie ja3epHoit 06paboT-
K1 B aTMocdepe a3oTa MOKa3aad, 4TO B Pe3yJbTaTe
OILJIABJIEHUST TIPOUCXOJUT JUCTIEPTHPOBAHUE IBTEKTHU-

Puic. 8. MUKPOTPYKTYpa 30HbI OlIaBeHust (6epx) 1 IUTOTO MeTalIa
(nu3) BpicokoHNKe TeBoro ciasa K62 mocsie aszepHoit 06paboTkn
B armocdepe azora (yB. x600)

KH — CBETJIBIX YYACTKOB B CTPYKTYPE MATHI[BI, COJIED-
JKAIIUX TOBBIIIEHHOE KOJTMYeCTBO HHOOUS U MoJnbie-
ua. [Ipoucxoaur u3MebueHre BKJIIOYEHUN KapOOHU-
TPU/IOB TUTaHa (TeMHbIE BKJIOYEHHsT B CTPYKTYPE Mart-
putpn) (puc. 8, Tab.1. 4). HapysKHast HOBEPXHOCTD T1e-
PeTIaBJCHHOTO MeTaJlJIa NMeeT 30JI0THCTBIN OTTEHOK,
xapakrepHblit gust TiN.

WccnenoBanme MeTasnia mocse ga3epHoit 06paboT-
KU C OIJIABJIEHNEM BBICOKOHUKeEJEBOTO criaBa K62
B arMocdepe Tesus MOKa3ajiu, YTO B pe3yJibTaTe Ja-
3epHOTO OILJIABJIEHUSI B 30HE TEPMUYECKOTO BJIMSHUS

Ta6mua 3. Jlokaububiii xumMuueckuii cocras (mac. %) o6Jacteii, COOTBETCTBYIONUX PUC. 7.

CriexTp a C N Al Si Ti \Y% Cr Fe Ni Nb Mo
1 6,87 17,77 0 0 49,28 2,58 2,16 0,35 1,31 19,09 0,59
2 6,99 17,97 1,03 0,27 50,74 0,34 1,66 1,77 3,44 14,68 0,91
3 2,94 0 0,59 1,23 0,31 0,20 13,11 10,51 40,28 15,30 13,55
4 4,14 0 0,75 0,92 0,47 0,25 13,28 10,15 42,24 17,31 10,48
5 0 0 1,19 0,22 0,15 0,36 17,78 15,62 55,53 2,47 5,01

TaGmua 4. Jlokaupubiii xumMuueckuii cocras (Mac. %) o6Jacteil, COOTBETCTBYIONUX PHC. 8.

Cnexrp 6 Al Si Ti \Y% Cr Fe Ni Nb Mo
1 1,20 0,27 0,23 0,39 16,83 13,85 53,07 4,09 5,74
2 1,31 0,12 0,23 0,37 17,71 14,84 55,20 2,35 5,28
3 1,18 0,19 0,19 0,43 16,06 13,44 53,85 4,66 6,67
4 1,04 0,47 0,42 0,29 15,37 11,42 49,23 10,34 7,73

TaGauua 5. JIokaabHbIH xuMudecknit coctas (Mac. %) 061acTeii, COOTBETCTBYIONMX puC. 9

Crektp C N O Al Si \% Cr Fe Ni Nb Mo
1 5,58 18,70 3,94 0 0 48,79 1,78 1,64 0,27 1,34 17,12 0,83
2 6,56 15,23 5,04 0,11 0 49,19 1,65 1,23 0,43 1,33 18,53 0,70
3 5,51 0 0 1,22 0,14 0,30 0,30 15,66 12,21 53,96 5,35 5,35
4 5,91 0 1,72 0,54 1,26 0,23 0,20 13,42 9,79 38,28 14,81 13,83
5 2,68 0 0 1,25 0,17 0,28 0,50 17,12 14,14 54,16 3,92 5,79
6 0 0 0 1,23 0,14 0,45 18,14 15,84 57,33 2,07 4,80
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Puc. 9. Muxpoctpykrypa 30HbI oniasiaenust (6epx) u JUTOro Me-
tanna (nu3) BbicokoHMKeneBoro ciasa K62 noce asepHoit o6pa-
6otkn B atmocdepe rems (yB. x1000)

[IPOMCXOUT IUCIIEPTUPOBaHUE IBTEKTUKH (CBETJIBIX
YYaCTKOB B CTPYKTYPE MATHI[bI), COAEPIKANNX MOBbI-
IIIEHHOE KOJMYEeCTBO HHOGUS U Mosub/eHa mu3Mesbye-
Hue KapGOHUTPUIOB TuTaHa (TeMHbIE BKJIIOYEHUS B
CTpYKType Matpuilbl). B 30He ornuasienus HabJmona-
€TCsI TPAKTHYECKH [TOJTHOE OTCYTCTBHE BKJIIOUEHWN Kap-
Gouutpuzos tutana (puc. 9, Taba. 5).

[liopoMeTpudeckre WCCAEOBAaHUS MPOBOJAWIN HA
tBepaomepe LECO-M400 npu narpyske 0,05 kr. Pe-
3yJIbTAThI AHAJN3A PACIIpeleIeH ST MUKPOTBEPIOCTH B
30HE OIJIABJIEHNS TOBEPXHOCTHOTO CJIOSI, IOJYIeHHOTO
B pe3yJibTate JiazepHoil 06pa6oTku B aTMocdepe a3ora
U TeJinsl, a TaKKe JINTOTO MeTajlia 6e3 Jla3epHoii o6pa-
6OTKY TIpe/ICTaBJIeHbl B Buje rpadguka Ha puc. 10. B
30He OIUIaBJeHNS Habuiogaercss 6ojiee paBHOMEpHOE
pacripe/ieieHie TBEPAOCTH [0 CPABHEHUIO C JIUTHIM Me-
tajioM 6e3 JasepHoii o6pa6orku. Kpome Toro, o6Ha-
PY>K€HO, YTO YPOBEHb MUKPOTBEP/IOCTH 30HBI OILJIaBJIE-
HUS [IOCJIe J1a3epHoii 06paboTKU B Cpejie a30Ta BBIIIIE,
YeM MMOBEPXHOCTHOTO CJIOSI 30HBI OTIJIABJICHUS B cpejie
reus (puc. 10).

Takum o6pa3oM, MOKHO C€JATh CJEIYIOIIUe BbI-
BOJIBI:

¢ B pesysibraTe a3epHOi TOBEPXHOCTHOI 06paGoT-
KI C OTLJIaBJIEHNEM JINTOTO BBICOKOHMKEJIEBOTO CILIaBa
IK62 o6pasyercst 0THOPOAHBIIT CJI0I, B KOTOPOM IPO-
HCXOIUT ANCIIEPTUPOBAHME 3BTEKTHKM, 06OTAIeHHOM
MOJINOIEHOM U HHOOMEM U U3MesbueHre KapOOHUTPHG-
HBIX BKJIIOUEHWN TUTAHA.

e /[topoMeTpuvecKre HCCIe0BAHNS TOKA3a, UTO
MUKPOTBEP/IOCTD YCPEAHSIOTCS BO BceM 00beMe OIIaB-
JIEHHOTO CJIOSI TI0 CPABHEHUIO C JINTBIM MeTaslioM 6e3
JlazepHOit 06paboTKHU, MIPH 3TOM MUKPOTBEPAOCTb MaT-
pullbl JuToro Metasiaa Ha ypoBHe 2600—2900 MIIa,
OILJIABJIEHHOTO CJIOSI HPHU KCIOJb30BAHUU TeTUSI —
3100-3500 MIla, a oriaBJeHHOTO CJIOST IPU UCTIOJIb-
3oBanuu azota — 3800-3900 Mlla.

e 3HauNTEIbHOE YBEJIMYEHUE YPOBHS MUKPOTBEP-
JIOCTH OTLJIABJIEHHOTO CJIOSI TIPU MCIOJIb30BAHUU a30Ta

4000
3800
3600
3400
3200
3000
2800

2600

2400 I I L L
0 70 140 210 280

PaccTosiHue ot ITOBEPXHOCTU 061.)313]_[21, MKM

3nauenus mukporsepaoctu HV 0,5, MIla

350

Puc. 10. Pacripeneneniie MUKpOTBEPIOCTH B METaJI€ BBICOKOHUKEJIE-
Boro ciiaBa IK62: 1 — mocJie JazepHoit 06pabOTKHU € OILJIABIEHUEM
B arMocepe azora; 2 — TocJie JTa3epHOoit 06pabOTKY C OILIABJIEHHEM
B arMocepe resmust; 3 — 6e3 Ja3epHOil 06pabOTKI

B KayeCTBe 3aIIUTHOTO Ta3a, MOXKeET GbITh 06YCJIOBIEHO
HEKOTOPBIM YDPOBHEM Aa30THPOBAHUS MeTaJIa, O 4eM
CBUJIETEJIbCTBYET 30JI0TUCTBIN OTTEHOK HAPYIKHOII I10-
BEePXHOCTH, XapakTepHbIil 7151 TiN, X0Td 4yBCTBUTEIb-
HOCTb NMPUMEHEHHOTO B paboTe 060pYAOBaHUS HE MO-
3BOJIMJIA YCTAHOBUTD €TO TOYHBIN yPOBEHD.

¢ B 1iesiom J1azepHasi 06paboTKa ¢ oniaBienue 6Jia-
TOTBOPHO BJIUSIET HA CTPYKTYPY M CBOWCTBA JUTOTO
BBICOKOHNIKeJIeBOTO crmaBa JK62: obecneunBaeTcs
¢opmMupoBanne KauyeCTBEHHOTO OJHOPOHOTO TIOBEPX-
HOCTHOTO pab0oyvero CJosl.
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3APAIKA YACTUIT KOHEHCUPOBAHHOI ®A3bI
B IIAPOTA30BOM ®AKEJIE IIPU JIABEPHOI1 CBAPKE
C IVIYBOKUM IIPOIIVIABJIEHUEM

Nn.JI. CEMEHOB, U.B. KPUBIIYH
Wucrutyr anekrpocsapku uM E.O.Ilatona HAH Yxkpaunbt

[lanHas paboTa 0CBSIIIEeHA U3YYEHUIO IPOIECCOB 3aPsi/IKK U SKPAHNPOBKY YaCTHI] KOH/ICHCUPOBAHHOH (Da3bl B 1apOTra30BoOM
(baxesie mpu sazepHOil cBapke ¢ riayGOKUM MPOILJIAaBJIeHHeM. /[aHHbIE TIPOIECCH PACCMOTPEHDBI HA OCHOBE PEIEeHUsT CaMo-
corJIacOBaHHOII cucteMbl ApeiidoBo-AnddysHOHHDbIX ypaBHEHHNIT 11 KOMIIOHEHT HOHU3MPOBAaHHOTO Hapa. IIpeanomaraercs,
YTO YACTHIbl SIBJISIOTCS I[EHTPAMU PEKOMOMHAIMU M IIPHOGPETAIOT 3apsi/i 3a CYeT IOIJIOMIEHNS MOHOB U 3JIEKTPOHOB M3
okpy:kamorei masmpl. [lokazaHo, 4TO TPH XapaKTEPHBIX 3HAYEHHUSX TEMIIEPATYPbI, TJIOTHOCTH W CTEIEHH MOHHU3AIINI
MeTaJIJIMYeCKOro I1apa B MaporasoBoM (akesie, MPOUCXOJUT YACTUYHOE SKPAHUPOBAHME 3apsi/ia YacTHIbl B ILJIa3Me, T.€.
3JIEKTPHYECKUIT TOTEHIMAJ YaCTHIIbI IMEET aCUMIITOTHYECKOE [T0BEe/IeHNE KYJIOHOBCKOrO THIIa. [Tosry4eHbl 3HaueHUs OJTHOTO
1 apdexruBHOrO (HE3a9KPAHUPOBAHHOIO) 3apsijia YACTHIL IPU PA3JIMYHBIX [APAMETPax ILJ1a3Mbl.

B nocnennme ropl TEXHOJIOTUS JTa3ePHON CBapKU Me-
TAJIJIOB GOJIBITUX TOJIITH MOJTYyYUJIa TTUPOKOE Pa3Bu-
THE B CBSI3W C IOSIBJIEHUEM HOBOTO KJIacCa MOIIHBIX
TBEPOTEJIbHBIX JIA3€POB, K KOTOPBIM OTHOCSATCS BOJIO-
KOHHbBIE JIa3epbl Ha MOHAX UTTEPOUS U JUCKOBBIE Jla3e-
pol Ha kpuctaziax YAG:Yb?". Oxuum u3 ocHoBHBIX
MPENMYIIECTB MCTIOJIb30BaHUS TBEPAOTEIbHBIX Jase-
POB SIBJISIETCST HU3KOe 3HavyeHne Koadduiuenta o6par-
HOTO TOPMO3HOTO TOTJIONIEHUS X M3JIy4eHus: CBOOO/I-
HBIMHU 3JIEKTPOHAMU B 1apoTa3oBoM (akese, 4To Mo3-
BOJITET M30ABUTHCS OT HETAaTUBHOTO BJIUSHUS TJIa3Mbl
OTNITHYECKOTO paspsijia Ha Tpoliecc JasepHoii cBapku. C
JIPYTOil CTOPOHBI, METAJJIMYECKUH T1ap, BbITEKAIOINI 13
MapOra3oBOro KaHasa MPU CBapKe C IIyOOKUM ITPOTLIAB-
JIEHHEM, SIBJISIETCSI CYIIIECTBEHHO MEPECHIIEHHBIM, BCIE]I-
CTBUE YEro B MAapOTa3oBoM (haKeJie MOKET MMPOUCXO/UTH
obbeMHast Kouzencarnus mnapa [1]. Ilo pasmmuxbM
TEOPETUYECKIM OIIeHKaM pa3Mepbl YacTHIl KOHJeHcaTa
MoryT coctaBaTh ot 10 go 100 um [2, 3]. Iloryormenne
U paccesiHue JIA3ePHOTO M3/Iy4YeHN HA 3aPO/IBIIIAX KOH-
JIEHCPOBAaHHOH (pa3bl oc1abJsieT THTEHCUBHOCTD JIa3ep-
HOTO IyYKA U 3HAYUTEJbHO CHUYKAET MOIIHOCTb U3JIy-
YeHHUsI Ha TIOBEPXHOCTH MeTasiia [4, 5]. B ¢cBs3u ¢ atum
6OJIBITIOE 3HAYEHNE NMEET MCCIEI0BAHNUE TIPOIIECCOB B3a-
UMOJIENCTBUS CIAGOMOHU3NPOBAHHOIO METAJLINYECKOTO
rapa ¢ 4acTHIIAMHU KOH/IEHCUPOBAHHON (asbl, a TaKiKe
pa3paboTKa METO/IOB MX yCTPAaHEHUs M3 06JACTH [Ieii-
CTBUSI JIA3EPHOTO M3JIy4EHHUS.

[lannas pabora IOCBsIIEHA U3yYEHUIO TPOIIECCOB
3apSIKM U 9KPAHUPOBKU YaCTHIl KOH/IEHCHPOBAHHOIM
¢aspl B maporaszoBoM (akesie Ha OCHOBE pelleHus ca-
MOCOTJTACOBAaHHOI cucTeMbl ipeiihoBo-mudy3noH-
HBIX YPaBHEHUH 1JIs 3aPSI’KEHHBIX KOMITOHEHT TIJIa3Mbl.
[Ipm atoM Tpeanoaraercsi, YTO YaCTHUIIBI KOHIEHCATA
SIBJISTIOTCST IIEHTPAMU PEKOMOMHAIIMU U TIPUOGPETAIOT
3apsi/l 32 CYET TIOTJIONIEHUS MOHOB U 3JEKTPOHOB U3
OKpYysKatoteil mira3mbl. [lokaszaHo, 4To Ipu XapakTep-
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HBIX 3HAYEHUSIX TEMIIEPATyPbl, TJIOTHOCTH U CTENEHH
MOHU3AINT METAJJINYECKOTO Tapa B TaporazoBoM (a-
KeJie, MPOMCXOUT YaCTUYHOE SKPAHUPOBAHME 3apsijia
YaCTUIBI B ILJIa3Me, T.€. 3JEKTPUYECKUN TTOTEHITHUAJ
YaCTHUIIbI IMEET ACUMIITOTHYECKOE TTOBE/IEHNE KYJIOHOB-
ckoro Ttumna. [Tosrydensr 3HaueHusT MOJTHOTO (MCTHHHO-
ro) u s¢gdextuBHOro (YacTUYHO SKPAHUPOBAHHOTO)
3apsi/ia YacTHIl KOHIeHCUPOBAHHOI (Dasbl IpH pasind-
HBIX TIapaMeTpax IJIa3Mbl.
peiidpoBo-auddysnonnas mogens. 3BecTHO,
YTO YaCTHIA, TTOMEIeHHAs B CJAGOMOHU3UPOBAHHYIO
IJ1a3My, MOKET IPUOOPETATD 2JIEKTPUIECKUI 3apsif 32
CYeT TOTJIOIIEHNsST MOHOB U 3JIEKTPOHOB Ha IMOBEPX-
HOCTH. BereicTBre B3aMMOIENCTBYS YACTUIIBI € 3apsi-
JKEHHBIMH KOMIIOHEHTAaMH TL1a3Mbl paclpe/esieHne
3JIEKTPUYECKOTO TIOTEHIINAJNA BOKPYT Hee OTJIMYAeTCS
OT KYJIOHOBCKOT'O 3aKOHA ¥ MOKET ObITh HAlIEHO TOJIb-
KO IIyTeM pelleHus HeJUHEHo 3amaun 06 dKpaHu-
poBKe 3apsjia B miazme. Cpean Hanbosiee BasKHBIX T1a-
PaMeTPOB, BJIUSIONUX HA XapPAaKTEPUCTUKU MTPOIIECCOB
3apSIKM U 9KPAHUPOBKU, MOXKHO BBIIEJIUTH OTHOIIIE-
HUe pasMepa dacTuilpl K qiauHe [lebas B miasme, a
TaK)Ke OTHOINEHWS JJIMH CBOGOMHOTO Tpobera s
CTOJTKHOBEHUU WOH-HEUTpaa M 3JIeKTPOH-HEeUTpana K
e Jle6ast. [Ipn xapakTepHbIX 3HAYEHUSX JIABJICHIS
(Py) n temmeparypsi (T)) MeTaJIMYecKOro mapa Ha
BBIXOJIe M3 Tapora3oBoro Kanasa [1] pauxbl cBO6OI-
HOTro npo6era A cToakHoBeHui non-neirpan ([;,) u
snexrpon-ueiirpan (l,,) HAMHOTO MEHbIIE YeM JJIMHA
e6asa (rp). Tak npu maaenun Py = 1 at™ u TemMmepa-
type Ty = 1500-2500 K nnuna /le6as B ciaGononusu-
POBaHHOM Tape W3MeHsieTcd B Tpefenax rp = 3,6—
1300 MKM, a asmuHa cBOOOAHOTO MPOGETa /sl CTOJKHO-
BeHUIT MOH-HEUTPAJI COCTaBJsIeT IpuMepHo [;, = 0,02—
0,04 MM (aumHa mpo6era s CTOJIKHOBEHHI 3JIEK-
TPOH-HENTPaJ UMeeT TOT e TOPSAAOK). TakuM o6pa-
30M, COOTBETCTBYIOIIee yrcao Kuyacena [,/ rp n3me-
HAeTcd B aualia3oHe OT 1,5~1075 110 81073, B cBasu ¢
ATUM IIPOIIECCHI 3aPSAKU 1 SKPAHUPOBKY YACTHI] B Ia-
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Puc. 1. 3aBucumocTs 3apsiga yactuipl ot ee paamyca (a) u remnepatypot mapa (6)

porazoBoM (axese MOryT GbITb OINUCAHBI B PaMKax
npetipoBo-guddysuonnoro npubmmkenusi.  Huske
NpHBe/IeHa TIOCTAHOBKA 3a/[aul O 3apPSA/Ke YaCTHIbl Ha
OCHOBE JIAaHHOTO TIPUOJIVKEHNS .

PaCCMOTpI/IM qacTuiy KOHﬂeHCHpOBaHHOﬁ (l)aSI)I C
PaZinycoM a, KOTOpash HaXOAUTCSA B CAa0OMOHUSHPO-
BaHHOM METa/LIMYECKOM mnape. Byaem npeamomnarars,
YTO MOHU3UPOBAHHBIN IapP, COCTOSIMNA 13 noHos (i),
smexTponoB (e¢) m aromoB (@) HaAXOAUTCS B MOHM3A-
[IMOHHOM PaBHOBeCHH 1pu Temmeparype To U JaBIeHIn
Py. KowileHTpanuu MOHOB, 3JEKTPOHOB U ATOMOB B

HeBOSMyH.[eHHOfI Ij1a3me 6leGM 0603Ha4YaTh n?, ng n

ng COOTBETCTBEHHO. PaI[I/ch Z[eéaﬂ B IlJIa3Me€ 7 OlIpee-

JiseTcs Ipu aToM Kak 7p = VKT /8me’n) (npesamona-
raeTcs, YTO BBIIOJHEHO yCJIOBUE KBA3MHEHTPAIbHOCTH
nd = n?). TloBesenye KOHIEHTPAIIMIT HOHOB 1 3JIEKTPO-
HOB B I1JTa3Me ONHCBIBAETCS ipeiioBo-anp¢y3noHHbI-
MM YPaBHEHUSMHU

dn, .
— +divj, =0,

' (1

re o = i, e, a TOK BBIPAXKAETCH KaAK Jq = UelgE —
D,Vng, tie E 3T0 caMOCOTJIACOBAHHOE JIEKTPUYECKOe
noJie, a py 1 Dy 370 K03 HUIMEHTDI TOABUKHOCTU 1
muddysun, coorBeTcTBeHHO. [lanHbie KOa(hMUITNEHTHI
CBSI3aHbBI MeXKIy OO0l Yepe3 COOTHOIIeHUsT DUHIITel-

z

14
13

1072 1071 100
Puc. 2. 3aBucuMocTb HOPMHUPOBAHHOIO 3apsi/ia OT HOPMUPOBAHHOIO
pammyca yactunnl npu D,/ D; = 450

a/rp

Ha Yy = eDy / kT(. DiaekTprueckoe moJie OIpeaeisseTcst
myTeM pelieHust ypasaenus Ilyaccona

div E = 4ne(n; — n,), (2)

T/le € — HIEeMEeHTAPHBIN 3aps. [lJst TOCTaHOBKY 3a/1a-
Y1 0 3apAJIKe YaCTHIbI Gy/IeM HCTIOIb30BaTh cheprdec-
K1 cummerpuynyto hopmy ypastaennii (1)—(2). B nan-
HOM CJIy4ae OMepaToOpbl JAWBEPTEHINH ¥ TPaUEHTA
umeror Bug div = ¥ 2042, 9,, rae r 310 paanyc B
cdepuueckoil cucreme Koopaunar. Ypasuenus (1)—
(2) nononHAOTCS ypaBHEHMEM 3apPSAKA YaCTHIIBI

d(] 2 . .

< —- 4 =T

dt na e(]l ](,)T—(l (3)
rae g — 3apsij yacTuilbl. Ha moBepXHOCTH 4acTHIIbI

(r = @) rpanmunble ycaosust aas ypasaennit (1) u (2)
UMEIOT BH/L

n,=0, E-= *qp/aZ. 4)

Ha 6ospiiinx paccTosiHusX OT YaCTUIbI PAHUYHOE
ycsoBre g ypasHennii (2) umeer Buj

(5

Vpasuenust (1)—(3) ¢ rpanuunbivu yenosusivu (4),
(5) petaich YMCJIEHHO TIPU MOMOIIH HESTBHOI KOHEYHO-
PA3HOCTHOI CXeMbl BTOPOrO Mopsifika TouHocTH. Hinke
TIpUBE/IEHBI Pe3YJIbTAThI YICIEHHBIX NCCIeI0BAHUI IPO-
1ecca 3apsiIki U 9KPAHUPOBKU YACTHI] KOHIEHCHPOBAH-
HOI ha3bl, TTOJIyIeHHBIE HA OCHOBE ONMMCAHHOM fpetido-
Bo-1uy3noHHOI Mozies . PacdeTbl MPOBOIINCD ISt
Fe-mmasmpr. OtHomienne KoadunmeHToB Iudysnn
cocrasJisiiio D,/ D; = 400-500.

3aBHUCUMOCTD 3aps/la YACTHUI] OT IAPaMeTPOB N1a3-
MbI. PaccMOTpHM cHavYaIa BOIIPOC O 3aBUCHMOCTH 3apsi-
Jla YACTUII OT MAPAMETPOB ILJIa3Mbl HA BBIXO/IE U3 TIAPO-
razoBoro kanajga. Ha pmc. 1 moxasaHa 3aBHCHIMOCTD
MIOJIHOTO 3apPsijia YaCTHUIIbI OT ee Pa3Mepa 1 TeMIepaTy-
pBI mapa. BuaHO, 9TO 3apsii 4acTHIl B MApOTa3oBOM
(dakesie MOKeT GbITb JOCTATOYHO GoJbinuM (TOpsiaKa
1000 s1eMeHTapHBIX 3apsi/IoB). IIpu HU3KKUX TeMIepa-
Typax Iapa 3aBUCUMOCTD 3aps/ia OT PAJNyCca JaCTHIIbI
SIBJISIETCSI TIPAKTUYECKU JUHENHOH. OTKJIOHEHUE OT JIH-

Ny —> Ngg, ¥ —> 0.
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PacnpeaeﬂeHI/Ie TIOJIHOTO 3apAaja
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Puc. 3. Pacnipesiesieine KOHIEHTPAIUIA HOHOB, 9/1eKTPOHOB (@) U HOPMUPOBAHHOTO MOJHOTrO 3apsiaa (6) BOMU3M YacTUIbI U CJyvas d
.

=150 uMm, T, = 2500 K. HopMupoBaunblii 3apsz onpeenisiercs Kak ¢, = ¢,/ q, TA€ ¢, 9TO TIOJHBIH 3apsii BOKPYT YaCTHIIbI
or paauyca (em. puc. 1, a pna Ty = 1500 K). TIpu
YBEJUYEHUH TeMITepaTyphl Mapa AianHa /lebas namgaer
U CTAHOBUTCS COTIOCTABUMON C XapaKTEPHBIM Pa3MeEPOM
yactull. [Ipu 9TOM 3aBUCHUMOCTh HOPMHPOBAHHOIO 3a-
pdia OT @ CTAaHOBWTCS HEJWHEWHOW, YTO TPUBOJUT K
HEeIMHEHHOW 3aBUCUMOCTH TIOJTHOTO 3apsiia YacTHUI[ OT
pamuyca (cm. puc. 1, a gaa Ty = 2500 K). Cxoanbim
06pa3oM 0OBICHIETCS U 3aBUCHMOCTD TIOJTHOTO 3apsia
oT Temmeparypbl. [l MaJbIX YacTHI[ COOTHOIIEHUE
a << ¥p BBITIOJIHSETCS B MUPOKOM JIMATIA30HE TEMIIE-
patyp. [Ipu aToM HOpMUPOBAHHBII 3apsI/T TPAKTUIECKT
He MeHSeTCs, a MOJHBIN 3apsi/l 3aBUCUT OT TeMIlepaTy-
pol muneino (em. puc. 1, 6 ansa a = 20 um). Paguyc
6OJIPIIINX YACTUL[ CTAHOBUTCSI COIIOCTABUMBIM C JIJIMH-
Hoii /lebast, 4TO NPUBOAUT K HEJIMHENHOI 3aBUCUMOCTH
HOPMHPOBAHHOTO 3apsi/ia OT ¥ U HEJUHEIHOW 3aBUCH-
MOCTH TIOJIHOTO 3apsijia OT TeMIIepaTyphbl.
IxpaHUPOBKa 3aps/ia YacTHIl B Iia3me. PaccMoT-
puM Jajiee 0COGEHHOCTH MTPOIECCa SKPAHUPOBKH 3apsi-
na gacTwil miasmoii. Ha puc. 3, @ mpuBenens! pacmpe-
JleJIEHUsT KOHI[EHTPAINil MOHOB W 3JIEKTPOHOB BOKPYT
yactuilpl Ay caydas a = 150 am, Ty = 2500 K. Ham-
e BOJIM3U YaCTHUIIBI 00IACTH HECKOMITEHCHPOBAHHOTO
MTOJIOJKUTEJIBHOTO 3aPsijia TPUBO/IAT K AKPAHUPOBKE HC-

HEWHO 3aBUCUMOCTH TIPOSIBJISETCS TOJBKO MPU JIOCTa-
TOYHO BBICOKOH TeMIlepaType mapa. AHAJIOTWYHAS CH-
Tyalus BO3HUKAET U JIJIs1 3aBUCUMOCTH 3apsiia OT TeM-
nepaTtypsl mapa. /s MaJbIx 4acTull 3aBUCUMOCTD OT
TEMIIepaTyphbI SIBJsIeTCs TMHEeHON. OTKJIOHEHUE OT JIN-
HEWHOI 3aBUCHMOCTHU TIPOSIBJISIETCS] TOJIbKO TP YBEJIN-
YEeHUW pa3Mepa YacTHUIIbI.

[loBenenmne 3aBUCHMOCTEH, TPEICTABJEHHBIX Ha
puc. 1, MoXeT 6bITb OOBSICHEHO CJEAYIONUM 00Pa30M.
[Tosubril 3apsiy YacTUITBI MOYKHO TIPE/ICTABUTL B BUJIE
q = zakT/ e, rie z 3T0 HOPMUPOBAHHBIH 3apPsi/l YaCTH-
1bl. HopMupoBaHHbIN 3apsi/i YaCTHUITbI 3aBUCUT OT CO-
OTHOIIIEHUS MEXJY ee pasMepoM U jumHOU [leGasd B
masMe. 3aBUCUMOCTD Z OT a /¥ LISt HEKOTOPOTO (HUK-
CHPOBAHHOTO OTHOIIEHUs KoadduitnenToB aud@ysun
npuBe/ieHa Ha puc. 2. MOXHO BU/IETh, YTO TIPU yCJIO-
BUM @ << ¥, HODMUPOBAHHBIN 3aps/] CTPEMUTCS K TIO-

cTossHHOMY Tipesienty z = 6. [l yMepeHHbIX 3HaUYeHUH
OTHOIIIEHUS a /¥ paccMaTpUBaeMasi 3aBUCUMOCTb CTa-
HOBUTCS HeJUHENHON. J[JIsT OTHOCUTEIBHO MAJIOU TeM-
neparypbl mapa, ajauHa /lebas B masme Beeria 60JIblIe
yeM XapaKTepHble pa3Mepbl yactuil. [1pu aToM HOpME-
POBAHHBIN 3apsi/] MPAKTUYECKU HE MEHSIETCS MPU U3Me-
HEHNW @, a TIOJIHBIN 3apsa YaCTUIIBl 3aBUCUT JIMHEIWHO

Ger/ G
JddexTHBHBIH 3apsia
0,50 | 3-2300K
2-2000 K
2000 F /- 1500 K 3
0,45 | Bl W CcTUHHBIN 3apsa
] 3 — 2500 K
E‘ 1500 F 2 - 2000 K 2
0,40 | g 1" = 1500 K
3 X
0.35 L D,/D; =450 =3 1000 ~
) & —--
- - -
— - —f
Cod —
0.30 | 500 | :;:;?—f
=z==" 3
—‘gﬁ 12
! ] 1 1 1 1 1 1 ]
20 40 60 80 100 120 140 160 180 200

1 10

a/rp

Puc. 4. 3aBucumMocTb OTHOCHTEIBHOTO 3h(HEKTHUBHOTO 3apsi/ia OT CO-
oTHOWeHUs 7,/ a ans ciaydas D,/D; = 450. 3pech q,; 910 3d-  Puc. 5. 3aBucuMocTb HCTUHHOIO 1 3(PMEKTUBHOTO 3apsa YaCTHIbL

OT €€ padMmepa [AJid pa3JTUnIHbIX 3HAYEeHU I TEMIIEPATYPDbI ITapa

dbexruBHblii (HE3a9KPAHUPOBAHHDBINA) 3apsijl YACTUILI
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WcTunHbIH 3apsaa
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Puc. 6. 3aBucuMoCTb UCTUHHOTO U S(I)(IJGKTI/IBH()FO 3apda/ia 4aCTUIlbl OT TEMIIEPATYyPbl I1apa AJd Pa3/JIMYHbIX 3HAYEHUIT paanyca 4aCTuIbl

THHHOTO 3apsiJa YacTUllbl B I1asMe. Ha puc. 3, 6 nmoka-
3aHO pacrpejiesieHIe TIOJHOTO 3aps/ia BOKPYT YaCTUITBI
HOPMHUPOBAHHOTO Ha ¢. MOXHO BU/ETH, YTO 32 CUET
9KPAHUPOBKU MPOUCXOJUT CHIDKeHUE 3(h(hEKTUBHOTO
3apsi/ia YacTHUIl, KOTOPDIl OMpe/le/IseT B3auMOIeiCTBIE
MEK/ly HUMU B [Tapora3oBoM (akeJie, a TAKXKe B3aUMO-
JIefiCTBHE ATUX YaCTHUI] C BHEITHUMHY 2JIEKTPOMArHUTHBI-
mu noJsaMu. B kinaccuueckoii reopun Ilyaccona—bouib-
IIMaHa 3KPAaHUPOBAHHBIN 3aps/l [/ HeTorJomaonei
YaCTUIIbI PaBeH HYJIO Ha GeckoHeyHoctu. U3 puc. 3,
6 BUJTHO, YTO B CJIydae MOTJIONAOIIEH YaCTUI[BI UMEET
MECTO HeTloJIHAs 9KPAaHWPOBKA 3apsijia YaCTHUIIhI 11J1a3-
MO, ITO CBSI3aHO C HATMYMEM TOKOB 3apSI/IKK BOJU3H
qacTullpl. /leficTBUTETHHO, B CTAIIMOHAPHOM COCTOSTHUT
TOKH 3apsiiKi 06PATHO MPOIOPIIHOHAIbHBI PAAUYCy,
T.€. Jo i 3ABUCAT OT PACCTOSHUS KaK 7 2. 3aBHCHMOCTb
MEXK/Iy TOKaMH U 3JIEKTPUIECKUM TI0JIeM B CTOJTKHOBHU-
TEJbHON TIa3Me ompesessgercs 3akoHoM Owma, T.e.
aJIeKTpHUUecKoe 110J1e E MPOIOPIMOHATIbHO J,, ; U, CJle-
JIOBATE/IBHO, TAKIKE 3ABICHT OT PACCTOSIHUS KaK 7 -,
TakuM 06pa3oM acCHMITOTHYECKOE TIOBEJCHWE TTOTEH-
IIMAJIA YACTHUIIBI SBJISIETCS KYJOHOBCKUM, T.€. IPOUCXO-
JIIT HETIOJTHASI 5KPAHNPOBKA 3aPsi/a YaCTHUIIHI MJIA3MOi.

3navenne 3(pHEKTUBHOTO 3apsi/ia 3aBUCHUT OT COOT-
HOIIIEHUS MEXK/Iy Pa3MepOM YacTHIlbI U JAHOM [lebast
B IIa3Me. 3aBUCUMOCTb OTHOCUTEILHOTO 3PeKTHB-

t, MC

200 nm
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40 50

450 500 550 600 6350 700 750 E, Vem!

Puc. 7. Bpems yjaseHust 4acTHIl KOH/leHcaTa 13 00J1acTu JIeiCTBUS
JIA3epHOTO TyYKa JJIS PA3JUYHBIX HAIPSKEHHOCTE! BHEITHEro
AJIEKTPUIECKOTO TIOJIST

HOTO 3apsiia OT COOTHOIEHUs 7p,/d TIpUBeJeHa Ha
puc. 4 nna cayvas D,/ D; = 450. Bugno, uto npn
BBITIOJTHEHNN YCJOBUS @ << ¥ OTHOCHUTEJBHBIN 3(-
(PeKTUBHBIN 3apsi/i CTPEMUTCS K MTOCTOSTHHOMY 3Hade-
Huio 0,5. Ilpu yMepeHHBIX 3HAUYEHUSX OTHOIIEHUS
a/vp 3aBUCHMOCTb OTHOCUTEJBHOTO 3(h(dEKTUBHOTO
3aps/a SBJSeTCS] HeJTMHEeHO.

Wcnonb3ys nannble, npuBeseHHble Ha puc. 1 u 4,
MOKHO IOJIYYUTb 3HaYeHus 3P@PeKTUBHOrO 3apsja
YaCTHUIl KOHAEHCUPOBAHHON (pas3bl B maporazoBoM da-
kesie. Ha prc. 5 mokasana 3aBucuMocTb 3(p(HEeKTHBHOTO
3apsijia 4acTUIl OT UX pa3Mepa JIJis Pa3IndHbIX 3HAUe-
HUM TeMmiepaTypbl apa. /s cpaBHeHNs TaKkKe ITpuBe-
JIeHbl 3HAYEHWs MCTUHHOTO 3apsifa. MOXKHO BUIETD,
YTO 9KPAHNPOBKA B TJIa3Me CYIIIECTBEHHO CHUMKAET 3HA-
yerus 3G@PEeKTUBHOrO 3apsia, 0CO6EHHO s GOBITNX
yactuil. TeM He MeHee, 3HaueHUsT 3 PEKTUBHOTO 3a-
psi/la BCe ellle OCTAIOTCS I0CTATOYHO BBICOKMMU.

Ha puc. 6 Tax:xe npuBeieHa 3aBUCUMOCTD 3 deK-
TUBHOTO 3apsi/ia OT TEMIIEPATYPHI Mapa JIJIsT PA3JUIHbBIX
3HaUeHWI pasnyca yacTuibl. /[T cpaBHEHWS TpUBe/ie-
HBI TaK)Ke 3HAYeHUs UCTUHHOTO 3apsna. Kak u B mpe-
MBITYIIEM CJIy4ae, SKPAHUPOBKA MPUBOAUT K CHUKeE-
HUTO 9(p(PEeKTUBHOTO 3apsia YacTull B maasMe. TeM He
MeHee, 3HaUeHUsT 9 PEKTUBHOTO 3apsi/ia MOTYT JIOCTHU-
raTb HECKOJIbKO COTEH 3JIEMEHTAPHBIX 3apsioB, 4TO
MO3KeT GbITh MCITOIb30BAHO JJIsT pa3paboTKK crioco6oB
yYCTpaHEHWs] TAaKUX YaCTUI] U3 06JacTH AENCTBUS Ja-
3epHOTO ITyYKa ITyTeM TIPUJIOKEHUST BHEITHUX 3JIEKTPO-
MaTrHUTHBIX TTOJIEH.

Ha ocHoBe pertieHUst TPOCTOTO ypaBHEHUS [[BUKE-
HUS JIJI YaCTHUI] KOH/IEHCATa BO BHEITHEM DJIEKTPIYEC-
KOM TIOJIe MOKHO OIIeHUTb BpeMs, HeoOXOAUMOe st
UX yCTpPaHEHMS U3 aporasoBoro daxesna. Y paBHeHHE
JIBVDKEHUS JIJIs1 YACTHIl UMeeT BU]L

mdv/dt = qu - pna202, (6)

TJle m — Macca 9acTHIbl; 0 — CKOPOCTD ee JBUKEeHNS;
E™" — Buemmee 3JIEKTPUUYECKOe T0Jie, TTepIeHInKY-
JISpPHOE OCH JIAa3€PHOTO MyYKa; p — IIJIOTHOCTD ITapora-
30Boil cMmecu. Ha puc. 7 mnpuBesieHbl pe3yJbTaTbl

OIICHKN BpPEMEHU Y/aJIEHUA YaCTUIl U3 IIapora3oBOro
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(parena (xapakTepHbIi NONEpeYHbIH pasMep 2 MM)
JUIS PA3JIMYHBbIX 3HAYEHWI HAMPSKEHHOCTU BHEIITHETO
3JIEKTPUYECKOTO TIoJIst. V3 puc. 7 BUAHO, YTO BpeMs
yAAJTeHUs YaCTUI] UMEET MOPSIJIOK HECKOJIbKITX MUJITH-
CEKYHJI [IJIT XapaKTePHbIX 3HAYEHWI HAMPSIKEHHOCTH
BHEIITHETO 3JIEKTPUYECKOro moJisi. [IpuHuMast Bo BHU-
MaHue XapaKTepHble 3HAYEHUS] CKOPOCTU JBUXKEHUS
yacturr (10—50 M/ c), MOKHO C/ieJiaTh BBIBOJ[, 4TO 32
BpeMs yIaJIeHUS] OHU TIPOIIYT BIOJb OCH MydYKa pac-
crostiue nopsifika 1—2 mM. Takum o6pa3oM, B o61acTh
BbIIe 1—2 MM MOXXHO Oy/I€T TOJHOCTBIO HEHTPAI30BaTh
BJIMSIHME KOHJIEHCATa Ha PaCIPOCTPAHEHUE JIA3EPHOIO
usjaydenusi B T1aporazoBoM (axene. IlpuBesennbie
OIIEHKH TI03BOJISTIOT CJIEIATh BBIBO/I, YTO METO/T Y IAJIEHWS
YACTUI[ BHEITHUM 3JIEKTPUYECKUM I10JieM GynieT J10CTa-
TOYHO 3 PEKTUBHBIM. KpoMe Toro, myTeM PUIosKeHws
BHEITHETO MAarHUTHOTO ITOJISI MOKHO CElaprpoBaTh KOH-
JIEHCUPYIONINECS YaCTUTIBI TT0 pa3Mepam.

BsiBoasl

B panmoit pa6oTe NpoBeEHO UCCIEA0BAHNE TIPOIIECCOB
3apSJIKA W 9KPAHUPOBKH YACTHUIl KOH/IEHCHPOBAHHON
daspr, ob6pasylonmxcsa B Mapora3oBoM Qakesie Mpu
JIa3epHOU CBapKe ¢ TIyGOKHM TIpoILiaBjiennem. Jlam-
Hble MPOIECChl PACCMOTPEHbI HA OCHOBE [peiidoBo-
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nuddy3noOHHON MOIETN B3aMMOEHCTBUST YaCTUI[ C
mia3Moit. IlosyueHpl 3HAUEHUS TIOJTHOTO 3apsijia dac-
THI[ PA3JIIMYHOTO Pa3Mepa B IIMPOKOM JHMAara3oHe 3Ha-
YeHWI TeMIepaTypbl MeTammdeckoro mapa. [lokasa-
HO, 9YTO 3a CYeT HAJUYUsS TOKOB 3apsAKu BOJU3N
YACTHIIbI, MIMEET MECTO HEIIOTHAsI SKPAHIPOBKA 3apsiia
yacTullbl B 1irasme. [loaydyensl 3aBucuMoctu addex-
TuBHOTO (YACTHYHO 9KPAHUPOBAHHOTO) 3aPsi/ia YaCTHIL
OT WX pa3Mepa W TeMmIeparypbl mapa. lIpoBemeHbl
OIIEHKU BpEMEHM, HeOOXOJUMOTO IS YAAJTEeHU Jac-
TUI] W3 Mapora3oBoro Qakena IMyTeM PUIOKEHUS
BHEIITHETO 3JIEKTPUYecKoro 1mosst. Ha ocHoBe mosryuen-
HBIX PEe3yJbTaTOB MOXKHO C/eJIaThb BBbIBOJ, YTO BO3-
JleficCTBHE BHENIHETO 3JIEKTPUUYECKOTO TIOJS MOKET
6bITb 10CTATOYHO 3(DHEKTUBHBIM CIIOCOOGOM OYUCTKHU
30HBI JIEUCTBUS JIAa3€PHOTO IMy4YKa OT YaCTHI[ KOH-
JIEHCUPOBAHHOI (a3bl.
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MO/IEJIMPOBAHUE IUHAMUKU CBAPOYHO BAHHBI
I[P TOYEYHOI CBAPKE
NMITYJIbCHBIM JIASEPHBIM U3JIYYEHUEM

A.Il. CEMEHOB, 1.B. IIYBA, U.B. KPUBIIYH, B.®. IEMYEHKO
WNucturyt anexrpocBapku uM. E.O. [latona HAHY, Kues, Ykpanna

Iportece ucnapenusi MeTasia MpH Ja3epPHOI CBapKe COMPOBOXKIAETCS AUHAMUYECKUM BO3/ICUCTBHEM MApOB META/LIa Ha
cBOGO/IHY 1O TOBEPXHOCTD BaHHBI. [I0CKOIBbKY 3TOT MPOIIECC MPOUCXOUT HEPABHOMEPHO 10 TIOBEPXHOCTH BAHHBI, PEAKTHBHOE
JIABJIEHIE TIAPOB HA PA3JIMYHBIX €€ YYACTKAX MOXKET 3HAYUTENHHO OTJIMYATCS, YTO MPUBONUT K MPOruGy CBOGOIHOI MOBEP-
XHOCTH paciuiaBa. B Hacrosmieit paGore IpejloxKeHa MaTeMaTH4YecKash MOJeJb, HO3BOJISIONIAs MCCJIe/l0BAaTh AMHAMUKY
nporiaBieHnss u ¢GopMy CBOOGOIHOI MOBEPXHOCTH CBAPOYHON BAaHHDBI MIPH JIA3€PHOIl CBAPKE TOHKOJMCTOBBIX METAJIIOB
HETIO/[BUSKHBIM UMITYJIbCHBIM UCTOUHUKOM (Toueunast cBapka). [pu paspaGoTke MOJIENH M0JIAraloch, YTO MPOLECC TEIIo-
HepeHoca B MeTaJLjIe OCYIECTBIISIETCS 3a CYET TEIJIOIIPOBOHOCTH M KOHBEKI[MH, A IIOTEPHU TEILJIa C IOBEPXHOCTH 00YCJIOBJIEHDI
HCHapeHneM MeTajljla W IOoTepell SHEepruHl Ha TeIJIOBOEe H3JIydeHHe. B pa6oTe HPHUBOAATCSA Pe3yJbTAaThl YNCJIEHHOTO
MOJIEJIMPOBAHUS JIMHAMUKY CBAPOYHON BAaHHDI, IIOJIyYEHHbIE C HCIO/Ib30BAaHUEM Pa3paGOTAaHHON MOJEJIH.

BosneiicTBrie KOHIIEHTPUPOBAHHBIX UCTOYHUKOB 3HEP-
THH, TAKWX, HAIpUMep, Kak c(hOKyCUPOBAHHBIH Jla3ep-
HbBI TIyYOK, HA CBAPUBAEMbIe METAINIECKUE U3/TETHS
MOJKET TPUBO/INTH K MHTEHCUBHOMY UCTIAPEHUIO METaJI-
Jla ¢ TIOBEPXHOCTU CBapOYHO# BaHHbI. [Ipotecc ucma-
peHUsl COMPOBOKIAETCS KaK TEIJIOBBIMU TOTEPSIMH,
TaK U JIMHAMIYECKUM BO3/IENICTBUEM ITAPOB MeTaJLIa Ha
cBOOO/THYIO TTOBEPXHOCTDb paciiiaBa. Ilpu ompesnesen-
HBIX YCJOBHSX HArpeBa PeaKTHBHOE JaBJIEHUE MapOB
MOKET OBITb JJOCTaTOYHO BEJIMKO, YTOObI BbI3BaTh 3HA-
YUTEJbHBIH MPOrué TOBEPXHOCTH CBAPOYHON BaHHBI.
Kpome TOro, HarpeB KOHIIEHTPUPOBAHHBIM HCTOUHU-
KOM 5HEpPruu MPUBOJUT K BO3HUKHOBEHUIO BBICOKOTO
rpajiieHTa TeMIIepaTypbl BIOJb CBOOOIHOI IMOBEPX-
HOCTU PACILIaBa, YTO SBJSETCS NPUYMHONW BO3HUKHO-
BEHUST TEPMOKAIUJIISIPHON KOHBEKIIMU MapaHroHU B
o0beMe CBapOYHOI BaHHBI. Kak MOKa3bIBAIOT MpEIbl-
Jytue uccaenoBanus [ 1], TepMoKanmuIsIpHBIE TOBEP-
XHOCTHbBIE CUJIbI OKA3bIBAET CYIECTBEHHOE BJIUSHUE HA
KapTUHY TEYEHWS MeTaJia B CBAPOYHOI BaHHE U B 3HA-
YUTEJBbHOU CTEIEHU OINpPEAEJSIOT pa3Mepbl u GHopMy
30HBI [IPOTLIIABJIEHUS IIPU PA3JUYHBIX CIIOCOOAX CBAPKHU
IJIaBJIEHUEM.

B Hacrosei pabote mpeiozKeHa MaTeMaTHYeCKast
MO/I€JIb, OIUCHIBAIOIIAS TEIJIOBbIE U TUAPOUHAMUYEC-
KHe TIPOIeCChl B BaHHE PaCIIaBJIEHHOTO MeTaslia pH
TOYEYHOH JIa3ePHOI CBapKe TOHKOJUCTOBBIX METAJITIOB.
[Ipu pazpaboTke MOJIEH TIOIATAIOCH, UYTO TETLIOIepe-
HOC B M€TAJIJIe OCYIECTBJISIETCS 32 CYET TETLIOTPOBO/I-
HOCTH M KOHBEKIIMH, a TIOTEPU TeIJIa € MOBEPXHOCTH
00y CJIOBJIEHBI CTITADEHIEM MeTaJLIa 1 TIOTOKOM TeTLIO-
BOTO U3JyueHusi. Vcroabayemas B pa6oTe MoJIeIb TH/I-
POJMHAMUYECKHUX [POIECCOB OCHOBBIBAETCS HA YpaB-
Heauax Haspe—Crokca aag BSI3KOH HeCKUMaeMoit
JKUKOCTH U YUYUTBIBAET KAMJLISIPHOE JlaBJieHie, o6yc-
JIOBJIEHHOE KPWBU3HOW CBOOOJHOI MOBEPXHOCTU pac-

© A.Il. CEMEHOB, I.B. IIIYBA, 1.B. KPUBILYH, B.®. JIEMUYEHKO, 2013

IJIABJIEHHOTO METaJljia, a TaKyKe TePMOKAIMJJISPHBIN
apdpexr Mapanronu. /[y ynpolenus Moae u esia-
JIOCh JIOMYyIIleHre, YTO BCe OIUChIBaeMble (pu3nyecKue
MIPOIeCChl 06JIaJAI0T CBOMICTBOM OCEBOI cMMMeTpuu. B
paboTe aHATM3UPYETCS BIUSHUE PA3JIUYHBIX (DU3IIec-
KuX (paKTOPOB HA AMHAMUKY TIPOTIECCA MTPOTLIABIECHUS.
L7151 3TOTO GBI BBITIOTHEH CPABHUTENBHBIN aHAIN3 3-X
MoJieJiell IMHAMUKY CBAPOYHON BaHHDI:

1. TerJIoNnpoBOHOCTHAS MOJIEJ/Ib;

2. MoJlesTb KOHBEKTUBHO-KOH/IyKTUBHOTO TIepeHOoCca
TETIa C y4eTOM UCKPUBJICHUS CBOOOTHOM MTOBEPXHOCTH
3a CYET PEaKTUBHOTO /IaBJECHUS MAPOB;

3. MoziesTb KOHBEKTUBHO-KOH/[yKTUBHOTO TIepeHoca
TellJIa C y4eTOM PEeaKTUBHOIO JIaBJIEHUS [1apOB U TEPMO-
KanuJsipHoro adgdexra MapaHToHH.

Ouenka ckopocTH ABU:KeHUsI MeTaJta. [lepen us-
JIO)KEHUEM MaTeMaTU4YeCKOW MOJIEJHN ClIeJIaeM OIEHKY
CKOPOCTH JIBV)KEHUS PaciljiaBa B CBAPOYHON BaHHE MTPU
TOYEYHOH JIa3epHOI CBapKe TOHKOJIMCTOBON HU3KOYT-
nepoauctoit cramm. Vcmosib3yemble B JTaiIbHEUITHX
pacdeTax CBOHCTBa HHM3KOYTJIEPOAMCTON CTau Mate-
puaJia B3SThI U3 JUTEPATyPhI [2] 1 puBeeHbI HIKE:

[TnotHOCTD P, KT M O PTTPT 7200
KoaduniineHt moBepXxHOCTHOTO HATSOKEHNA Y, Hm ... 1,24
Koadduunent Mapanronu oy,/0T, H-m KT -10
Jlunamuveckast BI3KOCTD L, Hd% ............................. 0,006
Tennonposognoctb A, Brm -K L. 22
YjenbHas TeMI0eMKOCTh TBepAOH daswl ¢,

TR KT K 700
Yie/IbHast TeILIOEMKOCTD XU/IKOIE hassl ¢,

JIx-Kr K 780
CTEMEHD UEPHOTDBI €  ..evvneteneteneineteeneieieeneiaeneienaanaans 0,4
Temneparypa miaasnennst T, K ..o, 1812
Temneparypa kumnenns Ty, K ... 3133
CxppITas Temora miaasiaenus L, Jx- KO oo, 2,47-10

3amumieM TPUOJKEHHOE BbIpaskeHue s Kaca-
TeJIbHBIX HapspKeHuu P, Ha TTOBEPXHOCTHU pAaCIIaB-
JleHHOTO MeTaJuia I', mosaras, 4To caMa MOBEPXHOCTD
SIBJISIETCST TIJIOCKOW:
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b 0u
m u aZ

uS
RS (D
T7e ug — 3HaueHue paanaJbHON KOMIIOHEHTHI BEKTOPa
CKOPOCTHU Ha TIOBEPXHOCTH; & — PACCTOSTHUE OT TIOBEPX-
HoCTH J10 enTpa Buxpd (puc. 1); p — AMHaAMUYECKAs
BSI3KOCTD KUAKOTO Metasia. C fpyroil CTOPOHbBI /s
BeJIUYNUHBI P, MOKHO 3aIlMCaTh:

oy or oy Ty —T,
m= _ T 1 (&)
or or |[r 8T L
rae y — KOS(I)(I.)I/IL[I/IGHT ITOBEPXHOCTHOTO HaTAKEHUA

xxuakoro meranna; Ty, T, — TeMmmepaTypa KHUIIEHUS
U TIJIaBJIEHHS, COOTBETCTBEHHO; I — paanyc cBapou-
Holl Bannbl. IIpu BeIBoge (2) moMaraaoch, 4To TEMITE-
paTypa B IIeHTPe BaHHbBI COOTBETCTBYET TOUKE KUTIEHUST
P HOPMAJBHBIX YCJOBUSX. DyzieM Take cumTath,
yto 6 = L /4, TOorJja OKOHYATEJbHO NMEEM

S o

T,—Ty) =55 .
oL aT( ) M/c

Us =

3)

ITo snauyenuto yncsa Ilekse a5t paccMaTpuBaeMbIX yce-
Jgoswit Pe = u,l /o = 630, rne o — KoaduimenT
TEMIIEPATYPOIPOBOHOCTH PACILIABJIEHHOTO METAJsIa,
MOJKHO CyAnTb, 4TO KOHBGKTI/IBHblﬁ IIEPEHOC TEILJIa 6y—
J1eT OKa3bIBaTb CyH_[eCTBeHHOG BJIMAHNE Ha TeEIlJIOBOE
COCTOSTHME METaJIJIMYeCKOil BaHHBI.

Omucanne MareMaTH4eckoit Momeau. Meroanka
YUCJIEHHOTO pelieHust. s onucaHust TEmIOBBIX MPo-
I[ECCOB B CBapUBaeMOM MeTaJsie GyJeM MCIOJb30BaTh
ypaBHeHHne Tepenoca Temaa B o6mactu Q (puc. 2):

oH oH oH 1 0 oT 0 oT
—dtU—+0—=——|1rA—|+— |A—|; (4.1)
ot or oz T or or 0z 0z
T
HT) = [ epdT + Lpn, “.2)
TO
rie u, v — KOMIIOHEHTbI BeKTOpa cKopoctu; H —

yAeJbHAs SHTAJBIHNSI; A, €, p — TEIIOIPOBOIHOCTD,
yAeJbHAS TEIJIOEMKOCTDb U TIJIOTHOCTb MaTepuaja, co-
OTBETCTBEHHO; L, yAeJbHAs TEMJIOTA TIJIABJIEHUS
MaTepuasia; 1 — J0Jd KUAKOH asbl. Y paBHEHUE
(4.1) [OMOMHMM TPaHWYHBIMUA M HAYAJBHBIMH YCJIO-
BUAMMN:

or
r— | = ATr 0) 05 (©74) ~ GelTD) = GradTr); (43)
oT oT orT
5 lco o bico " ar =0; (4.4)
0z |z=0 or |r=0 or |r=Lr
T(r, z, O) = T(), (}’7 Z) c Q. (45)

B ycaosun (4.3) BBemeHbI crepyiomue 0603HAUYEHNS:
A — K03p@UIMEHT TOTJIONIEHUS JTa3epHOTro U3JIyde-
HIUSI TIOBEPXHOCTBIO METAJLIA; s — IJIOTHOCTD MOIIHO-
CTH JIA3€PHOTO U3JIYUYEHUS; (rqg — YACJIbHBIN Jydnc-
TBIH TENJI0BOH MOTOK; (., — Y/EJbHBIN TEIJIOBOH 1O-
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Puc. 1. XapakrepHas KapTHHA TeUeHHsI B CBApOYHOIl BaHHE IIpU
TePMOKAIMJLIAPHON KOHBEeKIINN MapaHroHn

TOK, OéyC]IOB]IeHHbeI HCIlapeHrneM MeTaJljla C ITOBEPX-
HOCTHU BaHHBI. ZIJIH OnrcCaHud paciipeaesieHnda MOITHO-
CTU U3JIy4Y€HUs B JIa3€PHOM ITyYKeE NCII0JIb30BaJIach 3a-
BUCHUMOCTbDb

q4(r) = qo exp (2(r/ro)), (5)

Tfie ¢o — WHTEHCUBHOCTD JIA3€PHOTO U3IYUCHIIS HA OCH
Iy4Ka; ¥y — paJuyC IIy4yKa Ha II0BEPXHOCTU U3/IeJIUA.
[Tpu BbrUnCIeHNN KO3(P(pHUIMEHTA TTOTIOMEHNS TIpe/-
[0JIATAJIOCh, YTO JIa3epPHOE U3JIydeHue UMeeT CJIydaii-
HYIO ToJigpu3anuio. B atoM ciayuae

Ry(Tr, ¢) + R(TT ¢)

3 (6)

A(Tr, 9)=1-

cos ¢ ~\eo(Ty) ~ sifg |

cos @ + Veo(Tr) — sifep
eo(Tr) cos @ — Neo(TT) — sin’e ?
eo(Tr) cos @ + \Neu(TT) — sin’e

a(ppuImenTHI OTpaXKEeHNS TOBEPXHOCTBIO METAJLIA S- 1
P-TIOJIIPU30BAHHDIX BOJIH, COOTBETCTBEHHO; @ — YTOJ
nagenusa (cM. puc. 2); &, — KOMILIEKCHAS IH3JIEK-
TPHUYECKasi IPOHUIIAEMOCTb MeTaJLJIa Ha YaCcTOTe JIa3ep-
Horo usiydenusi. Ilorepu smepruu, 06yCIOBJIEHHbIE
TETJIOBBIM M3JIydeHHeM, Olpeessiuch u3 3akona Cre-
dana—Bombumana: ¢, (Tr) = eo(TE —TL), rie & —
CTeMeHb YEPHOTHI MMOBEPXHOCTH META/IA; G — IOCTO-
aunas Credana—bonbimana; T, — TeMmepaTypa OK-
pysKafoteil cpenl.

3nece  R(Tr, ¢) =

Ry(Tr, ¢) = KO-

L

L,

Puc. 2. CxemMa K MaTeMaTHYeCKOMY OMUCAHUIO
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Puc. 3. TeMnepaTypHaﬂ 3aBUCHUMOCTD TEILJIOBbIX IIOTEPD, 06yCJIOB-
JICHHDIX HUCIIAapEHNEM

Mogesb ruipoAnHaMUYeCKUX IIPOIIECCOB B CBAPOY-
HOIl BaHHe OocHOBaHa Ha ypasHenusx Hasbe—Crokca
JUISL BSIBKOM HeC:KUMaeMOoH sKUAKOCTH

ou ou ou| 10 00,; Oy
pl—tu—+ov—|=——(rc,) + -
0 0z r 0z r

(7.1)

(8v+ b0 60] 10 o, 20 7.2)
~ o — |=, < U0, - ; .
P ot r 0z Y or 0z gp
o
—— (ru) +— =0, (7.3)
¥ or 0

0
o,,=—P+2u _u’ o,,=—P+2n —v, Gy, =
or 0z

rmae

ou u
| Ogp = P +2n S KOMIIOHEHTBI TeH-

30pa HANPSKEHNUH; ¢ — YCKOPEHUe CBOGOHOTO Tajie-
Hus; P — paBienue B paciiaBe. I'paHMYHbIE YCIOBHUS
s ypasuenuit (7.1)—(7.3) sanmmem B Buge:

5= ~(2K + P, )i+ ? o 7.4
S
- -
@ Vo = @ Vo) (7.5)
- -
Vhor=Vlco=V0loo=0, (7.6)

—> o
rae ‘E_>, n — e€JUHUYHbIE€ BEKTOPbI KaCaTe€JbHOU U

HOPMAJIK K TIOBEPXHOCTH COOTBETCTBEHHO (CM. pHC. 2);
V: — cropocts aBmkenus rpannibl; K — cpenss
KPUBH3HA TTOBEPXHOCTH KMIKOTO MeTa/LIa. Y paBHEHHe
(7.4) onvcpiBaeT GajlaHC HOPMAJTBHBIX M KACATEJIbHBIX

Py, at™
40

30

20

3800 4000

0 )
3200 3400

1
3600
Puc. 4. TemmeparypHas 3aBUCHMOCTb PEAKTUBHOTO /IaBJIEHNS TTAPOB
MeraJlia

T, K

HalpSDKEHUH Ha CBOGOIHONM TIOBEPXHOCTH BAHHBI,
torga Kaxk (7.5) mpeacrasiser co60il KHHEMATHYECKHE
IPaHUYHbBIE YCJIOBHUS.

Ilna pemenns sagad (4.1)—(4.5) u (7.1)—(7.6) uc-
T0JIb30BAJICSI TTPOU3BOJIbHBIN JIArPAHIKEBO-9UJIEPOBBIT
meroz (ALE) [3] coBMecTHO ¢ MeTO10M KOHEUHBIX 3J1e-
mertoB (MK3J) [4]. Pacuernag ob6sactb Q (cM.
puc. 2) 0XBaTbIBaeT 06,/1aCThb KU/KOIO METaJLIA, a TaK-
JKe BKJIOYaeT B ce6s TBepayio ¢asdy. Ilpum perrenun
3a/1auM TUIPOJIMHAMMKHN BSI3KOCTb B TBEP/Oi (ase 3a-
naercsi gocrarodno 6ombmoi (B 108 pas mpesbrmaer
BA3KOCTD KMIKOTO MeTaJ/1a). IIpy BBIIOJIHEHNY BbIY1-
CJIUTEJBHOTO KCIIEPUMEHTE 3TO MO3BOJISIET TOAABUTH
JIBUKEHUE MeTaJIIa B TBEPAOH (ase, a TaKKe MCKJIIO-
yaeT HeOOXOAMMOCTD aJANTHPOBATh KOHEYHO-3/I€MEH-
THYIO ceTKy 1o hopMy (DpOHTA TTABIEHIST U 33/1aBaTh
JIOTIOJTHUTE IbHbIE TPAHUYHBIE YCIOBHS Ha PPOHTE M1a-
BJeHus. Takoil 1OaXo/ BIiepBble ObLI MPENJIOKEH B
pa6ore [ 5] u BcTpedaeTcs B tuTepaType Mo/l Ha3BaHHeM
«MeTo]T 3(P(PeKTUBHOI BS3KOCTHS .

PesyJbTaTthl YHCJIEHHOTO MO/ejupoOBaHus. nc-
JIEHHbIE 9KCIIEPUMEHTDI TIPOBOMIIUCD JIJI YCJIOBUI TO-
yeunoii aseproit ceapkn (Nd:YAG-nasep) Hu3KOyT-
JiepoicToii ctasau toanmuoii 0,3 Mm. Temneparyphbie
3aBHCUMOCTH XAaPAKTEPUCTHK MPOIECCA HUCIAPEHUS
(moTepu Temna 3a cyeT UCIAPEHMS U PEaKTHBHOE J1aB-
JIEHWe TTapoB MeTajia) ObLIN TOJYYEHbI ¢ MOMOIIBIO
MOJIEJTH, TIPEJIOKEHHON B pabore [6] u mpuBeneHbl Ha
puc. 3 u puc. 4. 3aBucuMocTb KoahduIpeHTa MorJIo-
HIEHUs JIJIST JIA3ePHOTO U3JIy4YeHUs ¢ BbIOGPAHHOU JIJTH-
HOU BOJIHBI OT YIJIa TIA/IEHIS U TEMIIEPATY PbI TOBEPXHO-
CTH MeTaJLIa, onpezenseMas BoipaxenneM (6), npuse-
JleHa Ha puc. 5. TexHoJsormueckue mapaMmeTpbl, UC-
[0JIb3yeMble B PACYeTax, [PUBEJEHbI HIKE:

Tousmuna cBapuBaeMOTo METAIA L,y MM ..oovvvniniininannnn... 0,3
MakcumasibHast HHTeHCHBHOCTD Ja3ePHOTO

-2 5
W3JIy4eHHs] Ha TIOBEPXHOCTH MeTasIa ¢,, Br-ecMm = ......... 3-10
Pajiyc J1a3epHOro Iydyxa Ha MOBEPXHOCTH

METAILIIA 71y MM .. eeeeneteenet e e ete e e e e e e ene e e e enaanes 0,2

Kak mokaspIBaoT pe3yJabTaTbl YUCJEHHDIX UCCJIE-
,ZIOBaHI/Iﬁ, PpaCu€THbIEC 3HAUCHUA TEMIIEPATYPbl IIOBEPX-
HOCTH B HEHTPE IIAATHA JIA3€pHOIO HarpeBa, MHOJy4Y€H-
HbI€ C IIOMOIIIbIO MO/ €N I, 3HAYUTEJJTbHO IIPEBDIIIAIOT

20 @, I

1000

(LEHH

Puc. 5. 3aBucuMocTb K09 puIIenTa MOrIoNeHNsT JTa3epPHOTO H3JTY-
uenus (auuna Boanbl 1,06 MKM) MOBEPXHOCTBIO HUZKOYTJIEPOAUCTOM
CTAJIM OT TEMIEPATYPbI IIOBEPXHOCTU U YIJIa TIaJIeHUsT
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0,01 3342
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0,01

Tnaxy K
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0 0,1 0,2 0,3 0,4 0,5 0,60 0,1 0,2
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2500
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(Tnax— To =79 K)

0,1 BpeMsi, s Tnax, K
0,02 3363

BpeMAa, S

0,02

Thax K
3250

BpeMs, S

0,02

3209,02
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0,5 s, MM
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Puc. 6. HI/III‘()MI/IKa N3MEHEHUS BO BpEMEHN q)OprI csapotmoﬁ BaHHDBI U paclpejieJIeHnA TeMIlepaTypbl BAOJIb ITOBEPXHOCTH paciljiaBa: d —

t=001c¢c;6 — t=0,02c;6 — t=0,03¢

temmneparypy kunenust (puc. 6). Hammenpmmii mepe-
TPEeB TIOBEPXHOCTH HAJI TEMIIEPATYPOIl KUITEHM HA6TI0-
Jlaetcs Tpu ucnosb3oBannu mozaesn 111, B coorBetcT-
BUU C 3TUM OTJIMYAIOTCS padMepbl U popMa CBAPOYHOI
BaHHBI, TIPE/ICKA3bIBAEMbIE PACCMATPUBAEMBIMU MO/l€-
Jaamu. Tax, 1py 0JTHOM 1 TOM Ke BpEMEHU BO3/IeiCTBUS
JIA3ePHOTO U3JIy4YeHUs Ha TTOBEPXHOCTb CBAPUBAEMOTO
merasaa (¢t = 0,0332 ¢) ray6una h u nosymupusa b

30HBI TTPOILJIABJIECHUS COCTABJISIOT COOTBeTCTBEHHO 0,17
u 0,24 mm gust mogenu I, 0,30 u 0,28 MM a1g Mozern
II m0,17 u 0,36 mm g momemn 111 (puc. 7).

B uesom, npuBesieHHbie Ha puc. 6, 7 pe3yJbTaTbl
MO/ICJTUPOBAHNS TTO3BOJISIOT YTBEPKIATD, YTO KOHBEK-
st MapaHTOHY TJIaBHBIM 06Pa30M BJIUSIET HA UPUHY
30HBI TIPOIJIABJICHUS, TOT/]A KaK TPOru6 MOBEPXHOCTH
BaHHbBI CIIOCOGCTBYET yBeJUUeHHIO ee ray6unbl. K rta-
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Puc. 7. CpaBHHTeJIbeIﬁ aHaJIn3 pa3MepoB U (IJOPM])I 30HbI [IPOIJIABJAEHUSA, 1TOJIYyYEHHbIX C ITIOMOIIbIO Pa3JIUYHbIX MOHeJIeﬁ

02

KOMY Pe3yJIbTaTy IPUBOANT YBEJIMUeHUE TeIJI0OBOTO MO-
TOKa B TBepAyIo $asdy, 06yCJIOBICHHOE yMEHbIICHUEM
TOJIIIUHBI IIPOCIONKH SKUIKOTO MeTaJLIa MEK/IY OBEPX-
HOCTDbIO BaHHbI U TPaHULEll ILTaBIeHHS.

BsiBoabl

HauGosee amexkBaTHOI MaTeMaTHYECKOH MO/ENHIO
TIPOTLJIABJIEHUS MeTaJIJIa TIPU TOYeUHON JIa3epHOU cBap-
K€ TOHKOJIMCTOBBIX MAaTEPHAJIOB SIBJISIETCSI MOJIEJTb KOH-
BEKTHBHO-KOH/[yKTUBHOTO TIEPEHOCA TEIJa B CBApOY-
HOU BaHHE C YY€TOM PEAKTUBHOTO /IaBJIE€HUS NapoOB Ha
ee TTOBEPXHOCTDb U TepMOKanuisgspaoro addexra Ma-
panronn (mozens I11). [lanmas Momenp Hambosee
MIOJIHO YYUTBIBAET IIPOIIECCHI TEIJIO-MacConepeHoca Ha

0.3

0,4 0.5 T, MM

IIOBEPXHOCTU U B o6bemMe CBapO‘IHOfI BaHHbDI IIpA Jia-
3€pHOﬁ CBapKe METaJlJIOB MaJIbIX TOJIIIWUH.
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CREATION OF UNIVERSAL LASER EQUIPMENT
WITH EXPANDED POSSIBILITES OF APPLICATION

C. SIPAVICIUS', K. MAZEIKA', R. DRAZDYS', J. PADGURSKAS’ and R. BUZELIS'
!Center for Physical Sciences and Technology Institute of Physics, Vilnius, Lithuania
2 Aleksandras Stulginskis University, Kaunas, Lithuania

A universal laser machine with highly improved technical parameters has been created based on the laboratory model
with wide opportunities for small and medium-sized businesses of materials processing. The method of modeling and
the sample model which allow us to imitate a gas flow during laser cutting and to study distribution of the flow in
front of and behind the cut slot at low cost have been created. The antireflective coatings for the machine optical system
and 1064 nm wavelength laser radiation of the Nd:YAG laser are selected when the laser beam falls on the surface of
the optical element at the angle of less than 30°, has been presented.

Currently, laser technologies are the most widely ap-
plied ones in industry. The micronanomaterial proc-
essing laser technologies with the increasing precision
are rapidly forcing their way into industry enabling
the creation of new materials as well as the modifi-
cation of surface structures of different materials with
great speed, precision and quality [1, 2]. Along with
the application of the computerized positioning sys-
tem in laser material processing, new generation laser
technologies with automated robotic machining centers
and lines are developed [3]. At the same time, new
material processing methods promote the development
of the fundamental physics and technical sciences. The
development of laser technologies and their use in in-
dustry is closely related with trend of human activities
and available energy resources. The new laser technolo-
gies may be associated with a minimization of the used
energy, the high efficiency, the convenience for engi-
neering services and a low price. Currently, the com-
panies producing lasers turn to manufacturing of lasers
specialized for industrial equipment. Only in excep-
tional cases, their technical application meets the tech-
nological and commercial requirements of medium-sized
or small companies [4, 5]:

e a simple and qualitative transmission of the laser
beam in the working area, and simplicity and accuracy
of these systems;

e the laser power per used area or volume;

e the price, ease of maintenance and labor resources
and a number of other technological characteristics.

Therefore, the development of new laser technolo-
gies and the creation of the equipment for laser cut-
ting, welding, surface hardening or structuring, mi-
cro,/nano processing of materials is inseparable from
the application studies. The aim of this study is the
development of the universal laser machine with op-
portunities for wider application in industry.

Main parts of multi-purpose laser machine. The
laser machine is applied in medium and small busi-
nesses for cutting, welding, surface structuring and
solidification of materials using a Nd:YAG laser, the
beam power of which is up to 1000 W and is inex-
pensive and technically simple to serve. The installa-
tion is the laboratory prototype designed to have a

laser device with greatly improved technological pa-
rameters, and the new generation of a computerized
management system [6].

Here in the stages of design, analysis, and adjusting
for frame, its components, and the optical system are
presented. The device hardware capabilities and advan-
tages compared to similar facilities are also analyzed.

Frame. The main casing is welded and assembled
from sheet, channels and angle steel elements. Part
of the shell elements are made by mechanical milling
or polishing and tempering. The frame can be easily
assembled and dismantled and does not require a spe-
cial transportation to move a machine to another lo-
cation. (Figure 1).

Guides. A few basic requirements for guides which
often conflict with one another, design simplicity, low
cost and high accuracy, are tried to match when using
the standard motion handing items. The aim is to achieve
low operating costs and sufficient structural durability.
For that purpose the table guides (X-axis) and the lens
carriage rails (Y-axis) are made by using the stand-
ardized radial-thrust roller bearings and high-precision
standard screws — «nut—screws. The error of adjust-
ment of this unit is of the order of 1 um.

The structure of the guide of Y-axis (Figure 2) is
different from that of the X-axis as the structural
elements of the guide are prismatic which offer better
accuracy and stability of the lens unit traverse. As
the force of gravity acting on the table (X-axis) is
several times larger than that on the lens guides, the
steel profile is used to manufacture X-axis guides.
The top plate of the table is based by the application
of rolling bearings on the the top of the table sup-
porting the stability in the horizontal plane. Analo-
gous rolling bearings which cover the element of a
channel profile of the top shelf item from the sides
ensure a stable and precise table motion along X-axis.

Lens carriage (Y-axis). The assembly of lens
moves along the rolling guide which is based on pris-
matic guides and eight radial-thrust bearings of me-
dium accuracy class (Figure 2). The angle between
the prismatic planes of the roll guides is 90°. One
guide is attached to the console continuously, the
position of the second one can be aligned in the hori-

© C. SIPAVICIUS, K. MAZEIKA, R. DRAZDYS, J. PADGURSKAS and R. BUZELIS, 2013
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Figure 1. Diagram of a laser system and optical tract: 1 — laser resonator; 2 — telescope; 3 — angle mirror; 4 — carriage (Y-axis);
5 — console; 6 — support of adjustable console; 7 — management system of installation; 8§ — drive; 9 — objective; 70 — horizontal

table (X-axis); 1/ — element node; 72 — frame

zontal plane adjusting the tightening of bearings. The
design of a node is simple, accurate, easily serviced
during operation with low production costs. As the
laser beam is transmitted to the work area according
to the «flying optics» scheme, the unit is fundamen-
tally different from other similar power laser equip-
ment by its accuracy, compactness and light weight.

Assembly of the table of a universal laser machine
(X-axis). The assembly consists of the screw and two
steel profile guides through which the main horizontal
plate of the table moves (see Figure 1). The table
plate is based on the upper part of the guides by means
of radial-thrust roller bearings. The table is accurately
positioned by the application of similar horizontal
roller bearings along X-axis. The nuts of screws are
connected to mounting plates of the table and the
carriage lens by pivot joints (see Figures 2-8).

A simple design of the table and the lens carriage
allows the use of radial-supporting roller bearings.
The guides can be easily produced using the universal
machines and can be polished after heat treatment.
The surface hardness of guides of the table and lens
carriage is HRC 42—45 and, therefore, is resistant to
wearing of the surface. The working surfaces of guides
are cleaned regularly. When looseness appears, the
gap between the bearing and the guide surface is ad-
justed. As the surfaces of the table guides and rolling
bearing are loaded by less than 50 kg of weight the
bearings should be replaced only after 10 years of the
machine operation.

The support of the console. The support is designed
to enable adjustment of a horizontal position of the
focal point of the beam in respect to the table surface

5.6 7 g
[/

\
) -7
NATAN i
\//
\&\ i
%, i %/10

Figure 2. Lens deflection diagram: 7 — adjustable guide; 2 —
adjustment screw; 3 — fixing bolt; 4 — body of lens carriage;
5 — rolling bearing; 6 — bearing axle; 7 — uncontrolled guide;
8 — lens mounting plate; 9 — console; 10 — the guide supports

by turning the nut of the console support (Figure 3).
By turning the nuts of the stretchers (Figure 3) the
angle between the X and Y axis of the lens and the
position of the table plane is controlled. The tightened
assembly of the console ensures the strength of all
the stand structures and the stability.

The improvement of the quality of the techno-
logical process. The quality of the technological proc-
ess depends on a whole range of key parameters such
as the laser beam generated power, physical charac-
teristics of material, focal point position in respect to
the surface of the workpiece material, machining
speed, technological gas composition and the dynamic
characteristics of flow. While some of these parame-
ters can be determined empirically the others are nec-
essary to be evaluated from experimental studies or
simulations.

The influence of technological gases on laser proc-
essing is widely considered by many authors [7]. Our
study considers two aspects: the distribution of the gas-
flow inside the nozzle hole and the determination of the
optimal profile of the hole, as well as the evaluation of
the gas flow parameters in the cutting slot and behind
the cutting slot when machining (cutting) with a laser.

In gas flow tests of nozzles of real dimensions, the
best form of an inner hole of the nozzle and the in-
fluence on the laser machining process are sought to

Figure 3. Console support scheme: / — console; 2 — adjustment
screws; 3 — adjustment nuts; 4 — bearing nut; 5 — support; 6 —
tightening; 7 — machine frame support
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Figure 4. Dependence of flow velocity (U,) along the X-axis di-
rection on diameters (d, = 0.5, 1.2 and 1.4 mm) of the nozzle hole
and pressure (P) before the nozzle

determine. Moreover, the gas flow distribution in the
nozzle hole is investigated, and the profile of the hole
is improved. The gas flow in space between the nozzle
and the barrier and the flow distribution behind the
slot are studied.

The nozzles of real dimensions. Four nozzles are
experimentally investigated in a glycerin spray flow
with the aim to determine the optimal diameter of
the nozzle hole and to evaluate the distance from the
nozzle over which the flow remains effective. The
diameters of holes at the narrowest place dy were 0.5,
0.8, 1.2, and 1.4 mm. We have found that the most
effective nozzles have the hole diameter dy = 0.9—
1.1 mm. (Figure 4). The nozzle with the hole diameter
dp= 0.5 mm enables the formation of an effective gas
flow, but the small hole diameter of the nozzle pre-
vents passing of the laser beam. The nozzles with the
outlet hole diameter dy > 1.4 mm are useless in the
laser machining process because the gas flow quickly
loses its effectiveness along X-axis direction. If the
narrowest part in the cross-section of the nozzle (out-
let) is shaped cylindrically or rounded, the effective
«working» flow would be generated.

However, these experimental data are not suffi-
cient to improve the cutting quality, as the gas flow
efficiency between the nozzle and the barrier and be-
hind the cutting slot is not fully estimated. It is not
clear which part of the flow performs the function of
disrupting the material during the laser processing

Figure 5. The model to study the conical nozzles of larger dimension:
1 — an experimental model; 2 — conical nozzle; 3 — plates,
simulating an barrier with the cutting slot

Kamera

Figure 6. Test stand of complex hydraulic systems: 7 — laser; 2 —
cylindrical optics; 3 — mirror; 4 — liquid capacity; 5 — pump;
6 — illuminated plane; 7 — a video camera; 8 — PC monitor

and which part weakens and is inefficient before
reaching the barrier or the slot. These studies do not
give a detailed answer on the gas flow distribution
in the slot and behind it during the laser cutting.
Experiment with the nozzles of enlarged hole di-
mensions. The water circuit with suspended, reflec-
tive, aluminum powder particles (Figure 6) is used
in the experimental model for the simulation of the
gas flow dynamics (Figure 5) [8]. Experiments used
conical nozzles with 10 times larger hole compared to
that of the real nozzles. It is possible to change the
thickness of a plate which simulates the barrier, the
width of the slot and the distance between the nozzle
and the barrier. During the experiment, the change
in the position of an illuminated plane parallel or
perpendicular to the axis of the model is possible for
the visualization of the instantaneous flow (Figure 7).
The velocity and the direction of the vector of sus-
pended particles perfectly simulate the flow dynamics
at the measuring point. The process of the flow in
water circuit with suspended particles is similar to
the gas flow during the laser cutting process. The
model allows simulating not only the flow of single-
phase gas but also that with cutting products (impu-
rities) similarly to the real laser cutting process when
the molten droplets together with technological gas
are taken out from the slot [9]. The distribution of
the flow between the nozzle and the barrier (compo-
nent), in the cutting slot and behind the slot can be
determined. It is very important for the assessment

Figure 7. Gas flow visualization behind the obstacle: ¢ — ring
flow (flow velocity U, > 100 m/s; b — cylindrical flow (flow
velocity Uy~ 100 m /s); A — the main jet C1, C2 — recirculation
regions, inner angle of conical nozzles 2o = 70°, dy= 10.5 mm, the
slot d;= 1.2 mm, Ak = 2.0 mm, thickness of plate = 3 mm
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Figure 8. The lens system: 7, 2 — telescope lenses, 3—5 — objective
lenses (Y-axis, moving part) and angle mirror (moving part)

of the trajectory, the size and the shape of melt drops
which can settle on the bottom edge of the cutting
slot in a real laser cutting process.

During the experiment the flow rate and the dis-
tance between the nozzle and the barrier are changed.
We have found that the most efficient nozzles have
the cone angle of the hole of (65—75)° while the nar-
rowest part of the cylindrical hole was 0.5 to 1.0 mm
wide, or have small widening toward the flow direc-
tion. The profile of the hole of such nozzles is close
to that of a de Laval nozzle [8].

Figure 7 shows the photos of two streams leaving
the conical nozzles in different modes. In Figure 7,
a, the ring flow is formed in the conical nozzle with
the hole of doxd, = (10.5x6 mm). Figure 7, b shows
the cylindrical stream flowing from the conical nozzle
with dy = 10.5 mm. When comparing the streams
flowing out of the barrier slot (d; = 1.2 mm), it is
evident that both the main stream A and recirculation
streams C1 and C2 are significantly different. Physi-
cal background of these experiments is that the flow
dynamics is evaluated by the assessment of the length
and the direction of the velocity vector of illuminated
particles. Different length tracks of illuminated par-
ticles can be seen in the main stream A, in the stream
going forward (C1) and in recirculation stream (C2)
shown in Figure 7, b. The results show that the flow
formed by a ring nozzle can be more efficient than
that from the cylindrical nozzle.

The system of «flying optics». Universal laser
machines use the original and compact system of «fly-
ing optics» when the laser beam generated by the
resonator is expanded by the lens system (collimator)
and directed to the treatment area at an angle of 45°
(Figure 8).

Lens system of optical tract. To transfer the energy
of the laser beam to the working area the approach
of «flying optics» is used. This method is convenient
as the expanded laser beam does not erode the lens
system thermally increasing its durability. The table
of installation in such a beam transfer system is mov-
ing in one direction (X-axis) improving the ratio of
the accumulated beam energy to the area occupied by
the device [6] which is important for small and me-
dium enterprises mostly having small industrial area
of the beam tract (see Figure 1).

Coatings of optical elements. As in the laser ma-
chine the Nd:YAG pulsed laser is used the optical
elements of the tract are designed taking into account
the durability of the lens coating for the radiation
wavelength which is present. The radius of curvature
of the surface of the lenses of the optical system is
relatively small. Tt is necessary to maintain strict con-
ditions for the transparency as the laser beam falls on
the surface of the optical elements at the angle of 30°
or less. The ion sputtering technology is used to form
the coatings of lenses [10]. The measured transmittance
of the coated surfaces was > 99.9 % for the incident
angle range from 0° to 30°. The 45° mirror and coatings
of the mirror were also projected and produced. The
laser beam polarization was estimated. All optical ele-
ments of the system were optimized for the smallest
losses while ion sputtering technology used for coatings
ensured a long-term stability of the spectral parameters
and the resistance to the laser radiation.

Conclusions

A universal laser machine with highly improved tech-
nical parameters has been created based on the labo-
ratory model with wide opportunities for small and
medium-sized businesses of materials processing:

e one of the advantages is the light weight and
the compact frame of equipment of the sectional de-
sign having the table of the 700x700 mm usable area
and the original guides of X- and Y-axes;

e the most effective «working» hole diameter of
the nozzle at small pressure of process gas before the
nozzle is experimentally determined;

e the antireflective coatings for the machine optical
system and 1064 nm wavelength laser radiation of the
Nd:YAG laser are selected when the laser beam falls
on the surface of the optical element at the angle of
less than 30°.
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EDGE SURFACE PREPARATION IN LASER WELDING
OF LOW-ALLOYED STEELS
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"Laboratory of Laser Processing, Lag)peenranta University of Technology, Lappeenranta, Finland. E-mail: mikhail.sokolov@lut.fi
Machine Technology Centre Turku Ltd., Turku, Finland

The objective of this study is to investigate and compare the quality of welded samples of low-alloyed steel S355 of 20
mm thickness with various edge preparation setups in butt joint configuration. Welding was performed with high power
fiber lasers with a wavelength of 1070 nm at power level of 10 kW. Steel samples of 350 mm in length were welded at
constant welding parameters: welding speed — 1.2 m /min, focal point position — —4 mm. Two butt-joint setups were
used: full machining of the edge surface to Ra 6.3 um and machining of the first 50 mm to Ra 6.3 pm and the rest 300
mm to Ra 3.2 um. Based on the results recommendations for the edge surface preparation for butt-joint laser welding

are presented.

Recent literature shows that with use of high power
fiber lasers the edge surface roughness has a large
effect on absorption due to the multiple reflections
undulations in butt-joint setup. Bergstr?m et al. [1]
recorded a trend of increasing absorptance for increas-
ing roughness above Ra 1.5 um for stainless steels
and above 6 pm for mild steels by reflectance meas-
urements. Sokolov et al. [2] [3] observed a correlation
between edge surface roughness and absorption in
welding structural steel in butt-joint setup with pene-
tration depth and calorimeter measured absorbed en-
ergy as shown on Figure 1. Maximum penetration
depths were achieved at a roughness level of Ra 6.3
um. A number defects were recorded at edge surface
roughness exceeding Ra 6.3 um.

The utilization of these findings in industry should
not require additional costs in case of choosing the
manufacturing methods in accordance with the surface
roughness they create. However, there is hypothesis,
that edge surface roughness has a critical effect on
the welding efficiency only at the very beginning of
the process, when the keyhole is initiated, while after
the stabilization of the keyhole it does no effect on
the optical or absorption properties of the edge sur-
face. [4].

The aim of this study was to evaluate and validate
the effect of using partial edge surface roughness
preparation to maximum absorption in the beginning

compared to full edge surface roughness preparation:
full machining of the edge surface to Ra 6.3 um and
machining of only the first 50 mm to Ra 6.3 pm.

Experimental. Welding experiments with a high
power fiber laser IPG YLR 10000 were performed on
low alloyed steel S355 EN 10025 [5] plates in Laser
Processing Laboratory of Lappeenranta University of
Technology, Finland. The nominal chemical analysis
of the plates is shown in Table 1. Plates of 20 mm
thickness were cut from a root surface into test pieces
of size 350 x 150 mm with a water-jet cutting machine
and then processed to the desired roughness level
with a milling machine. The surface roughness of
the joint edges was measured with a contact rough-
ness measuring device, Taylor-Hobson Surtronic
10 Ra, with a measuring range of 0.1—-40 pm, ac-
cording to EN 10049 [6].

. 80 12.00
ot g
S 76k {1150 5
(=)

272t 411.00 &
= 3
% 68 | 41075 E
£ &
M 64 : : : : I 10.00 &

0 1.60 320 480 640 800

& Energy Absorption @ Penetration

Figure 1. Energy absorption level and penetration depth at different
roughness levels [2]

Table 1. Nominal chemical analysis and mechanical properties of S355

Chemical composition, wt.%

C Si Mn p S

Cr Ni Cu Al N

0.18 0.37 1.39 0.02 0.01

0.03 0.01 0.02 0.04 0.01

Mechanical properties

Yield Strength, MPa

Tensile strength, MPa

Hardness, HV

355

470 180

© M. SOKOLOV, A. SALMINEN, 2013
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Figure 2. Welding set-up: (@) butt-joint with varied edge surface roughness; (b) butt-joint with constant edge surface roughness
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Figure 3. Change of the depth of penetration along the weld seam, S355, T = 20 mm, P, = 10 kW, v, = 1.2 m /min, fpp = —4 mm

Two variant of the set-up were used (as shown on
Figure 1): butt-joint with a constant edge surface
roughness of Ra 6.3 pm and butt-joint with 50 mm
of edge surface machined to Ra 6.3 um and the rest
300 mm to Ra 3.2 um.

Single factor randomized design was used for de-
sign of experiments: the only variable was the type
of set-up. Totally 9 experiments were performed: 5
for set-up A and 4 for set-up B. Welding parameters
were based on the previous results and remained con-

O Full machining W Partial machining

1.2

1.0 |

o
T

Variance

=
k™
T

o
Figure 4. Analysis of variance

stant: welding speed (o) of 1.2 m /min, laser power
(Pr) of 10 kW and a focal point position (fpp) of
—4 mm i.e. 4 mm below the top surface of the test
sample.

In all experiments the steel specimens were tack
welded and tightly fixed flat on the jig. Argon with
flow rate of 20 1/min was used as shielding gas,
delivery to the weld through the MIG /MAG welding
torch. The cross sectional cuts of the test welds were
made at the distance of 10, 175 and 340 mm from the
starting point of each weld. The weld penetration
depths and weld quality levels were investigated ac-
cording to ISO 139191 [7].

Results and discussion. The results of the experi-
ments are shown in Figure 2. At the distance of
340 mm from the beginning of the weld in both set-ups
an incompletely filled groove defect appears. In av-
erage, penetration is deeper at set-up A, while maxi-
mum penetration achieved at set-up B is deeper: 14.55
mm compared to 14.07 at A.

Analysis of variance shown on Figure 3 shows that
full machining gives a more stable process and gives
a higher repeatability of the results.

Quality analysis revealed hot cracks in 4 out of 5
samples of set-up A and in 2 out of 4 in set-up B. In
all cases macrographs at the distance of 10 and 175 mm
from the beginning of the weld were of acceptable
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Figure 5. Hot cracks: (a) constant edge surface roughness; (b) varied edge surface roughness

quality and at the distance of 340 hot cracks appear
as shown on Figure 4.

Hot cracks may be explained by too high welding
speed and, according to previous research, increased
energy absorption at the edge surface roughness of
Ra 6.3 um. Also the air gap in the set-up A was
constant while in set-up B it varies due to roughness
level differences. Welding at lower speed, like
0.8 m/min at 10 kW power level will decrease the
probability of hot cracking in future experiments.

Conclusions

In butt-joint laser welding of S355 steel of 20 mm
thickness at constant welding parameters a compari-
son of two butt-joint set-ups was performed: full
machining of the edge surface to Ra 6.3 pm and
machining of the first 50 mm to Ra 6.3 um and the
rest 300 mm to Ra 3.2 um. Weld cross sections were
analyzed at the distance of 10, 175 and 340 mm from
the beginning, penetration depth was measured and
weld quality was estimated. Returning to the hypot-
hesis posed at the beginning of this study, it is now
possible to state that set-up with constant roughness
level among the edge length gives more stable process

with higher repeatability, penetration depth and
stability than welding process with varied edge sur-
face roughness. Taken together, these results suggest
that for increase of the efficiency of laser beam
welding process through edge surface modification,
edge surface parameters are recommended to be con-
stant among the whole length of the edge.
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BbIBOP PE;KVMA JIABEPHOII 3AKAJIKU
MHCTPYMEHTAJIBHOI1 CTAJIU 5X3B3M®C (/[1123)

B.10. XACKHH, O.B. JOJAAHOBCKAA
Wnctntyt anexrpocBapkn uM. E.O. Ilatona HAHY, Kues Ykpauna

[lannast paboTa MOCBSIIIEHA TTOBBIMIEHUIO HKCILTYaTAIIOHHOTO PECypPca HOXKEBOT0 06padaThIBAIONIEr0 HHCTPYMEHTA U3 CTAJIH
5X3B3M®DC (/I123) nyreM noaydenus JOCTaTOYHO TOHKOIO U TBEP/IOTO CJI0S 3aKAJIEHHOIO METAJL/Ia Ha PEXKy el KPOMKe
B COYETAHUH C COXPAHCHUEM CPAaBHUTEJBHO ILJIACTUYHOI CepAleBUHBI. ABTOpaMu ObLIO IPOBE/ICHO 3KCIEPUMEHTAIbHOE
nccJie/[0OBaHNe BJINSHISA CKOPOCTH M BHJA JIA3ePHOH 3aKaJKM HAa CTPYKTYPBI W TBEPJOCTb 3aKATEHHDBIX CJIOEB CTAJNI
5X3B3M®DC, a rakxKe Ha UX CKJIOHHOCTb K TPEIIMHOOOPa30BaHMIO. PaccMaTpuBasioch Ba BUA 3aKAJIKU: C OIJIABJIEHHEM
n 6e3 Hero. YCTaHOBJIEHO, YTO B CJydae BBICOKOCKOpocTHON (1200 M,/4) 3aKaJKW C ONJIAaBJIEHNEM B OILJIABJICHHON 30He
o6pasyercss MapTeHcuT ¢ Bbicokoil (HV0,5-5500-6900 MIla) tBepmocthio. B cayuae Bhicokockopoctroit (1200 M,/ 4)
3aKasKu 6e3 OIUIABJICHUS B YIIPOYHEHHBIX CJ0sX npeobaamaer 6oaee markas (HV0,5-4100—4800 MIla) cop6utoo6pasnast
CTPYKTypa ¢ HEOOJIBIINM KOJMYECTBOM MAPTEHCHTHBIX BKpaIlJeHHHd. B 060MX ciydasx HEJOCTATKOM BBICOKOCKOPOCTHOI
JIa3epHOI 3aKaJIKHU SIBJISIETCS] 0OPA30BaHUe TPEIUH B YIIPOUHEHHBIX CJI0OSX. [[JIsT yCTpaHEeHHsT 9TOr0 HeJJOCTaTKA IIeJec000-
Pa3HO CHU3UTB CKOPOCTb mporiecca npumepto B 6 pasz (10 180—200 M /4). [luis ycrpanenust 1eheKTOB TeOMETPUE PEKYIIErO
KJIMHA TIPOMBINIJIEHHOTO HOKA 1eJecO00Pa3HO COUeTaTh MPOBEAeHNE BBICOKOCKOPOCcTHOI (800—1200 M,/ 4) 3aKkaaKku pesxy-
1eii KPOMKHU € BBINOJHEHUEM 3aKaaKK ¢ MeHbiuMu ckopoctsamu (1o 180—200 M /4) 110 Mepe yaanenust or Kpomku. 1lpu
9TOM 3a cuer pachOKyCUPOBAHUS UZJIYUEHUS MOXKHO JA0OUTHCS cpaBHUTENbHO Hu3koil (10 Ra 40 MKMm) mepoxoBaTtocTu

MOBEPXHOCTH, YTO YIPOIaeT (PUHUIIHYIO MEXaHUUECKYI0 06paboTKY.

B coBpeMeHHOIT TTPOMBIIIIEHHOCTH YacTO BO3HUKAIOT
3a/1a4M MOBBINIEHUsT pecypca PaboThI feTaseil MaIuH
n MexaHu3MoB. OMHUM W3 TIPUMEPOB MOXKET ObITH
MPOJIJIEHNE CPOKA 9KCILIYyaTAIlUU I[TPOMbBIILIEHHBIX
HOKell. Takue HOKU UCTIONB3YIOTCS /171 pe3Ku OyMaru
B TOJUTPAUUECKOl TIPOMBIILIEHHOCTH, [IJIST BBIMOJI-
HEHUS CTPOTAJIBHBIX Ollepalnii B IepeBo06pabaThIiBalo-
TIell MTPOMBIIIJIEHHOCTH, a TAKKe [IJIST PEIIeHHs APYTUX
moJ06HbIX 3a1a4. TpajuiluoHHO MPU U3TOTOBJIEHUH
3TUX HOXKel MUCTOMb3YI0T 06 beMHYI0 TEPMUIECKYIO 3a-
kaaky [1]. Ha ceromusnmamii 1eHb 3TOT MOIX0/] U3yUYeH
JIOCTATOYHO XOPOIIO U UCTOJb3YETCSI ¢ MaKCUMAJTHHO
BO3MOKHOI /17151 Hero addeKTUBHOCTBIO. UTOGBI OBbI-
CUTHh CPOK 3KCILIyaTallud PeKyIlell KPOMKUA HOXKa B
paMKax JaHHOTO IOAX0/a HEOOXOMMO MCIIOJIb30BaTh
CTaJIM C TIOBBITIIEHHBIM COJIEPyKaHNEM YTJIEepPO/ia U pas-
JIMYHBIX JIETUPYIONIUX 3JeMeHTOB. OJHON W3 TaKuX
crasei aigerca cranb SX3B3MODC (J11123).

Jra crajb 06J1aJaeT BHICOKON TETJIOCTONKOCTBIO 1
xoportieii mpoxajguBaeMocTbio [2]. Kak npasusio, ona
UCTIOJIb3YETCS /ISt U3TOTOBJICHUS TSKEJOHATPYKEHHO-
rO MPECCOBOr0 MHCTpyMeHTa. Takske OHA MOXKET ¥HC-
MOJIb30BATHCS JIJISI U3TOTOBJICHUS TIPOMBITILIEHHBIX HO-
Keil. B aToM ciyuae Bo m3berkaHue OXPYITYHMBAHUS
peKyIieil KPOMKHU MOCJIe 3aKAJIKK, TTPOBOIMMON MeTO-
JIoM 06 BEeMHOI TepMO0OPaGOTKH, HEOOXOAUMO BBITIOJ-
HATH OTIyCK (HOpMamu3aIuio). ITO MPUBOIUT K He-
KOTOPOMY YMEHBIIIEHUIO TBEPAOCTH PEXKYIIEH KPOMKH
U, KaK pe3yJbTaT, K CHIKEHHIO Pecypca pabGoThl U3To-
TOBJISIEMOTO WHCTPYMEHTA.

BoJsiee mepcnekTHBHBIM MOAXOAOM K PpEIIEHUIO
POO6JIEMDBI TTOBBITIIEHUS CPOKA CIIY KOBI HOXKEH SIBJIsSeT-
csI TIOJIyYeHWe JOCTAaTOYHO TOHKOTO W TBEPAOTO CJIOS

© B.I0. XACKUH, O.B. IOJIIHOBCKAS, 2013

3aKaJICHHOTO MeTasla Ha peXymiell KpoMKe B code-
TAHWU C COXPAHEHNEM CPABHUTENbHO IJIACTUYHOIT cep-
nieBuHbl. Takoro addekTa, B 4aCTHOCTH, TTO3BOJISET
JIOCTUYb BBICOKOCKOPOCTHAS JiazepHasd 3akaka. [Tomry-
yaeMble TP 3TOM 3aKaJleHHbIe CJIOW MOTYT HMeThb
rIy6UHY BCETO HECKOJBKO [ECSITBIX MHJLIMMETPA, HO
6arojiapsi YHUKAJbHOW MEJKO3EPHUCTON CTPYKType
OTJIMYATBCS BBICOKMMHU TBEPAOCTBIO M HM3HOCOCTO-
KOCTBIO.

CremoBaTesbHO, AJS AAbHEHINEr0 TOBBIMIEHNUS
CPOKa 9KCILIyaTAIUH PEKYINX KPOMOK ITPOMBbIIILIEH-
HBIX HOXKell Tpe6yeTcs IpUMeHeHne IPYTUX MOIXO0/I0B
K MX YINPOYHEHHIO BMECTO TPAJAUIMOHHOI O6BEMHOI
TepMOO6paboTKU. OTHUM W3 TAaKUX MOXO/IOB SIBJISIET-
s JIazepHas 3aKaJIKa.

3agava Ja3epHON 3aKaJIKN PEKYIIero KJInHa n3Bec-
THa JAocTaTouHo gaBHO [3]. CymecTByeT HECKOJBKO
MOJIXO/IOB K ee pellleHui0. B HUX uCIOJIb3yercs Kak
UMITyJTbCHOE, TaK M HEeIPEPBIBHOE JIa3epHoe M3JIyde-
uun. OCHOBOI 3THX TIOIXO/IOB SIBJISIETCS CO3/IaHue Ha
VIIPOUYHSIEMOH IOBEPXHOCTH PEKYIIeTro KJMHA J0PO-
JKEK 3aKaJIKU U3 TBepIoii paspl 6e3 OTIaBIeHUS OBEPX-
Hoctu. O/IHAKO, C TOYKH 3PEHNUst aBTOPOB, GoJiee TIpoc-
TBIM ¥ TEXHOJIOTUYHBIM CIIOCOGOM JIa3epPHOH 3aKaTIKN
SIBJISIETCST 3aKAJKA C MHUHUMAJbHBIM TOBEPXHOCTHBIM
ortaBjenneM. Taxoii mportecc Tpe6yeT GDUHUTITHOI Me-
xaHuueckoit o6pa6otkn (06brYHO MIIU(OBAHUS I
XOHMHTOBaHHUsI), HO IIPH 3TOM SIBJIsieTcs GoJiee CTaGuIIb-
HBIM, TI03BOJISIET TIOBBINIATD ITyOGUHY U TBEPAOCTH YII-
POYHEHHBIX €J10€B. [Ipy 3TOM BaKHBIM MOMEHTOM SIB-
JISIETCS  HeNOIyIeHne OIIABJIEHUsT Kpas pexyliei
KPOMKH — TaK Ha3bIBAeMOTO PEXKYIIETO KJINHA.

[ToaToMy 11€/1b10 JAHHO PAGOTHI MTOCIY>KUJIO IOBBI-
HIeHNe IKCIIYATAIIMOHHOTO pecypca HOXKeBOro obpa-
6aTBIBAIOIIETO WHCTPYyMeHTa U3 cTamn 3X3B3MDC
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PacuerHblii pexxum
TepMo0O6PaGOTKI

P =3xBr; V=180 M/u;
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P =3 kBr; V=1200 M/ u;

P =2xBr; V=1200 m/u;

AF = +30 MM AF = +30 mm

Ipumeuanue. P — momuocTdb nsaydyenusi; V — ckopoctb 3akanku; AF — pachoxycHpoBKa.

([IN23) myreM mMoOJydeHUs] JOCTATOYHO TOHKOTO U
TBEP/JIOTO CJIOSI 3aKAJEeHHOTO MeTaslia Ha peKyIei
KPOMKE B COYETAHWU C COXPAHEHWEM CPABHUTEIbHO
MJIACTIYHON Cep/IIIeBUHbI.

Jlnst mocTvskeHust 3TON 1eJu B paboTe pelainch
cJelyIonue 3a/[aui: MPEeABAPUTEIbHOE OTIpe/ieIeHue
PEXKMMOB Jla3epHO# 3akaakn ctam SX3B3MDC c on-
JIaBJleHueM U 6e3 OIJIaBJEHUS] MOBEPXHOCTH; MpOBe-
JleHUe TEeXHOJOTUYECKUX IKCIIEPHMEHTOB IO YTOUHE-
HUIO PEKUMOB BBICOKOCKOPOCTHOW M OGBIYHON Ja3ep-
HOU 3aKaJIKH C OIJIaBJIeHNeM U 6e3 OILIaBJIEHNUS TI0BEp-
XHOCTH; BBIOOD cIioco0a JIa3epHOI 3aKaJIKU 110 KPUTe-
pHUSM MaKCUMAJbHOI TBEPAOCTH 06PaGOTAHHBIX CJIOEB
U UX MUHUMAJIBHON CKJIOHHOCTU K TPEIUHO06pa30Ba-
HUI0. PaccMOTpuM TOC/IeIoBaTEIbHO pelleHne Tepe-
YHCJIEHHBIX 33/1a4.

[Lnst ipeiBapuTEIbHOTO ONIPE/IeIEHUS PEKUMOB JIa-
3epHoii 3akayku ctaau SX3B3MDC Bocroib30BaIUCh
MIPOrpaMMHBIM ofecrieueHneM, pa3padotanibiM B 1IC
um. E.O. ITatona HAHY B Xo7ie BbITosiHeHNST PAGOTHI
[4]. DTa KoMObIOTEpHAS TIPOTPaMMa MO3BOJISIET OIIpe-
JIeTSATD (POPMBI TEPMUYECKUX IIUKJIOB U pacpe/ie/ieHrue
TeMIIepaTypPhl 110 TJAyOuHe B Mpolleccax Jia3epHoll Ha-
IJIABKU ¥ TepMOOOPabOTKe, UCTOIb3ys METO]] KOHEeu-
HbIX pasHocteil. [lyrem mog6opa pacrpenesenus: teM-
neparypbl 1o rry6uHe ToHKo# (0T 1 10 5 MM) ITaCTUHBI
u3 craaun SX3B3MDC 6bLiu ornpesiesieHbl pacyeTHbIE
PEXXMMBI TEPMUYECKOH 06PAGOTKU JIa3ePHBIM U3JIyye-
HHMEeM ¢ JIMHOM BosHbI A = 1,06 MM (tabiuma). Ipu
3TOM PacCMaTPHUBAJIKICh BAPUAHTHI OOBIYHON JIa3ePHO
3aKaJKd, JIeKalleli B AWarna3oHe CKOPOCTed 110
600 M,/4, n BbICOKOCKOpOCTHOI. [lompasymeBasocs,

YTO KKl M3 3THX BAPHAHTOB MOKET OBITh /IBYX
BHU/JIOB — C OILJIaBJieHueM u 6Ge3 Hero.

[l KOpPEKTUPOBKY MOJTYYEHHBIX PACUETHBIX 3HA-
YEHUI TTapaMeTPOB PEKUMOB JIa3ePHOI TepMO0OGPabOT-
KU aBTOpaMu GbILJIO TPOBEEHO SKCIIEPUMEHTATBHOE HC-
cJieIoBaHNe BJWSHUSI CKOPOCTH W BU/IA JIA3€PHOI 3a-
KaJIKM Ha CTPYKTYPBI U TBEPOCTb 3aKAJEHHBIX CJIOEB
cramn SX3B3MDC, a Takske Ha UX CKJIOHHOCTD K Tpe-
muHooOpa3oBanmio.  [lJs  3TOro  MCMOJIb30BAJIN
Nd:YSG-nasep mogemun DY 044 (pupmbr Rofin, Tep-
MaHus) ¢ u3aydenneM A = 1,06 MKM MONIHOCTBIO /0
4,4 xBrt. JlazepHoe u3iIydyeHue nepemMeniajn OTHOCH-
TEJIBHO TIIIOCKUX 06pa3ioB u3 craan SX3B3MDC mpu
[IOMOIIU TPEXKOOPANHATHOIO MAHUIYJISITOPA B PACYET-
HOM JIMaria30He CKOPOCTEM.

IKCIEPUMEHTDI 1T0KA3aJ1, YTO KaK MPU OOBIYHOI,
TaK 1 TPU BBICOKOCKOPOCTHOH JIa3€PHOW 3aKaJKe TJIy-
6una oriaBseHHoi 30ubl 1 3TB Ha 15-20 % MeHbIne
pacueTHbIX 3HauveHuiu. CiemoBaTeJbHO, PEKOMEHO-
BaHHBII B pabote [4] MeTo/1 TIpe/IBapuTENbHO OTIEHKN
pe3yJIbTaTOB Jia3epHOil 06pAGOTKU SIBJISIETCS BIIOJIHE
npuemsieMbiM. Takske ObLJIO YyCTAaHOBJIEHO, YTO BeJIU-
ynHa PacGOKYCUPOBKM WU3JIYYEHUS, COOTHOIICHUE
MOIITHOCTA U CKOPOCTH, a TaKXe K0d(PPUIMEHT Tiepe-
KPBITHUST IOPOKEK BJIMSIOT HA IEPOXOBATOCTD MOBEPX-
HOCTH TIOCJIE ee YIIPOYHEHUS C OIJIaBJcHUeM. JTa Iiie-
POXOBATOCTH 06YCJIABJIMBAETCS BIIAIMHAMY MEXTY J0-
POXKKaM# M TObEMOM MX IEHTPaJbHOH yacTu. borio
YCTaHOBJIEHO, YTO TIpH TogabeMe oryca Ha 30 MM OT-
HocuTesIbHO o6GpabaTbiBaeMoll mosepxHoctu (AF =
+30 MM) m Koa(ppuUIMEHTE MEPEKPHITHA MOPSIKA
1520 % 1epoxoBaToCcTh IMOBEPXHOCTU HE IIPEBBIIIAET
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HV 5 Mla

vty

G107

410% F

Jliroil

METILLL are oM

1 1 L 1

1] 0,2 0,4 0,6 0.8 h, mm

Puc. 1. Pactipenenenne mukporsepaoctu HV0,5 [MIla] o riy6uue

h [mMm] o6pasiioB u3 cramm SX3B3MDC nocsie jia3epHOil 3aKajKi
co ckopoctsimu 180—200 m /4

2107

BesnunHy Ra 40 MKM B yCJIOBUSX YIIPOYHEHUS CO CKO-
poctamu 180—200 m /4.

YcTaHoBJIEHO, YTO TPU OOBIYHOI JIa3ePHOM 3aKaJIKe
C OIlJIABJIEHHEM 1TOBEPXHOCTH 00Pa3yIOTCs I0OCTATOYHO
TBEp/IblE MAPTEHCUTHBIE CTPYKTYpbI (puc. 1). Oxnaxo,
UMeeTCsT PUCK BO3SHUKHOBEHMS TPEIIUH B OILJIABIEHHOI
sone (puc. 2). B caydae BBICOKOCKOPOCTHOIT
(1200 M /1) 3aKaJKH C OILIABJIEHUEM B OILIABJEHHOM
30He 06pasyercst MapTeHCHT ¢ Bbicokoil (HV0,5-5500—
6900 MIIa) tBepmoctbio (puc. 3, 4). B ciydae Bbico-
Kockopoctaoi (1200 M /4) 3aKagku 6Ge3 OILIABJIEHH
B VIIPOYHEHHBIX CJOSIX Tpeobiagaer Gojee MATKAst

Puc. 2. O6pa3oBaniie MpOJ0JbHBIX MUKPOTPEIUH B JIUTOM METaJLIe
10 HEHTPY /[OPOKEK Ja3epHOil TepMOOGPaGOTKH, BBIOJHEHHON C
olIaBJieHneM co ckopoctbio 180-200 M/ u: a — x25; 6 — x156

(HV0,5-4100—4800 MIIa) cop6urooGpasHasi CTPyKTY-
pa ¢ HeGOJIbIUM KOJUYECTBOM MAPTEHCUTHBIX BKpAIl-
aenuit (puc. 3, 5). B o6onx cJy4asiX HeJIOCTaTKOM
BBICOKOCKOPOCTHOM JIA3ePHOIT 3aKAJIKH SIBJIsIeTcst 00pa-
30BaHHe TPEMNH B YIPOUYHEHHBIX ciosx. [las ycrpa-
HEHUsI 9TOTO HEJOCTATKA 11e1eCO06PAa3HO CHUBUTD CKO-
pocTh Tporecca npuMepHo B 6 pas (10 180—200 M ,/9).
WHTepecHO OTMETUTH, YTO B MECTAX IEPEKPBITHS J0-
poxek yrpouterus: (KoappuImeHT nepexphiThs coc-
Ta/st 15-20 %), He CMOTPs Ha IPOUBOIIE/AIIYIO [Iepe-
KPUCTAJIN3AINIO, He HAGIIOMAETCST CTPYKTYP OTITYyCKa
U CHIDKEHUS] MUKPOTBEP/IOCTH.

OTMeTHM, 4TO B 30HE BBICOKOCKOPOCTHO# TEPMOOG-
paGoTKM C OTJIaBJIeHWEM HaGJII0IaeTCs CYIIeCTBeHHOe
noBblenue TBepaoctu (puc. 3, kpusas 2) 1o cpaBHe-
HHIO ¢ TepMO0GPaboTKOit 6e3 omtasiaenns (puc. 3, Kpu-
Bas 7). IIpu sToM noabeM (oKyca U3JIydeHns: Haj 06-
pabaTbIiBaeMOll MOBEPXHOCTHI0 Ha 30 MM MO3BOJISIET
MIHUMH3UPOBATD €€ MIEPOXOBATOCTD MOCJIE 3aKATKU C
OTLIaBJIEHNEM. DTO CBU/IETEJIBCTBYET O I1e71eC006pa3HO-
CTV TIPUMEHEHWs Ja3epHOW 3aKaJKH C OIJIaBJIEHIEM
nopszaka ~0,25 MM M TIOCJTeLyIoNero XOHMHTOBAHUS
JUUIST YIIPOUHEHNsI PEKYIIX KPOMOK HOJKETH.

Ha ocroBanuu mpoBe/IeHHBIX MCCIEIOBAHMIT MOXK-
HO CJIeJIaTh CJIEIYIOIINEe BBIBO/IBI:

1. nga moJydeHusT Ha TIOBEPXHOCTH CTAJIH
5X3B3MDC TBepAbIX MBHOCOCTOMKUX MAPTEHCUTHBIX
CTPYKTYp 6e3 TpeluH I1ejiecoo6pa3Ho IIPUMEHSITh Jia-
3epHYIO 3aKAJIKY C OILIABJIEHUEM, TPOBOMMYIO CO CKO-
poctsimu 110 200 M /4. TIpu atom 3a cuer pacdokycu-
POBaHUS M3JIyYeHUs] MOKHO JOGUTHCS CPABHUTEIHHO
Hu3koil (10 Ra 40 MKM) 11epOX0OBATOCTH MOBEPXHOCTH,
YTO yTIpoliaeT (PUHUIITHYI0 MEXaHIMYECKYI0 06paboTKY .

2. [lns ycrpaHenus eeKTOB reOMeTpUH PEXYyIIe-
rO KJIMHA MPOMBIIIJIEHHOTO HOXKA TP €T0 JIa3epHOI
3aKaJIKe 11eJ1ecO06PA3HO COUeTaTh MPOBEIEHIE BBICO-
kockopocTHoit (800—1200 M ,/u) 3axanku pexyieii
KPOMKH C BBITIOJIHEHUEM 3aKAJKH C MEHBIINMHU CKO-
poctsimu (0 180-200 M,/4) 1O Mepe yjaajeHust OT
KpoMKku. IIpu aTOM [JIs1 yCTpaHeHus: TPENH B PEXy-
1Ieil KPOMKe BO3MOKHO IIPUMEHEHUE TTPEABAPUTENBHO-
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Puc. 3. Pacupenenenne mukporsepaoct HV0,5 [MIla] no riy6use
h [mMm] o6pasio u3 crasm SX3B3MDC nociie J1azepHOil 3aKaIKi
co ckopocTbio 1200 M /4: 1 — Ge3 onuiaBjieHust; 2 — C OIJIABJIEHHEM
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Puc. 4. CTpyKTypbl MONEPEYHOTO CeYeHNs JOPOXKEK JTa3epHOIl Tep-
MOOOPAGOTKM €  OILJIaBJIEHHEM, BbINOJHEHHOH CO CKOPOCTbIO
1200 M/49: a — x25; 6 — x156

TO TTO/IOTPEBa JI0 TEMIEPATYP, HE TTPEBLIMIAIOITITX TeM-
nepaTypy HU3KOTO OTITyCKa.

3. JlazepHas 3akajKa C OIJIABJIEHUEM TPEATIOYTH-
TeJbHee 3aKa Ky 0e3 OTLIaBJIeHNUs, TOCKOJIbKY HE Tpe-
6yeT TTpUMEHEeHUs TIOTJIONAOIINX MOKPBITUN U TTO3BO-
JISIeT TI0JIy4aTh 60Jiee TBep/ble MAPTEHCUTHDBIE CTPYK-
Typbl. [log6op peskrMa 3aKasKu 1e1ecoo6pa3Ho ocy-
IIECTBJIATb MO KPUTEPHUSIM TIyOGHUHBI YIPOUYHEHHOTO
CJI0S1 U MUHUMHU3AINU MIEPOXOBATOCTH 06paGOTaHHOI
TIOBEPXHOCTH.

4. IlpuMeHEHHBIN METO ] PAaCYETHOTO OIpE/EJIEeHUS
pEeKMMa JIa3epPHOI 3aKaJKK 06ECIeYnBAET TOYHOCTD
orpeiesieHusl TJIYOUHbI YIIPOUYHEHHON 30HbBI MOPSIKA

Puc. 5. CTpyKTypBI TIOTIEPEYHOTO CeYeHnsT JOPOXKEK JIa3epHOIl Tep-
M006paboTKu 6e3 OILIABJIEHs, BBIIOJHEHHON €O CKOPOCTHIO
1200 m/4: a — x25; 6 — x156

15-20 %, 49TO0 TpPHEMJEMO /ST TIPEIBAPUTETHHOTO
OPUEHTUPOBOYHOIO BHIGOPA PEXKUMA.

1. Hamanose b5.C. Tepmuueckasi o6paborka MerasmioB. — K.:
Bumnia mkosa, 1980. — 288 c.

2. Mapounux craneit u ciaBos / B.I. Copokun, A.B. Bosoc-
nukosa, C.A. Barkun u ap.; Iloxg o6ui. pex. B.I'. Copoknu-
Ha. — M.: Mamunocrpoenne, 1989. — 640 c.

3. Kosanenxo B.C., T'onosko JI.D., Yepnenxo B.C. YupouHe-
HUe U JIeTHPOBaHUe JleTajeil MallnH Jy4oM Jasepa. — Kues:
Taxuuka, 1990. — 192 c.

4. Xackun B.FO. PacueTHO-9KCIIEPHIMEHTAJIBHBI METO/ OIpese-
JIEHUSI TIAPAMETPOB PEKMMOB IIPOIECCOB JIa3ePHOI HAIJIABKI
// Hayxka rta inHoBamii. — 2012. — 8, Ne 6. — C. 5-16.
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CBAPKA TUTAHOBbBIX CIIJIABOB
IrMbPNU/AHBIM CIIOCOBOM
C UCITOJIb3OBAHUEM U3JYUYEHUSA Nd:YAG-JA3EPA
N AYIN C HEIIVIABAIINMCSA 9JIEKTPO/10OM

B.[1. HIEJIATHUH, C.B. AXOHHH, B.IO. XACKHH, B.I0. BEJIOYC
Wnctntyt anexrpocBapkn uM. E.O. Ilatona HAHY, Kues Ykpauna

B paGore nsyvaancb ocOGEHHOCTH BBIIOJHEHNS] THOPUHOI JIa3epHO-/yTOBOIl CBAPKU COEANHEHUH HU3KOJIETHPOBAHHBIX
(BT6) u Boicokonpounbix (T110) TUTAHOBBIX CILIABOB, & TAKKE BBIIOJIHAIACH OLEHKA MEXAHUYECKUX CBOICTB MOJIYYEHHbIX
CBapHbBIX COe/{HEHNIT. BbINoJHEHHbIE TEXHOIOTHYECKUE UCCJIC/JOBAHNST, TIO3BOJINIIN O00PATh PEKUMbI THOPH/HOI CBAPKI
[0 KPUTEPHIO JJOCTHXKEHHsT MAaKCHMAJIbHON IJIyGUHBI TIPOIJIABJIEHHST THTAHOBBIX CILIABOB, YCTAHOBJIEHO, YTO JIA3€PHO-/Ly-
roBasi CBapKa IPHU MOIIHOCTH JiadepHoro Jjyua 4,4 kBt u Benmuune cBapounoro Toka 400 A oGecrieunBaer AByKpaTHOE
yBeJnueHne rJyOnHbI IIPOBapa Mo CPABHEHUIO C Pe3yJIbTaTaMi JIa3€PHON CBAPKHU, BBIMOJHEHHOW ¢ MOIIHOCTBIO 4,4 kBT,
IIPU 9TOM KaK B CJIyuae JIa3epHOH, TaK 1 B C/Iy4ae THOPUIHON CBAPKH, OIIACHOCTD BBITOPAHHUSI JIETHPYIOIIMX CIIJIAB 9JIEMEHTOB
orcyTcTByer. Vcesie[oBaHNS CTPYKTYPbI CBAPHBIX COeIMHEHNI Toka3auu, yTo B 3TB coepuHeHnil BbINIOJHEHHbIX J1a3epHOIT
CBapKOIl OTCYTCTBYeT 30HA KPYIHOTO 3epHA, KOTOpas IPUCYTCTBYeT B COEAMHEHHSX, BBIIOJHEHHBIX JIa3ePHO-IyTOBON
CBapKOii, YTO, [0 MHEHUIO ABTOPOB, 3HAYMTEJIbHO MOBbIaeT (B 2—3) yAapHyio BI3KOCTb CBAPHBIX COCAMHEHUIl BBICOKO-
JIETHPOBAHHOIO THTAaHOBOTO civiaBa 1110, BBINOTHEHHBIX IHOPH/IHOI JTa3epHO-YTOBOI CBAPKOIL.

B Hacrosiiee BpeMst TUTAHOBBIE CIIJIaBbl IPUMEHSTIOTCS
MIpU TIPOM3BOJICTBE OTBETCTBEHHBIX KOHCTPYKITUH B
aBHAKOCMUYECKON M XMMHUYECKON MPOMBINIIEHHOCTH,
B cyZiocTpoeHuu. VI3 HUX M3roTaBanBaOT TaKe OTBET-
CTBEHHDIE U3/IEJINS, KaK OAJIJIOHBI BBICOKOTO JIaBJIE€HUS,
3JIEMEHTBI TTACCH, CTPUHTEPHbIE MMAHEJ N JIJIsT CaMoJe-
TOB, 3JIEMEHTBI PAKETHON TEXHUKH, EMKOCTH JIJIST XUMHU-
YECKUX PEAKTOPOB W BBITSKHBIX CHCTEM, HEKOTOPbHIE
KopirycHble uazenus [1]. 3anoxkeHHble B 9TH U3IETUSI
KOHCTPYKTOPCKHUE pelleHuss TpeOyioT TpUMEHEeHUs
cBapHbIX coequnenuii. Ha npaxtuke 6osee 90 % Bcex
COE/IMHEHUN BBITIOJHSIETCS aprOHOAYTOBOM M 3JIeK-
TPOHHO-JTIy4eBOll cBapKkoii [2].

O/HaKO 3TU MeTO/Ibl CBAPKKM MMEIOT U CBOW HEJO-
CTaTKM, TaKne KaK MaJyio TJIOTHOCTb 9HEPTUHU B yTO-
BOH IJIasMe TIPM JIyTOBOH CBapKe, WJINM BBICOKYIO CTO-
UMOCTb W MaJible TabGapuThbl GOJBITUHCTBA JTOCTYITHBIX
BaKyyMHbBIX KaMep IIpU 3JeKTPOHHO-JIyYeBOi CBapKe.

B mocnennee Bpemst pacumpsiercst IpuMeHeHue Jia-
3epHOIl CBapKH, UMEOIEN Takue MPenMyIIecTBa KakK
BBICOKYIO TIJIOTHOCTb 3HEPTUH B JIa3€PHOM JIyye, BbICO-
KyI0 TIPOM3BOJUTENBbHOCTD W MPENU3UOHHOCTH 06pa-
6otku. Cpean HEIOCTATKOB TIPOIECca Ja3epHOI cBap-
KU, TIPEXJE BCEro, MOKHO OTMETUTb 3HAUNTEJILHYIO
ce6ecTONMOCTh 060pyZoBaHuA. B aToM ciydyae ogHuUM
13 My Tel CHUKEHUST 3TOTO MOKa3aTe sl B CiIyJae ITpuMe-
HEHUSI MOJKET SIBJSATHCS YaCTUYHAS 3aMeHa JIa3epHOU
MOIITHOCTHU JIyTOBOW TIPH Jia3epHOii cBapke [3].

Kpome TOro 0CO6EHHO aKTyaJbHBIM CTOUT BOIPOC
O BJIUSIHUU TEPMHUYECKOrO IMKJA Ja3epHO-1yroBOi
CBapKU HA CBOWCTBA COEMHEHNH BBICOKOTIPOYHBIX TH-
TAQHOBBIX CILJIABOB Takux, Harpumep Kak T110, mo-

© B.Jl. IIEJIATUH, C.B. AXOHMH, B.1I0. XACKUH, B.IO. BEJIOYC, 2013

CKOJIbKY JIa3epHasi CBapKa MOXET MPUBOJIUTH K YXY/I-
MIEHNIO UX MeXaHWYeCKUX CBOWCTB [4].

[ToaTomy 11€JbI0 AHHOI PAaGOThI SBJISIETCST UCCJIE-
JIOBaHMe BO3MOKHOCTHU BBIIIOJHEHUS Ja3ePHO-1yTOBOI
CBapKH COEJIMHEHWH TUTAHOBBIX CIIJIABOB TaKUX KakK
HU3KOJIETHPOBAHHDBI TUTAHOBBIN criiaB BT6 u BbIcO-
korpounbiii T110 u orieHka MEXaHUYECKUX CBOICTB TI0-
JIYYEHHBIX CBAPHBIX COEIMHEHUI.

B mporiecce paGoThl N3yvYaarch: TEXHOJOTHUECKAS
cxeMa Iporiecca 1 0CO6eHHOCTH MPOIlecca JIa3epHO-/y-
rOBO¥ CBapKHU TUTAHA U CIIJIABOB HA €I'0 OCHOBE; BBITIOJI-
HSLIOCh CPABHEHE MTPOILIABJISIONIEN CIOCOGHOCTH TIPO-
1iecca JIa3epHOW U JIa3epPHO-JyTOBOW CBApKM THUTAHA;
OTIPEIE/ISIIACh MEXaHMYECKUE XapaKTePUCTUKH TIOJTY-
YEHHBIX CBAPHBIX COEUHEHUN TUTAHOBBIX CILJIABOB U
usyyajaacb UX MUKPOCTPYKTYypa.

JL71s1 petieHust ATUX 3a/1a4 aBTOpaMu ObLJIa Peasn3o0-
BaHa TEXHOJIOTMYECKAs CXeMa, Ipolecca Ja3epHo-/y-
TOBOIi cBapKH, Moka3aHHas Ha puc. 1. CorjacHo aToi
cxeMe BOJbPAMOBBIH 3JIEKTPO/] PACHIOJIATAETCS TIepe]
JIA3ePHBIM JIyUOM.

Wcrounnkom usnydennst cayskua Nd:YAG-maszep
mozenn DY 044 momHOCTBIO 10 4,4 KBT ¢ pamHoit
BoJiHbl 1,06 MKM, a HICTOYHUKOM CBApOYHOTO TOKA —
MCTOYHUK MUATAHWS JIJISI aBTOMATUYECKON CBAPKHU BOJIb-
¢bpamosbiM asextpogom BY-601 ¥Y3. Crenyer orme-
TUTb, YTO B HACTOSIIEEe BPEMS U3BECTHBI NCCJE/IOBAHUS
HallpaBJIeHHbIE Ha M3y4YeHWe Mpollecca Ja3epHO-AyTo-
BOIl cBapKu TUTaHa ¢ npuMeHenneM MIG-cBapku, aB-
TopaMu ObLT BBIOpAaH BapuaHT ¢ npuMmeHneHneM TIG-
CBapKu. JTOT BapUaHT MO3BOJISIET BBIIOJIHATD CBapKY
B IMUPOKUX JMATTA30HAX PEKUMOB, TIPUYEM KaK C TIPHU-
MEHEHHEM TPUCAJOYHOTO MeTasia, Tak U 6e3 HeTo.
Takoe coueranue yazepa u TIG-cBapku 1103BoJIsIET yBe-
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Puc. 1. TexnoJsoruyeckast cxema IpOBe/IeHUs IKCIIEPUMEHTOB 110 THOPU/HON JIa3epHO-/LyrOBO cBapKe: | — JlazepHoe u3iydenue; 2 —
BOJIb(PPAMOBDIIl 3JIeKTPO/L; 3 — IIOCKONApaJliesbHas IJIACTHHA JIJI BBOJA JIa3epHOTO Jyua; 4 — cBapouHas ropeska s TIG-cBapku
TUTaHa; 5 — TPHUCHOCOGIeHIE /IS IOMOJTHUTENbHON TTO/[adl 3aIUTHOTO ra3a; 6 — cBapuBaeMblil o6pasell; 7, 8§ — 3alluTHOE MPUCTIOCO6-

JICHUE [1JIA 3alllUThbl 30HBI CBAaPKU U OCTbIBAIOIIETO METaJljia

JIMYUTH TPOILIABJSIONLYIO CIIOCOGHOCTD ITPOIIECCa Jia-
3epPHO-/IyTOBOU CBApPKHU, & TAKIKE IOMYCKAET HECJOKHOE
BBe/IEHUE MPUCAJOYHON MPOBOJIOKH B 30HY CBapKH.
Jlost peasmsaruy aToi cxeMbl Oblia padpadoTrana ru6-
PH/IHAs CBAPOYHAS IOJIOBKA, COYETAIoNasi B cebe 1moji-
B0/l ¢(OOKYCUPOBAHHOTO JIUH30H € (POKYCHBIM PACcCTOsI-
wueM F = 300 MM sazeproTo n3ayderns 1 u Bosibdpa-
MOBOTO 3JIEKTPO/A 2 IUAMETPOM 5 MM.

YBesmuenue TayOMHBI MPOBapa, JOCTHIAJIOCH 3a
CYeT TOTO, UTO MEPBOM MO X0y CBAPKU PACIIOJIOKEHA
Jlyra HeIIaBSIIIerocsi 3J1eKTPo/a, YTo 0GecreyrBasio

Puc. 2. Ilonepeunblii Makpouum@ HaIIaBKH HA TUTAHOBOM CILJIaBe
cBapKa

yBeJIMueHHe IIOIJIONAeMOr0 MeTaJIJIOM JIa3ePHOTO 13-
JlydeHus, T.K. PaclJaBJeHHbIN 3JeKTPUYecKoil 1yroi
MeTasyT UMeeT JIyYIIyIo IOTJIONATeJbHYI0 CHOCOo6-
HOCTb, Y€M XOJIOHBI.

B kavectBe 06pA3IOB HCIOJH30BATH THUTAHOBDIE
criaBbl BT-6 m T110 Tosmunoit 8 = 13 mm. [Ipose-
JIEHHDBIE 3KCIIEPUMEHTAIbHBIE UCCTIE/IOBAHUS TTO3BOJIH-
JIN YCTAHOBUTD, UTO JIAa3€PHO-AYTOBBIM CIIOCO60M MOXK-
HO TIPOBApPUBATh TUTAHOBDBIE CIJIABBI TOJIIUHON 12 MM
Ha CKOPOCTH 22—24 M,/ TIPU MOITHOCTH U3JIyIeHUS
4,4 xBt, cBapounom Toke 400 A u Hanpsbkenuun 12—

BT6 tosmunoii 13 mm:

Puc. 3. [Tomepeunsrit MakpoIind HAJIABKH Ha THTaHOBOM ciiaBe T110 tosmmaoit 13 MM: ¢ — sasepHO-AyroBasi CBapKa, 6 — Jia3epHast

CBapKa
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TaG6auuma 1. Mexanuueckue CBOWCTBA OCHOBHOrO MeTa/sa ciiaBa BT6 u cBapHBIX COEJMHEHHUN BBIITOJHEHHBIX J1a3epHO-/1yTOBOM

CBApKOif
Matepuas / TUI COeIUHEHUSI o, MIla Gy, MIla 8, % v, % KCV, Jlx/cm?
OcuoBHoit Meras1 — BT6 tonumua 13 MM 888 815 13,6 30 59
[Tos 3TB
CBapHoe COeJIMHEeHNE JIa3epHO-yTOBOE 911 - - - 54 32
CBapHoe coenHeHNe Ja3epHOoe 960 - - - 34 31

Ta6auma 2. MexaHn4eckne CBOICTBa OCHOBHOTO MeTasa ciiaba T110 M cBapHBIX cOeMHEHWI BBIMOJHEHHBIX Ja3epHOIl 1 Jasep-

HO-/LyTOBOII CBapKOil

Martepuai G,, MTla Gy, MIIa 3, % v, % KCV, Ilx/cum?
Ocnosnoit Metaan — T110 tommmna 13 MM 1130 999 6 5 38
[os 3TB
CBapHoe coelMHeHNe JIa3epHO-TyTOBOE 1180 - - - 15 23
CBapHoe coeuHeHHe Jla3epHOe 1131 - - - 6 13

14 B. Ilonepeuynble Makponu@bl CBAPHBIX MIBOB TH-
tTaHoBBIX crraBoB BT6 u T110 npuBenens: Ha puc. 2
u puc. 3.

[my6una mporiaBaeHus P BBIIOJHEHUH Jasep-
HO-/[yTOBOIi cBapKu TuTaHoBoro cnasa BT6 ysennun-
JIach TI0 CPABHEHUIO C JIa3ePHOW CBapKoil B 3 pa3a npu
yBeJMYEHNH TIOTOHHOM aHepruu B 2 pa3a. IIpu cBapke
tuTaHoBoro crasa T110 ray6uHa MpoIJIaBJeHIs YBe-
JIMUMJIACDh B 2 pasa.

AHaJn3 MEXaHNYeCKUX CBONCTB MOJy4YeHHBIX CBap-
HbIX coexumHenuit (ta6m. 1, 2), mokasai, uto GoJiee
BBICOKWE 3HAYEHUS YapPHOH BSI3KOCTH M UMEIOT CBap-
Hble COEeJIMHEHWS, BBITIOJHEHHbBIE JIa3ePHO-AYTOBOI
cBapkoii. [Ipu aTom cBapHble coeginuenus ciiapa BT6,
BBITIOJIHEHHBIE C TIPUMEHEHNEM KaK OJHOTO JIUIID Jia-
3epa Tak 1 JIa3epHO-AyroBOil CBAPKOI NMEIOT y/I0BJIeT-
BOpHUTEJbHBIE TIOKA3aTe YAPHOH BSI3KOCTH MeTaJslIa
1IBa, KOTOPbIE MEHbIIIE HECKOJIbKO XY3Ke aHaJOTUYHbIX
nokasaTeJslell /11 OCHOBHOIO MeTaJLla.

AHayn3 MeXaHU4eCKUX CBOUCTB IIOJIyYEeHHBIX CBap-
HBIX COe/IMHEHWI BBICOKOIIPOYHOTO TUTAHOBOTO CILIaBa
T110 mokazaut, 9To cBapHbBIe coequHenns ciasa T110
BBITIOJIHEHHbBIE C MTPUMEHEHWEM OJ[HOTO JIUIIb Ja3depa
UMEIOT HEyAOBJETBOPUTEJIbHBIE TIOKA3aTeNu YIapHOI
BA3KOCTb MeTaJjlja IIBa, M caMble HU3KHE 3HAYEHUS
yaapnoii Bsaskoctu B 3TB. Paspymenune xpynkoe. Me-
taJ1 mBa 1 3TB umeer MasIyio NJIaCTUYHOCTD U BBICO-
KyT0 TIPOYHOCTD.

[lnsg omnpeneneHuss TPUYUH TOHWKEHUS CBOUCTB
CBAapHbIX COEAMHEHUI BBICOKOIIPOYHOI'O THUTAHOBOI'O
criaa T110 BbITIOJIHEHHBIX JIa3ePHON CBApKOW, IO
CPaBHEHMIO C BBIMOJIHEHHOTO JIa3ePHO-AYTOBOI CBap-
KON ObLIM TIPOBEJEHBbl [I€TAJbHbIE HUCCJEIOBAHUS
CTPYKTYPBI CBAPHBIX COEIMHEHMIA.

[l olleHKM BO3MOKHOTO BJIMSIHUSA Ha CBOKHCTBa
MOJTyYE€HHBIX CBApHBIX COEMHEHUN BBITOPAHUS BO3-
MOJKHOTO BBITOPAHUS JIETUPYIOUUX 2JIEMEHTOB, U KakK
pe3yJibTaT yMEHBIIEHUS UX COJAEpXKaHUsS B MeTaJlie

ITBa BBITIOJIHAJICS MAUKPOPEHTTEHOCTIEKTPAJIbHBIN aHa-
JIN3 CBapHBIX coefinHeHUil. [laHHbBIE CHEKTPaJbHOTO
aHaJM3a U CKaHNPYIOIlell 3JIeKTPOHHON MUKPOCKOIINH,
MO3BOJIUJIH CZI€JIATh BBIBOJ, YTO TIPU CBapKe 06pasiioB
u3 criaBoB BT6 u T110 na Bei6GpaHHBIX PEKUMAX CHU-
JKEHUE COIepP KaHus JIETHPYIONUX 3JEMEHTOB B CBap-
HBIX IIBAX HAXO/MJIOCH B Ipe/esaX MAPOYHBbIX CTaH-
JIapTOB.

B mMeTasie mBa CBapHBIX COeIUHEHUI TUTAHOBOTO
criaBa BT6 BoirmoTHEHHBIX JTa3epHOI cBapKoi (hopMu-
PYIOTCS TIPENMYIIIECTBEHHO BBITSHYThIE B HATTPABJIEHUH
TEIJIOOTBO/IA TIEPBUYHbIE [3-3epHA XapaKTepHbIE s
TUTAHOBBIX o + [-CITaBOB MapTEHCUTHOTO THUTIA
(puc. 4, a). BHyTpusepeHyio CTPyKTy Py TOCJIe J1a3ep-
HOIl CBapKH COCTaBJISIET MeTacTabGuJIbHAS MapTEHCHT-
Hasg rpy6ourosbuatas o'-dpasza. 3TB npu masepuoit
CBapKe 3TOTO CIJIaBa UMEET CTPOEHHE, HECKOJIbKO OT-
Jmyarotieecst ot crpoenust 3TB mocsie cBapku 1asJe-
uueM ciiaBa BT6 apyrumu crioco6amu.

Kak npaBusio, B 3TB cBapHbIX coefiHeHMiT TUTA-
HOBBIX CILJTABOB PA3/JMYalOT TPU XapaKTEPHBIX ydacT-
Ka: y4aCTOK KPYIHOTo 3epHa, (OT TeMIepaTyphl IIaB-
JIEHUsI 10 TeMIIepaTyp WHTEHCHBHOTO pocTa [3-3epeH
okoJi0 1300 °C); y4acTok IOJHON MepeKkpucTanInsa-
UM, OT TEMIIEPATYP MHTEHCUBHOTO POCTa [-3€peH 0
TeMIiepaTyp KoH1a a — B-npespanienus 890 °C; yuac-
TOK HETIOJTHOHN TIepeKPUCTANIN3AINN; HATPEBAIOTCS /10
TeMmeparyp Hauama o — B-nipespamnienus 890 °C. Uc-
CJIe[IOBAHVS BBITOJHEHHBIX CBAPHBIX COEIUHEHUH Io-
KaszaJii, 4TO B cJyd4ae JiazepHoil cBapku criaBa BT6
no ykaszanHomy Bbile pexxumy B 3TB orcyrcrByer
Y4aCTOK KPYITHOTO 3€pHA.

B yyacTke TOJHON TEepeKPUCTAIIU3AINN, TaK JKe
Kak 1 B 1iBe, Iipeobagaer MapreHcuTHas o -pasa (60-
Jiee MEJIKOUTO/ThYaTast, 9eM B METaJIIe IBa). Y 9acToK
MOJIHOI TIePEeKPUCTAIU3ANNU UMEET MUHUMAJIBHYIO
mupuHy, coctasisongyio 0,5—1 sepuo (puc. 4, 6).
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Puc. 4. Mukpocrpykrypa Merasia mBa 1 3TB cBapHbix coequHennii criaBa BT6: @, 6 — BBIIOJHEHHBIX JIA3€PHON CBapKoOil; 6, 2 —
BBITIOJTHEHHBIX JIA3€PHO-IYTOBOI CBApKoOIii; @, 6 — MeTawn mBa; 6, 2 — 3TB okoJonoBHAs 30HA

B Merasne mBa coeMHEHMIT TUTAHOBOTO CIIJIAaBa
BT6 BbINOIHEHHBIX JIa3ePHO-YTOBOI cBapKoit (hopMu-
PYIOTCS TaK Xe, KaK U IIPH JIa3epHOIl CBapKe, BBITAHY-
ThbIe B HAIIPABJIEHUN TEIJIOOTBOA TIEPBUYHBIE [3-3epHA
no Beeit Boicote mBa (puc. 4, ¢). BHyTpusepentyio
CTPYKTYPY COCTaBJjisieT rpy6ourosbyaras o'-gasa, 1mo-

Puc. 5. Mukpocrpykrypa merasia msa 1 3TB cBapubix coegunenuii ciiasa T110: @, 6, 2 — BbIIOJHEHHBIX JIA3€PHOIl CBAPKOIi; 6 —
BBITIOJTHEHHBIX JTA3€PHO-IYTOBOIl CBapKoii; d, 6, 2 — Mertaun mBa; 6 — 3TB okoJsomoBHas 30Ha

il

0 o

JIOGHO TOMY KaK 3TO MTPOUCXO/IUJIO IPH JIA3EPHOM CBap-
ke craBa BT6.

B 3TB cBapHoro coesiHeHus, BBITOJTHEHHOTO Jia-
3ePHO-ZIyTOBOIl cBapKoii, B otsimuue ot 3TB cBaprOTO
COeIMHEHNS, BBITIOJTHEHHOTO JIA3€PHOW CBAPKOW, TIPH-
CYTCTBYIOT Bce Tpu y4yactka 3TB, onucannbie Bbiiie n

e iy
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XapakTepHble [JIs IPYTUX CHOCOG0B CBApKH IJIaBJIe-
HUeM. BHyTpusepeHHasI CTPYKTypa OKOJIOMIOBHOI 30-
HBI COCTOUT M3 MTOJIbYATON MeTacTabUIbHON o'-(pasbl
(puc. 4, 2).

CnnaB T110, oTHOCHTCS K TUTAHOBBIM o + [-cILa-
BaM MapTEHCUTHOTO THIIA, K03(duiment crabuibHo-
ctu B-¢aser B cmaBe T110 cocrasaser oxodo 0,6.

B Merasisie cBapHBIX COeIMHEHUIN TUTAHOBOTO CILJIa-
Ba T110, BBIOJHEHHOM Ja3epHO-IYTOBOH CBapKOii,
YeTKO TIPOCJEKMBAETCS  JEHAPUTHAS  CTPYKTypa
(puc. 5, @). B meramne mBa (pUKCHMPYIOTCS MeTacTa-
6usbHble B- 1 o /o'"-asbl. B 3epnax msa dpuxcupy-
ercst cy6erpykrypa (puc. 5, a). B MeraJiie niBa ciiasa
T110, BeITTOTHEHHOM JIa3ePHOI CBapKOM TIOCTIE TPaBJIe-
Hus g a 06pa3oBaJuCh MHOTOYHCJIEHHBIE IMKH TPa-
BJIEHUST, KOTOPBIE BBITPABJIUBAIOTCS B MECTAX BBIXOJA
Ha TIOBEPXHOCTDb CKOIIeHuH aucaokaiuii (puc. 5, 2).
ITO MOXKET OBbITb KOCBEHHBIM CBUJIETEIHCTBOM HAIIPSi-
JKEHHOTO COCTOSTHUSI CBAPHOTO COENHEHNS.

B 3TB cBapuoro coemunenus criaBa 1110, BbI-
TIOJTHEHHOT O JTa3epHOT CBAPKOH y9aCTOK KPYITHOTO 3ep-
Ha — orcyrerByer (puc. 5, 6), Kak 1 B cJIydae Jasep-
HOM cBapki ciiaBa BT6. B 30me nmosHOTO MTOSIIMOPd-
HOTO TIpeBpalllenusi, MOcje ObICTPOro OXJIAKIEHUS
¢uKkcupoBasach MeTacTabUIbHAS CTPYKTYpa, COCTOSI-
IIas 13 MaTPUYHOI 3-(dasbl U AUCIEPCHBIX YACTUI] Map-
TEHCHUTHOH o/ a'’-a3pl. BoIbIMHCTBO 3epeH B OKO-
JIOIIIOBHOH 30HE WMEIOT CYOGCTPYKTYPY, B ydYacTKax
3TB c nenosiHON MepeKpucTaIN3aIeil, MPUMbIKAIO-
nwmx Kk OM, cy6cTpyKTypa OTCYTCTBYET.

[Tpu nazepHo-nyroBoii cBapke ciiaBa T110 B me-
TaJlJIe TBa 06Pa3yIoTCs TPEUMYIECTBEHHO BBITSHY ThIE
B HalpaBJeHNH TemaoorBoga PB-sepHa (puc. 5, 6).
BuyTpusepeHHasT CTPYKTypa COCTOMUT TaK ’Ke, KaK U
MocJIe JIa3epHOH CBapKW, U3 METACcTaOMIbHBIX [- U
o' /o'"-pa3. Ilpu JnazepHO-IAYTrOBOW CBapKe CILIaBa
T110 ygacTok KpyImHOTO 3€pHA IPUCYTCTBYeT. B oTsm-
Yyme OT cBapHOTO coe/inHenws ciiaBa 1110, BbinoiHeH-
HOTO JTa3epHOU cBapKoii, HU B 1iBe, HU B 3T B cBapHOTO
CO€e/IMHEHNsI, BBITIOJTHEHHOTO JIa3ePHO-IyTroBOil cBap-
KOU, He Ha0II0/1a10Ch CYOCTPYKTYPbI, MUKPOCTPYKTY-
pa 6bL1a 6ojlee OHOPOAHON U PABHOMEDHOH, SIMKHU

TpaBJIEHUS He MOSBJISJINUCD, YTO 110 BUAUMOMY CBA3aHO
¢ 60Jiee HU3KUM YPOBHEM CBAPOYHBIX HATIPSDKEHUI.

Taxum 06pasoM, pe3yIbTaTbl METAJIOTPAPUIECKO-
TO MCCJeIOBAaHWS CBAPHBIX ITBOB, TTOKA3aBIITHE OTCYT-
cTBUE CyOGCTPYKTYPHI B MeTaJljie 1Ba BBITIOJHEHHOTO
JIA3ePHO-/IyTOBO CBAPKOU MIPU ee HAIUYUU CyOCTPYK-
TYPBI B IIBaX BBITIOJTHEHHBIX JIa3€PHOI CBapKoOii, a TaK-
ke 6oJiee BBICOKUH YPOBEHb BHYTPEHHUX HANIPSKEHUH
B MeTaJljie COeINHEHNH BBITIOJTHEHHBIX JIA3€PHON cBap-
KO MOATBEPSKIAI0T PA3InyKe CBOWCTB CBAPHbBIX COE/U-
HEHU.

W3noskennble pe3yabTaTbl I103BOJIUJIM ClleJIaTh CJle-
ZIyIOTI[e BBIBOJIDI:

1. ¥YcTaHOBJIEHO, YTO TPUMEHEHUE MPE/IJI0KEHHOM
CXeMbl JIa3ePHO-/IyTOBOIl CBAapKU TIPU MOITHOCTU Jia-
3epHOro Jayua 4,4 kBT m BesmumHe CBapOYHOTO TOKa
400 A obecrieunBaeT IPUMEPHO IBYKPATHOE YBeJHYe-
HUe TJyOUHBI TPOBapa IO CPABHEHUIO C Pe3yIbTaTaMu
OJTHOU JINTIb JIa3ePHON CBApPKH, BBITIOJHEHHOW HA pe-
JKAMeE ¢ aHAJIOTUYHBIMU MTapaMeTpaMH.

2. IIpeaen mpoYyHOCTH CBAPHBIX COEIMHEHUN TUTA-
HOBBIX c1taBoB BT6 1 T110 (B cocrostHum 1moc.ie cBap-
K1), BBINOJHEHHBIX JIa3ePHO-AYTOBOIl CBAapKOil, He-
CKOJIbKO Goabiire (Ha 2—4 %) 3HaYeHNil Ipeesia Ipoy-
HOCTH OCHOBHOTO MeTaJijia TIPU Y/IOBJETBOPUTEIHHOMN
IJIACTUYHOCTH U YZaPHOH BSI3KOCTH.

3. Hasmuue 30ubI KpymHOTO 3¢pHa B 3TB 1 oTCyT-
cTBHE CYOCTPYKTYPBI B METAJLJIe COeNHEHNUI, BBIMOJI-
HEHHBIX JIa3€PHO-/[yTOBOI CBAPKOH, 110 MHEHUIO aBTO-
POB, TIOBBIIIAET UX YAAPHYIO BA3KOCTb IO CPAaBHEHUIO
C COeJIMHEHUSIMU, BBIMOJHEHHBIMU JIA3€PHON CBapKOii,
B 3TB KOTOPBIX OTCYTCTBYeT 30HA KPYITHOTO 3€pHA.

1. Memannypeus M TEXHOJOTHS CBADKU TUTAHA U €O CILIABOB
/ C.M. I'ypesnu, B.H. 3amkos, B.E. Baamyx n ap. // 2-e
usn., gom. u nepepab. — K.: Hayk. nymka, 1986. — 240 c.

2. Oaexmpounno-ryuesas cvapka ,/ O.K. Hasapenko, A.A.
Kaiigamos, C.H. Kos6aceuko u ap. // Ilon pen. B.E. Ila-
tona; AH YCCP. Un-t anexkrpocBapku uMm. E.O. Ilatona. —
K.: Hayk. nqymka, 1987. — 255 c.

3. Tubpuonas csapka usnydenueM CO,-sasepa u Qyroii niabs-
mierocst aJsiekTpoga B yraekucsaom raze ,/ B.Jl. Ilensrus,
B.IO. Xackwn, B.II. Tapamyk u ap. /,/ ABromaT. cBap-
ka. — 2002. — Ne 10. — C. 38—41.

4. Laser welding of titanium alloys / B.E. Paton, V.D. She-
lyagin, S.V. Akhonin et al. // The Paton Welding J. —
2009. — Ne 7. — P. 30-34.
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