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TOWARDS THE FIFTIES ANNIVERSARY
OF LASER TECHNOLOGY DEVELOPMENT

V.S. KOVALENKO
NTUU «Kiev Polytechnic Institute», Kiev, Ukraine

The paper describes the different aspects of laser technology development for the last five decades: development of the
wide variety of lasers and laser equipment, different application of laser radiation, evolution of educational programs,
large spectrum of organizational activities on the national and international levels etc.

50 years has passed since first laser appeared thus
starting the new laser era in science and technology
development. The achievements gained in this field
for five decades prove that laser technology may be
considered as the most significant discovery of the
XX century. The mankind is paying tribute first of
all to fundamental theoretical studies in quantum
physics, electronics, optics of the greatest scientist of
the past century — Albert Einstein, Alexander Pro-
khorov, Nikolay Basov, Charles Towns, Theodore Me-
iman, Arthur Shawlow, Gordon Gould and to many
others. First laser radiation with its unique charac-
teristics was considered as prospective weaponry to
destroy the armed forces and armament. The huge
resources had been directed to the development of
this field by highly industrialized countries, which
promoted the disclosure of other prospective applica-
tions for lasers.

A bit of history. First research in the development
of lasers and laser systems had been initiated almost
in parallel in the former USSR and USA at the end
of 1950s and beginning of 1960s of the last century.
With time the all industrial countries of the world
had been involved in such R&D programs and in im-
plementation of lasers in different fields of human
activities.

In Ukraine such research had been started at the
Physics Institute, V.E. Lashkaryov Institute of Semi-
conductor Physics, E.O. Paton Electric Welding In-
stitute and other institutions of the Academy of Sci-
ence of Ukraine. First studies of laser use for material
processing (industrial laser applications) had been
initiated under the supervision of Prof. S. Kartavov
at Kiev Polytechnic Institute (KPI) — now the Na-
tional Technical University of Ukraine «KPI» — in
1964 and the first book in the world in this field «The
use of optical quantum generators for technological
purposes» had been published back in 1967 [1]. The
great impact on interest development from researchers
to other different applications had been promoted by
John Ready’s book [2], published in USA in 1971.

At first the focused laser radiation was considered
as unique means to pierce small holes in different

© V.S. KOVALENKO, 2011

components of precision engineering. At the same time
the manufacturer’s attitude to new technology had
been quite skeptical, some of them even had been
afraid of being dangerously irradiated by laser light...
But then fields of applications had become much wider
and the focused laser beam was even named as the
new type of universal tool, able to perform the vast
variety of material processing. There were even argu-
ing at first from some classic experts in mechanical
engineering that such terminology is impossible to
use in that case because such kind of «universal tool»
cannot be stored in typical shop instrumental bank
of manufacturing enterprises of that time.

Even the well-known authorities in lasers (Profs
Charles Towns and Alexander Prokhorov) at first had
been quite skeptical about industrial laser applica-
tions and personally advised the author of this paper
back in 1964—1966 to quit «the childish games with
laser holes drilling» and better to switch my efforts
as mechanical engineer by profession to the study the
possibilities for laser application in astrophysics (for
example, for measurement the distance between the
planets in outer space).

Main achievements. When we started our first
research at KPI at the beginning of 1964 except of
self made laser device (at that time we called it the
optical quantum generator) there were no means to
control the process parameters or the beam interaction
with material results. By our assessment the pulse
energy was around 2 J.

To evaluate the beam energy we used to measure
pump lamp charging voltage and made the corre-
sponding curve or just counted the number of blades
pierced through with laser pulse. The more blades
were pierced the higher was the pulse energy. The
special energy meters and power meters had been de-
veloped later and much more sophisticated devices
had been manufactured to evaluate the parameters of
laser material processing. Microholes in dies, watch
stones, different nozzles, diaphragms etc. became the
first field of prospective laser technology application.

Laser systems. At the beginning of laser era the
main industrial application were based on the use of
solid state (mainly pulsed) lasers — ruby, Nd-glass,
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Table 1. Lasers for metal processing (mln USD)

Type/year | 2009 rev. | 2010 est. % 2011 proj. %
CO,y 621 729 17 839 15
Solid-state 208 224 8 244 9
Fiber 85 115 35 138 20
Total 914 1068 17 1221 14

Nd:YAG pumped with flash lamps. The new step in
laser technology development was the advent of the
new generation of laser — CW lasers. Thanks to the
invention of Dr. Kumar Patel, the CO,-laser became
for many years the very reliable source of CW infrared
radiation. The latest success in laser systems devel-
opment is the appearance of high power diode lasers
with mean power ranging from few watts up to 10 kW.
With development of broad variety of diode lasers it
became possible to use more efficient pumping of solid-
state laser with the diode one. The most recent achieve-
ment in manufacturing advanced laser systems is even
more promising: the new type of laser has been developed
— fiber optics laser. Small size and mass, high efficiency
and shape flexibility are the most significant advantages
of this new laser. Even at this quite early stage of de-
velopment their mean power is reaching already 10 kW.
Some characteristics of industrial fiber optics lasers of
IPG company are given below:

Optical parameters: YLR- YLR- YLR- YLR-
1000 2000 4000 10000

Mode of operation CcwW CcwW cw Ccw
Central emission wave- 1070 1070 1070 1070
length, nm
Nominal output 1000 2000 4000 10,000
power, W
Typical beam quality, 6 18 20 25
mm-mrad
Output power stabil- +3 +3 +3 +3
ity (long term), %
Output fiber delivery ~ 100-200 200-300 300—400 400
diameter, pm

Electrical parameters:
Typical electrical re-  208—480 380480 V,
quirements (VAC) 3P + PE, 50-60 Hz
Maximum power con- 7 15 30 80
sumption, kW
Maximum cooling 0.6 1.2 3.0 5.0
water consumption,
m’ /h
Cooling water tem- 5-30 5-30 5-30 5-30
perature, °C

General parameters:
Dimensions 60x79x 60x79x  120x79x
(WxDxH), c¢cm x110 x160 x160
Weight, kg 150 300 450 1000
Ambient temperature, 0-45 0-45 0-45 0-45
°C

Table 2. Lasers for semiconductor and microprocessing (mln
usD)

Type /year | 2009 rev. | 2010 est. % 2011 proj. %
CO, 10 18 80 20 11
Solid-state 36 67 86 86 28
Fiber 10 18 80 22 20
Other 38 46 21 55 20
Total 94 149 39 183 23

The majority of industrial laser systems were de-
signed to process different components. But in many
cases the specialized equipment had been manufac-
tured.

Thus, for aerospace industry there had been de-
veloped the first highly special laser industrial system
for hole drilling in long (0.5-3.0 m) stainless steel
tubes 1540 mm in diameter with wall thickness
0.8 mm. Such tubes were used as spraying collectors
in the preventing fire systems and in the systems to
prevent icing of the «Antonovs company aircrafts and
some types of helicopters. The developed equipment
had the focusing device moving along the long tube
according to program and tube itself might be turned
around its axis to the necessary angle providing the
required hole diameter — 0.8 mm.

Analyzing the structure of today industrial laser
systems it is obvious that the majority of lasers used
for industrial applications belongs to COj-laser
(68 %). Then come the solid-state lasers (21 %). The
niche of fiber lasers is still quite modest (11 %) which
may be explained by some natural inertia in imple-
mentation of those very efficient systems. At the same
time the resent survey made by well-known expert in
laser technology David Belforte had demonstrated
the very dynamic changes in laser system market for
the last few years [3] (Tables 1 and 2).

Surface treatment. The ability to localize heat
energy created the new possibility to control the prop-
erties of the components surface layers. The entirely
new technologies had emerged — transformation
hardening, surface alloying, cladding, shock harden-
ing, glazing.

Using the traditional laser hardening (transfor-
mation hardening) it is possible to increase material
hardness in irradiated zone by factor 1.5-3. Our re-
search had shown that laser surface alloying of alu-
minum alloys might change significantly the working
characteristics of the treated components. Thus at
laser surface alloying of technical aluminum Al25 with
manganese, nickel and iron there is the large increase
of hardness in comparison with untreated alloy and
even with heat-treated alloy. Thanks to laser surface
treatment the wear resistance of cutting tools, moulds,
dies and of different machines components had in-
creased by factor 3—6.
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Laser welding. This application immerged almost
immediately with laser hole drilling. The ability to
localize heat energy like at electron beam welding but
in open air (not in deep vacuum) made this technology
very attractive at once for different joining operations.
Using at first stage the heat conduction mechanism
for welding it was quite efficient technology for join-
ing different thin sheet metals.

Joining of very delicate components like electronic
device parts, different parts of medical instrumenta-
tion and other are gaining wide popularity in resent
years. Promising results had been achieved in joining
parts made from plastic, ceramic and composite ma-
terials. Good example of high efficiency of such join-
ing is laser welding of diamond composite cutting
segments to the steel body of disk saw for cutting
stones without water cooling. Besides the latter ad-
vantage the implementation of such joining process
brings the significant saving of silver, used for tradi-
tional brazing of segments.

Cutting and material shearing. First cutting ap-
plications were mainly connected with manufacturing
small slots in different parts, with sharing brittle ma-
terials (like diamond crystals) using scribing mecha-
nism, with shearing silicon plates for solar elements
using high frequency pulse lasers etc. Cutting speed
had increased drastically with flying optics technique
development.

With development of high power CO5-lasers and
optical fiber lasers the tailored blank metal sheets
became very efficient in automotive and aerospace
industry.

For the last two decades the amount of components
from ceramic materials used in car, aircrafts and mis-
siles, different devices has increased drastically as
well. The main advantage of such components as high
heat, wear and corrosion resistance is contradicting
with the main technological characteristic — ability
to be machined. The quality of laser ceramic cutting
with pulsed laser beam is improved significantly when
processing is performed using the additional scanning
(linear or circular) of the beam. Such combined tech-
nique of cutting (beam movement + additional scan-
ning) appears to be effective for shearing thin silicon
plates 0.4—0.6 mm thick for solar elements. As it is
known, these elements are now in great demand as
an alternative source of energy both in automotive
and aerospace industries.

One more specific application of laser cutting tech-
nology had been proposed and developed at the Laser
Technology Research Institute of the NTUU
«KPI» — the use of laser radiation to dismantle the
highly radioactive remnants of the «Shelters of the
Chernobyl NPP. It had been demonstrated that with
help of remote controlled laser robotized system it is
possible to perform some demolishing operations in a
highly complicated and dangerous conditions [4]. The
experience gained at the development of that project

may be especially very useful now when we have quite
similar catastrophe at the nuclear reactor of the
Fukushima NPP (Japan), which had happened at the
beginning of 2011.

Rapid prototyping. Thanks to information tech-
nology integration into laser processing it became pos-
sible to develop the new technology of 3D objects
forming, based on the principle of biological growth
taken from nature. Known as rapid prototyping this
technology allows not using moulds, dies and other
traditional expensive tools and techniques to manu-
facture components with complicated shape at very
high productivity.

Started first from manufacturing components from
polymer materials using stereo lithography this tech-
nology now came to the new stage — the possibility
to create components from metal, ceramic or different
composite materials. The size of components formed
by these methods may vary from very large (for ex-
ample, engine body, steering wheel and other com-
ponents of the car industry) down to micro- and nano-
components.

The first in Ukraine and in the countries of FSU
universal rapid prototyping equipment had been de-
veloped at the Laser Technology Research Institute
thanks to STCU financial support. It was based on
use of two schemes of process realization: firstly, laser
sintering with robotized focusing beam system and
powder injection system movements and, secondly,
powder layer compressing with roller followed by
laser sintering with programmed scanning of laser
radiation [5].

Quite large variety of industrial systems for laser
sintering and stereo lithography had been developed
and manufactured in different countries (Switzerland,
Germany, USA, France, etc.). Two photon polymeri-
zation as new stereo lithography technique [6] has
demonstrated the unique possibilities to create micro-
and even nanoobjects and to open the way to bio
processing in medical applications (tissue growing,
implant forming, etc.).

One of the interesting technologies had been pro-
posed at the Laser Technology Research Institute —
the formation of the 3D image of the object using its
black and white or color picture. In this case the flat
picture was analyzed and lines of equal luminosity
wee found to get the information on the changes of
the 3D coordinate [7]. The obtained «map» was used
to create the virtual 3D image of the flat object. Then
based on such formalized description of the object it
was possible to create the materialized 3D copy of it
by means of rapid prototyping technique.

Micro- and nanomachining. The success in gener-
ating short and ultra short pulses (micro-, nano-, pico-,
femto- and even atoseconds) made it possible to per-
form unique cutting operations especially with devel-
opment of high frequency pulse lasers. At machining
with super high power density pulses the very small
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amount of material is removed per pulse thus making
possible achieving very high operation precision (up
to few nanometers) [8]. In spite of rather low pro-
ductivity there is no alternative technologies for
manufacturing microcomponents like, for example,
sapphire microgear, different parts from ceramic,
medical stents from stainless steel, tantalum or bio
polymer for blood vessels restoration, etc. The later
is especially important now because cardio diseases are
considered the number one killer among other fatal
health problems. The large amounts of stents are manu-
factured now with femtosecond laser systems. But the
productivity of the process is low and thus the cost of
the product is too high. To overcome this drawback the
technology had been developed at the Laser Technology
Research Institute, based on use of Q-switched laser
which made it possible to get on the processed stent
surface the small «pockets» to store the special medicine
to cure the blood vessel [9].

Laser micro- and nanomachining are widely used
now for manufacturing microelectronics elements.
Widely implemented into electronic industry laser
lithography provides the microchips manufacturing
with ability of storage the huge volume of memory.
To increase the memory volume the processing with
short wavelength of 193 nm or even 157 nm are being
used now.

Surface cleaning, marking, engraving. Modern
sophisticated machines and devices need components
with super clean surface. This is especially important
for electronic device components, for optical ele-
ments, for modern printing devices etc. In some cases
such technique may be used for radioactive contami-
nation removal from the material surface. For that,
as well as for restoration of old paintings, lasers can-
ning processing is widely recommended. Marking and
engraving became extremely popular for identifica-
tion different components as well as for decoration
treatment.

Shaping components from sheet materials. The
possibility to control heating process and thus the re-
sulting thermal deformation at sheet material, laser ir-
radiation brought to the development of the new tech-
nology for forming component of complicated shape
from sheet metal, plastic or other materials [10].

Without any traditional mechanical deforming
technique using only scanning laser beam it became
possible to change the shape of the material according
to the given program.

Combined and hybrid processing. Considering
that laser itself is a very low efficient energy trans-
former, different ways of additional energy supply
into the working zone had been proposed. The most
efficient was the direct electric energy addition to the
concentrated laser energy. Depending on way of this
additional energy supply different techniques had
been developed, namely: electro-laser hole piercing;
arc-augmented laser welding; laser cladding with elec-

tro-magnetic agitation; laser alloying in electromag-
netic field; laser-electrochemical processing; plasma-
laser processing; laser-ultrasonic hardening; laser-
plastic deformation hardening etc. The hybrid laser-
plasma processing had attracted attention of many
researchers in different countries [11]. This process
has demonstrated very high efficiency and quality of
welding and cutting.

Laser processing simulation. For the last two dec-
ades it became obvious that it is impossible to under-
stand the very complicated multi-factors processes of
laser beam interaction with matters and to find the
optimal working conditions without using modern
techniques of process simulation. Numerous physical
models had been successfully developed based mainly
on heat conduction theory and presenting «heat his-
torys of the irradiated materials. Different limitations
were considered making these models quite adequate
for the simple cases of laser processing. For compli-
cated cases, when processing was connected with
evaporation, explosion, plasma formation, ablation
mechanism etc., such physical models did not «work»
properly and could not be used at the industrial level.
Mathematical statistical models based on experimen-
tal results had been developed for industrial use but
they are usually adequate only for some specific factor
space and not always may be extrapolated for more
complicated working conditions. One of such models
had been developed at joint research of the Laser
Technology Research Institute with the Laser Center
of Zhejiang University of Technology (China) [12].

Evolution of the education program. Up to now
not every highly industrialized country has education
program in laser technology at its universities. Germany
is a good example of education in the advanced tech-
nology area. There are over 60 university level institu-
tions actively teaching laser material processing.

Last decade China is paying great attention to the
education and research in this field. Since the first
research in Ukraine on laser processing in 1964 at
KPI students took part in this activity. Some of them
had developed their engineer diploma projects on in-
dustrial laser applications in the framework of the
wide specialty «Manufacturing Engineering». Based
on research results the educational course «Electro-
physical and electrochemical methods of processing
of materials» was initiated and delivered to Mech.
Eng. students of KPI for almost four decades now.

In 1984 for the first time in Ukraine and FSU at
KPI the new engineering specialty «Equipment and
technology of laser processing» was opened which
further was transformed into wider engineering spe-
cialty «Processing of materials with special technolo-
gies».

In 1990 on base of Department of Technology of
Structural Materials and R&D Laboratory of Laser
Technology, the special Department of Laser Tech-
nology and Materials Science was created (later re-
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named into Department of Laser Technologies and
Applied Physics).

Annually on a specialty «Processing of materials
with special technologies» 50 new Ukrainian students
are accepted until 2008. There were as well students
from 32 different other countries. In total every year
the Department was teaching around 300-350 stu-
dents. Around 1000 Department graduates has got
their Master’s or Engineer’s Diplomas. The total
amount of students has decreased last years. 30 PhD
thesis’s and 7 Doctor of TechSci thesis’s had been
defended in laser technology at the Department.

Organizational activity. For the last more than
40 years the great global consolidated activity of dif-
ferent researchers and industrialists in laser technol-
ogy had been conducted by the Laser Institute of
America (LIA). LIA is organizing regularly the In-
ternational congresses — ICALEOQ, different regional
conferences and seminars. Under its auspices few pe-
riodicals are being published («Industrial Laser So-
lutions», «Photonics Spectra», etc.) as well as some
other special literature. At last decade the European
Laser Institute (ELI) had been organized in Europe
to promote laser technology activity in this part of
the world. Under its auspices the journal «EuroPho-
tonics» is published. Together with China Academy
of Science, ELI is organizing 1st International Con-
ference on Frontiers of Laser Processing (ICFL) in
China on July 2011. Great importance for promoting
advanced laser systems for different application has
the variety of specialized exhibitions the annual «Pho-
tonics» in Munich (Germany) being the most popular
among the laser community experts. At the global
scale the significant activity is conducted by the In-
ternational Academy of Production Engineering
(CIRP) with headquarters in Paris. The deep surveys
on different problems of laser technology develop-
ments are discussed at the annual General Assemblies,
at the STC-E conferences «<ISEM», published in «An-
nals of the CIRP» and other sources.

In the former USSR the Laser Association (LAS)
had been founded which is functioning until now in
some countries of FSU. The «Bulletin of LAS» is the
official publishing edition of that institution.

The similar activity had been initiated as well in
different other industrialized countries last years.

Last decade two international conferences had
been initiated at two countries of FSU — Ukraine
and Russia:

e Laser Technology in Welding and Material Proc-
essing (LTWMP), organized by the E.O. Paton Elec-
tric Welding Institute of the NASU and Laser Tech-
nology Research Institute of NTUU «KPI» in Katsi-
vely, Crimea. Five such conferences had been con-
ducted until now (once in every two years);

e Electron and Beam Machining, organized by
State Polytechnic University, St. Petersburg, Russia.
Six conferences had been conducted up to now.

Some papers on laser technologies are published
in «The Paton Welding Journal».

CONCLUSIONS

1. Laser became the real powerfull, highly efficient
and universal tool for performing different processing
operations.

2. 50 years activity in this field has proved that
laser technology development is far from saturation.

3. The horizons of new prospective applications
are widening and particularly with appearance of en-
tirely new and unique niche — nanoscience, nanoma-
terials and nanotechnology development.
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OCOBEHHOCTHU ®YHKIIMOHNPOBAHUSA
OBPATHBIX CBA3EI B HICTOUHUKAX ITUTAHUS
JJASEPHO-IYTOBOI'O PA3PAIA

A.. BYIIIMA, B.H. CUIOPEI]
WNucturyt anexrpocBapku uM. E.O. [latona HAHY, Kues, Ykpanna

WccnepoBano BusiHue Tua 0OpaTHON CBSI3M HA YCTONYMBOCTb paGOThbl MCTOYHMKA HUTAHUS JIA3€PHO-AYTOBOrO paspsija.
OO6Hapy:KeHO, YTO B3aMMO/IEHCTBIE MHEPIIHOHHOCTH O6GPATHOI CBSI3M M MHEPIIMOHHOCTH Pa3psi/ia Py yyeTe HeJTNHEHOCTH
HOCJIEJIHETO MOSKET NPHUBOANTD K aBToKoJeGanusaM. [lokazaHo, 4yto npuMeHenne o6paTHON CBSI3N 10 HANIPSDKEHUIO GoJiee

11e71ec000Pa3Ho, YeM OOPATHON CBSI3H 110 TOKY.

Kom6ununpoBantble Jia3epHO-IYTOBbIE IIPOIIECCH U
TEXHOJIOTUU, B YACTHOCTH, CBapKa U 06paboTKa Mare-
puasioB [ 1-3], B noc/ieinme AeCATUIETHS TPUBJIEKAIOT
BHUMaHKe yYeHbIX Bcero Mupa. Takue rpoiiecchl obe-
CIIEYMBAIOT 3HAUUTEJbHOE YBeJUYeHNe IPOU3BOJIHU-
TEJbHOCTH W3TOTOBJIEHUSI M3JEJUH, a TaKyKe IOBbI-
meHne nx KadectBa. CuHeprerndyeckuil ac@exT mnpu
BOB3/IEHICTBUM JIA3EPHOTO MTyYKa U 3JEKTPUIECKON JAyTH
Ha 06pabaThbIBaeMyIO MTOBEPXHOCTDH IO3BOJISIET TOJIY-
YUTDH HOBbIE TUTIBI U3/I€JUI, COEIMHEHNN 1 KOHCTPYK-
1M, 9TO HEBO3MOKHO OCYTIECTBUTH C TIOMOIIBIO JTa3e-
pa 1 aJIeKTPUYECKOM yTH B OT/IeIbHOCTH. B HacTos1Iee
BpeMS JIJIS JTA3€PHO-/[yTOBOTO TIPOTIECCa TIPUMEHSIETCS
o6bIuHOe cBapouHoe ob6opynoBanue. OpHAKO TpuMe-
HEHWE MCTOYHWUKOB TTHTAHUS 3JEKTPUUYECKON JYyTH He
BCET/1a 9KOHOMHWYECKH OIpaBAaHo, 60Jiee TOT0, HHOT/IA
IIPU 9TOM BO3HUKAIOT aBTOKOJICGAHUS TOKA Ja3epHO-
JIyTOBOTO Pasps/ia, 4TO SBJSETCS HeXXeJaTeJbHbIM C
TEXHOJIOTUYECKON TOUKW 3PEHMUS.

Takum o6paszoM, co3pesa HEOOXOAUMOCTb paspa-
OOTKM CIENUAJU3UPOBAHHBIX HWCTOYHUKOB THTAHUS
JIa3epHO-AYTOBOTO paspsiga. OUeBUIHO, YTO pelleHne
3TOU 3a/1auy BKJIOYAET aHAJIU3 JIEKTPUUECKUX IleTeid
C COCPE/IOTOUYEHHBIMU MTapaMeTPaMu, B COCTAaB KOTOPBIX

Uiy PS Uout PS

[T 2l

Puc. 1. DyexTpuyeckue IeNu C JIa3ePHO-AYTOBBIM paspsaoM A u
OOpPATHBIMU CBSI3SIMI: d — WCTOYHUK TOKA, yIPABJISIEMbIIl Harpsi-

JKeHHueMm; 6 — WCTOYHUK HalpAXKeHud, praBJISIeMbeI TOKOM; PS —
CHJI0Bad 9aCTb UCTOUYHUKA MMUTAHUA

© AWM. BYIIIMA, B.H. CUJOPELL, 2011

KaK 3JIEMEHT IIeMN BXOJAUT JIa3ePHO-IYTOBOM Pa3psi.
[ aToro aBTOpamMu 6BLIO TIPOBENEHO HCCIEIOBAHIE
CTATUYECKUX BOJbTaMIIEPHBIX XapakTepuctnk (BAX)
atoro paspsina [4]. Hacrosiee uccienoBanue nocssi-
IIeHO pa3paboTKe MPUHIIUIOB TIOCTPOEHUST CIIEIUaTH-
3UPOBAHHBIX WCTOYHUKOB THTAHUS JIa3€PHO-IyTOBOTO
paspsja.

MoaeinpoBanne JUHAMHKA Jia3€pPHO-YTOBOTO
paspsga. Kak 6b110 1mokasano B paéore [5], o6061ieH-
Hasg MaTeMaTH4YecKasi MOJIeJTh JMHAMUYECKON [IyTH Ha-
n6oJiee aJIEKBATHO ONKCHIBAET JMHAMUKY DJIEKTPIYEC-
KOI Ayrum Kak sJjeMeHTa 3jekTpuueckoil nenu. Ona
VYUTBIBaeT He TOJbKO HEJUHEHHOCTb CTaTUYeCcKOn
BAX, HO 1 TepMUYECKYI0 MHEPITMOHHOCTH CTOJI6A JIYTH.
VMenHo tepMuyecKue Mpolecchl BIMSAET Ha IIPOBO/U-
MOCTbB IJIa3Mbl CTOJI0A YTH, ¥ B TIEPBYIO OYepellb 3TO
OTHOCHUTCSI K TIPOIleCCY MOHM3AINN—IeHOHN3AINH.

Ilenb ¢ J1a3epHO-AYrOBbHIM Pa3psaoM U 0OpaTHOMI
CBSI3BIO 110 HaNpsizKeHu10. OCTaHOBUMCS HA CBOHCTBAX
JIBYX 3JEKTPUYECKUX IleTiell ¢ O6PATHBIMU CBS3SIMU
(puc. 1), KOTOpbIE MOTYT GBITH UCIIONB3OBAHDI /IS [TH-
TaHWS JIA3ePHO-AYTOBOTO pa3psijia. PaccMoTpuM UcTou-
HUK TTUTAHUS ¢ JUHEHHO majaloleil BHEITHEH Xapak-
TepucTUKOi. [lyisg ynpomienus He OyneM 3a/1aBaTbCs
BOIIPOCOM, Kak (opMupyeTcs 3Ta XapaKTepUCTHKA.
[lycTb Ay oTpe/ieIEeHHOCTH 3TOT MCTOYHWK TTHTAHUS
MpeJCTaBJsieT co60i MCTOYHWK TOKA, YIIPABJISEMBIH
HaIPsLKEHNEM, Y KOTOPOTO BBIXOIHOM TOK 1y, 3ABUCUT
OT BXO/THOTO HATIPSKEHUS Uj;, CAEAYIONNUM 06Pa3oM:

b = 75 (E = 10, )
rae R — mapaMeTp, XapaKTepHu3yIouil HAKJIOH BHEIII-
Hell XapakTepuctuku; E — HampsiKeHHE XOJIOCTOTO
XO0/la MCTOYHHUKA.

Ecn ucmosib30BaTh 6€3bIHEPIINOHHYIO OOPATHYIO
CBs3b [0 HANPSKEHWIO AYru, 6yaer HaGI0JaThCs
PEXUM TIOCTOSTHHOTO TOKA TPU OTCYTCTBHM BCSIKHX
epexo[HbIX IpoleccoB. Ha mnpakTuke oOparHbie
CBSI3W WHEPIMOHHBI. VHEPIMOHHOCTh MOKET BHO-
CUTHCS KaK M3MEPHUTEJIbHBIMHE IEISIMU, TelsaMu o6pa-
60TKM CUTHaJa OOpPATHOW CBSI3W, TaK W IEMSIMH YII-
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paBJyieHus ucTouyHnMKa nutanusa. He 6ymem paccmar-
pUBaTh KOHKPETHBIN NHEPITMOHHBIN 3JIEMEHT, aITPOMO-
JeaupyeM ero ¢ nomoinbio RC-nienu. Torpa nagenue
HaIPSXKEHU Ha Ayre paclpelesuTcs Mexx /1y laJjeHu-
€M HallpSKeHUs Ha pe3ucrope R 1 laJileHueM Hallps-
JKeHMs Ha KoHzeHncarope C:

(2)

Uy = Rcic + u.

C yueroM najieHus HanpsikeHns Ha ayre (corJacHo
06O0TIEHHON MaTeMaTUYECKON MOJIETH TUHAMUYECKOH
ayri) Beipakerne (2) npeoGpasyercst K BULY

UGy) E-u du

ie R = RCC E + U, (3)

a muddepeHImaTbHOe YpaBHEHNE MOJIEJNU 3aTHChIBa-
€TCsl ¢ y4eTOM JIMHeHO najaonieil BHelIHeil Xapakre-
PUCTUKN WCTOYHWKA MUTAHUS KaK

2 2
Od—le+i2+(EuJ. (4)

dt ' ° R

B (3) u (4) ig — TOK cocrostnust ayru [5]; 0 —
nocrosiaHas Bpemenn ayru; pyuxuus U(i) 3amaer Buj
craruveckoil BAX s1azepHO-yroBoro paspsija.

JIns mecejoBanusl IMHAMEUKN COCTABUM U3 yPaB-
nenuit (3) u (4) cucremy, npusezseM ee K GespasMep-
HOMY BH/ly M 3allMIleM B KaHOHWYECKO# (opme ciie-
JIyTOIITUM 00Pa3oM:

n—1
dy A e T }
dr+@{R(1+R )z yh

2
& (wj i ©
R Z.

dt

[Tpu npuBenenny Kk 6e3pa3MepHOMY BHY B Kaue-
CTBe MacITaboB ObLIN BRIOPaHbI HaTpsKeHne U, TOK
Iy, Bpems O u conporusienue Uy, Iy. 3necb Ugu Iy —
KOODPJMHATHI OTHOM M3 TOYEK CTENTeHHON allpoOKCHMa-
nun ctatndeckoir BAX sazepHO-IyroBoro paspsiaa,

UG) = U, [Iioj .

ITpu orpunaTesbHbIX 3HAYEHUSIX [OKA3aTeJs CTe-
nenn B (6) Takas anmmmpoKcUMAaIs BIOJIHE J0IMyCTUMA
Ha HavaJbHOM y4acTke BAX [4].

[TockosbKy mapameTpsl e 06paTHOll CBsi3u R¢
n C BXOJAT TOJTBKO B BU/IE TTPOU3BEIACHUS

(6)

o ~9

©))

6y/1eM HCIIOJIb30BATD €70 KaK OJIUH IIapaMeTp, KOTOPbIi
XapakTepu3yeT MHEPIUOHHOCTD.

OrmycTuM aHammM3 Beex 0co6bIX TOYEK cucTeMbl (5)
U TIPOBeJleM €T0 TOJIBKO JJISI 0COO0H TOYKHU C KOOp-
munaramu (1 1)T, kotopas cootBercTByeT pexuMy ro-
peHMs pa3psijia Ha MOCTOSTHHOM TOKe.

Marpuia Sxko6u JIuHeapU30BaHHON B OKPECTHOCTH
oco6oit Toukn cuctembl (5) uMeer BUI
1+ R 1—n
OR 20

€))

a XapaKTepUCTUYeCKOe ypaBHEHWE TMPECTaBJSIET CO-
6011 KBaJIpaTHBI TTOJITHOM

ORM +(1+ R +ORL + (R +n) =0. (9)

[ToCKOIbKY 1 CBOGO/HBII UJIeH XapaKTePHCTHYECKOTO
ypasrerus (9), u KoapPUIMEHT TIPU JTMHERHOM ujieHe A
TIOJIOKHUTEJIbHBIE, MOKHO YTBEPIK/IATh, YTO COOCTBEHHbIE
3HAYEHUST BCET/Ia JEHCTBUTEIbHbIE M OTPHIIATEbHBIE. Ta-
KM 00pa3oM, HcciiefyeMasi 1iellb yCToiumBa, a Bce
[IePEXO/IHBIE MPOIECCHI ATIEPUOIIMIECKIE.

Ilens ¢ J1a3epHO-AYrOBBIM Pa3psiioM U OOPaTHOI
CBS3bIO 110 TOKY. PacCMOTPUM UCTOUHUK TTUTAHUSA, TIPE/I-
CTABJAIONMIA OG0T UCTOUHUK HAPSIKCHUSI, YIIPABJIsie-
MbIif TOKOM, Y KOTOPOTO BBIXOIHOE HAIIPSIKEHUE Ugy; 32-
BHCUT OT BXO/[HOTO TOKA ij, CJIEYIONM 06Pa3oM:

Uout :EiRén- (10)

Nueprimonnast o6patHasi CBs3b 110 TOKY MOKET ObITh
npoMojieTupoBana ¢ momoiibio RC-menu. Torpa Tok
0o6paTHOIl CBSI3M Pa3BETBJSIETCS HA TOK KOHAEHCATOPA
C u ToK pesuctopa Rc¢:

U odu

+C

l:RC d_t

(11)
C Y4€TOM, 4TO TOK PE3UCTOPa ABJIACTCA YIIPABJIAIO-
MM BXO/HBIM TOKOM HUCTOYHUKaA IINTaHUI, nonyqaeM

BbIpa’KeHHEe
U(ip) |

- 1=E—Ri

12
7 Re’ (12)

1“3 KOTOPOTO MOKHO HAWTW 3HAYeHWe TOKa 1, 4TOOBI
HCII0JIb30BaTh €T0 B IpeoOpa3oBanny Beipaxkenus (11)
u 3anucatb auddepeHIatbHoe ypaBHenue 060061eH-
HOHM MO/ieTn JUHAMUYECKOU JyTH.

Kanonunueckas 6e3pasmepnas cucrema nuddepen-
IUAJbHBIX yYPaBHEHUN JJIS WCCJAETOBAHUS JUHAMUKI
IIeN UMeeT BU/L

1-n

dy 1 _ 7 }
dr+®[(1+R Ry:z yh

dz _
dt "~

(13)
[(1+R - Ry’*z"—1]z.

OrJridre OT MpeabIIyIei e 3aKI04aJoch B 3a-
nucu 6e3pa3MepHOll TlepeMeHHOM

u
y= UsRe (14)

U TI0 aHAJIOTUHU C Hell MHEPIIMOHHOCTh 0OPATHOM CBSI3N
6yJieM XapaKTepusoBaTh ogHuM mmapamerpom (7).
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Puc. 2. O6acTi pa3MIHbIX TUIOB COOCTBEHHDBIX 3HAYEHUIN 0CO00iT
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0,90 ‘

1 I I 1 1 ]
0 0,5 1,0 1,5 2,0 2.5 z

Puc. 5. da3oBblil IOPTPET B BH/E MPEIETBHOTO IHKJIA, KOTOPBIA
ACCOIMHUPYETCST € aBTOKOJIEOAHUSIMI

_1+R 1—-n
J= © 20 |, (15)
—-2R -n

a XapaKTepUCTUYeCKOe ypaBHEHUE IpeCTaBJsSeT CO-
60l KBa[paTHBII ITOJUHOM

OM +(1+R+0On + (R+mn)=0. (16)

B ornmune ot mpexbimymiel 3agadn cOOCTBEHHBIE
3HAUYEHNUsI, OTIpe/iesisieMble XapaKTepUCTHUECKIM YPaB-
HenueM (16), MoryT 6bITh BecbMa pasHoo6pastbl. 11pu
MaJIoil MHEPIMOHHOCTHU Ienn 06paTHOl cBsi3u © cob-
CTBEHHDBbIE 3HAUEHWS /IeHCTBUTEJbHBIE W OTPHUIATENb-
HbIe, a 0co6asi TOYKA SBJSAETCS YCTOHUMUBBIM Y3JIOM.
[Ipu GosbION MHEPIIMOHHOCTHU e 0OPATHOH CBSI3H
© co6CTBEHHBIE 3HAUEHUS [IeHICTBUTEIbHBIE U TTOTOKH-
TeJbHbIE, & 0C06AsT TOUKA SIBJISIETCS HEYCTOMYNBBIM y3-
JioM. /17151 IpOMEXKyTOUHBIX 3HAUEHUI NHEPIIMOHHOCTH
© co6CcTBEHHbIE 3HAYEHNU ST KOMILIEKCHBIE, eHCTBUTEb-
Hast 4acTb KOTOPbIX CHadasa orpuiaresabHast (ocobast
TOYKA—yCTOHYUBBIN POKYC), a 3aT€M CTAHOBHTCSI [OJIO-
sxutesbHoi  (0cobast TOuKa—HEyCTOWYMBBINH (HOKYC),
mepecexasi HyJieBoil ypoBeHb. llocsenHss cutyarms
oueHb cxoxa ¢ 6udypraimeii Xomnda, 4YTo UILIIOCTPU-
pyer puc. 2.

WNrak, co6cTBeHHDbIE 3HAYEHUS CTAHOBATCS YKCTO
MHUMBIMU TIDH 3HAYEHUH T1apaMeTpa MHEPIHOHHOCTH
1enu o6paTHON CBSI3H

1+R
p

®“ =- (17)

Henuneitaplit anaJu3 MOATBEPKIAET, UYTO B UCCJIE-
JIyeMOIl IIenu JelfiCTBUTENbHO MPOUCXOIUT 6udypka-
st Xorda. BoJsee Toro, oHa MoKeT OBITh Kak cyO6-
KPUTHYECKOM, Tak U cylnepkputudeckoit. He npusosas
BBIKJIQJKN, OTMETHM, 4TO THII OGudypKanuun u3MeHs-
€TCsl TIPU 3HAYeHUuu TapameTpa R:

_1-3n

Ry = .

5 (18)

YuceHHbli aHA N3 €T € JIa3€PHO-AYTOBBIM pa3-
PSAIOM H 00paTHOIi CBA3BIO N0 TOKY. UNCIEHHbIN aHa-
JIN3 TIOATBEPIK/AET, YTO B IEMHU C JIa3ePHO-YyTOBBIM
Pa3ps/IOM M UHEPITMOHHO 06PATHOI CBSI3BIO MO TOKY
(cM. puc. 1, 6) MOTYT OCYIIECTBIAATHCS KaK yCTONYM-
Boe (puc. 3), rak u aBrokoseGarenbnble (puc. 4, 5)
PEXUMBI PAGOTHI.

[Ipu onpesesieHHBIX 3HAYEHUSIX TTAPAMETPOB MOXKET
HabmofaThes raobanbHas HeycroitunBocts (puc. 6),

F 3

oo

E T 3 a
0 20 40 60 80
Puc. 6. HeycroitunBprii pexxum paGoThl IENH C JIA3€PHO-AYTOBBIM
PaspsiZioM M MHEPIMOHHON 06PATHOM CBSA3BIO 110 TOKY
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YTO COOTBETCTBYET CyOKPUTHYECKOW OudypKanum
Xomda.

TakuM 06pa3oM, pu MPOEKTUPOBAHNE HCTOUHUKOB
MUTAHUS JIEKTPUYECKON TyTU ¢ OOPATHBIMU CBSI3SIMU
MIPeIIOYTHTEIbHEE BBIOUPATD CXEMbI, KOTOPbIe Ga3up-
YIOTCSI HA ICTOYHUKE TOKA, YIIPABJSIEMOM HAMPSIKEHNU-
eM. B mcrouyHukax mMHUTaHUS JIA3EPHO-IyTOBOTO Pa3-
psiia ¢ OGPATHBIMU CBSI3SIMU 10 TOKY, CXEMBI KOTOPBIX
6a3upyIOTCS Ha MCTOYHHMKE HATNPSDKEHUS, YIPaBJisie-
MOM TOKOM, MOTYT HAGJIIOJATbCSI ABTOKOJIEOAHNUST, UTO
He BCET/Ia SIBJISIETCS JKEJIATeIbHBIM SIBJICHUEM.

BsiBoabl

1. BSaHMOﬂeﬁCTBHe HMHEPIMOHHOCTH JIa3€PHO-AYT'OBO-
To pa3pdaa ¢ THEPIUOHHOCTbHIO OépaTHbIX CBsI3eil MO-
JKET MpUBOAUTD K HEKeJaTeJbHbIM aBTOKOJIeéaHI/IHM,
a TaKKe K HGYCTOﬁqHBOCTH.
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PA3PABOTKA ITPOMBIIIJIEHHBIX JIASEPHBIX
TEXHOJIOTHUIM HA 3WU.JIe

B.I. BOJITUH', B.C. MAIIOPOB®
!3aBox um. M.A. Jluxauesa (AMO 3UJI), Mocksa, Poccust
2I/IHCTI/ITyT po6JieM JiazepHbix U uHpopMaimonupix texnosoruii PAH, Ilatypa, Poccust

OO6006111eHbl  pe3yIbTaTbl MHOTOJIETHEHl HAay4HO-HCCJIE/I0BATEIbCKOIl M TEXHOJIOrMYecKoil JesrenbHocTn llenTpanbHOil
1aGopATOPUH SJIEKTPOHHO-Ty4eBOil 1 azepHoit 06pa6otkn AMO 3I1JI o sa3epHOMY YIPOYHEHUIO W 3aKAJIKeE, JIA3E€PHOI
CBapKe, pe3Ke, HAIlIABKe, IPOIIMBKE M JAPYruM HarpasJjeHusiM. [IpuBezenbpl mpuMepsl JasepHOH 06paGOTKH JeTalsei

aBTOMOOUJIEN.

B cepenune 70-x rr. B Hareil crpane ObLIA CO3/AaHBI
JIa3ephl C BBICOKON 9HEPTeTHKOW, a HAay4yHble W MPaK-
TUYECKHE TTPUJIOSKEHUS BO MHOTOM He TOJIbKO He OTCTa-
BaJM, HO U ONepeXajqu MHUPOBOIl ypoBeHb. lleHt-
pasibHas J1a6opaTOPHs 9JEKTPOHHO-JIYUIeBOi U a3ep-
Holl o6pa6orku (IIJIDJIJIO) ma AMO 3WUJI B sTOM
JBUKeHUH ObLIa HEOCIIOPUMBIM JIepoM. Bl paspa-
6OTaH TIeJIBIN PS/T HAYYHBIX MTOJIOKEHWI, KOTOPBIE CTIO-
cO6CTBOBAJIN PENIEHIIO KPYITHON HAYYHO-TIPOM3BO/ICT-
BEHHOU MPOOGJIEMDI 110 CO3/IAHUIO Y BHEIPEHUIO B aBTO-
MOOGUJIDHYIO ITPOMBIIIIEHHOCTb TPHHIIUIHAJIBHO HO-
BbIX METO/IOB JIA3ePHOII 06pabOTKHU, yIyUIIAIONUX Ka-
YeCcTBO M Pecypc JieTasieli; co3/laHbl HOBbIE METO/IbI B
TEXHOJIOTHHN JIa3epHOI 00pabOTKI MaTEPUAJIOB; paspa-
6OTaHbI W WCIBITAHBI HOBbIE YCTPONCTBA W TIPHOOPHI;
CO3/IaHbI He UMEIOIINe AaHAJOTOB B CTPaHe 1 32 PyOeKoM
Jia3epHble TEXHOJOTHYECKUE KOMIITIEKChl U aBTOMATHU-
YecKre IPOM3BO/ICTBEHHbIE JTUHNN. JlazepHas ma6opa-
topus 311Jla B TedeHne MHOTHX JIeT 110 IIPaBy CUHUTAa-
JIACh BEIYIINM IIEHTPOM CTPAHBbI B 06JIACTH JIa3€PHBIX
TEXHOJIOTHA.

CoBMECTHO € OCHOBHBIMH CJIY;KOaMU 3aBO/Ia CUCTE-
MATUYeCKU MPOpabaTbIBAINCh, ONPEIeJSINCh, yTOU-
HSJINCh W 0O0CHOBBIBAJINICH TIEPEUHN 3a/a4 TI0 Ja3ep-
HOU 06paboTKe neTaseil 1 ux BHeApenuio Ha 3UJle.
PaGoTbl mm 1mo BceMy BO3MOKHOMY KpYTYy Harpa-
BJICHUII: JTa3epHOEe YIIPOYHEHME U 3aKaJKa, Ja3epHas
cBapKa, pe3Ka, HalJaBKa W JerMpOBaHue, MPOITUBKA
orBepcTuil n aAp. Cxema Kax0il paboOThl ObLIa cire-
JlyIoIleii: MMOCTaHOBKA MPAKTUUECKON 3a/iau — paspa-
6OTKA TEXHOJIOTUU — N3TOTOBJIEHUE OMBITHOW TTAPTUU —
UCIIBITAHUS — pa3paboTka 060PYI0BAHUS U TEXOCHACT-
KU — BHeJIPEHHWE B IleXaX 3aBojia. KoHeuHO, Bce aTo
COMPOBOXKATIOCH TEXHUKO-9KOHOMUYECKUM AHATU30M,
pacueramu peHTabesbHOCTH U 3(PPEKTHBHOCTH.

HexkoTopble 3ajaun penainch J0CTaTOYHO GBICTPO,
KaK, HAIIpUMep, BHeJIpPeHue B IIPECCOBOM KOPITyCe 3a-
BOJIa YYACTKA JIA3€PHOTO YIIPOYHEHUS TIITAMITOBOTO WH-
CTpyMeHTa Ha ycraHoBKax «KBanT-16». Ho vae Tpe-
6oBajiach paspaboTKa IMPUHIUITNAIBHO HOBBIX TEXHO-
JIOTHH, T. K. IMEBIIUECS HAYYHbIE PE3yJIbTAThI U JINTE-
paTypHbIe JaHHbIe HOCUJIM Pa3pO3HEHHDBIN XapakTep,

© B.M. BOJITUH, B.C. MAIIOPOB, 2011

He /IaBaJii OTBETAa Ha MHOTHE TTPAKTHYECKUE BOITPOCHI
u He ObLIM TPUBS3aHBI K KOHKPETHOH TEeXHMYEeCKOI
3ajjaue. XapakTepHOU B 3TOM CMbIcJje ObLaa 3ajada
JIA3ePHOI CBApKM KapJaHHBIX BaJOB aBTOMOOWIEN
3WJI. HeocriopuMblii BKJIa/1 B pa3paboTKy TeXHOJIOTHH
cBapku BHecan creruaauctel MBTY um. H.9. bay-
MaHa. KOHCTPYKTOPCKUMHU CUJIAMU 3aBOjia GbLI CIIPO-
€KTUPOBaH, a OIBITHBIM IIPOM3BOCTBOM M3IOTOBJIEH
VHUKAJbHBIN JIA3€PHBIM CBAPOYHBIM KOMILIEKC. Bxo-
MBI B €ro cocTaB MomHbl Jazep JIT1-2, 6e3y-
CJIOBHO, siBJIdeTcs 3acjayroit KypyaroBCKOro MHCTUTY-
Ta, a MPOOJIEMON €T0 AaBTOMATU3AINH 3aHIMAJUCH CTIe-
nuaJucTel  HaydHo-mccsre[oBaTeIbcKOTo TIeHTpa 110
texnosorndeckum jnaszepam (HUILTJI). CosmecTHo ¢
corpyaaukamu kadeapol cBapku MBTY wum. H.9.
Baymamna 6bLiu paspaboTaHbl MeTObI YJIbTPA3BYKO-
BOTO KOHTPOJISI KA4eCTBa COEIMHEHUI KapJAaHHOTO Ba-
JIa, BbIITOJTHEHHDIX JIa3ePHOI CBapKOii, ¢ BEPOSTHOCTHIO
obHapy:xenus gedextoB 95 %. B 1983—-1984 rr. cor-
pyanukamu 3M1JIa u HUIITJI 6b11a orpaborana TexXHO-
JIOTUSI HAXJIECTOYHON Jla3epHON CBapKU KapJaHHOTO
BaJIa CO CIIUPAJIHHBIM MTPOILJIABJIEHUEM, UTO 3HAUNTEIb-
HO YIPOCTUJIO TPeGOBAHMS K MOJTOTOBKE KPOMOK IO/
cBapky. K koniy 1984 r. 6plja IpoBeieHa MOJICPHU-
3aIUsl Ja3epHOTro KOMILTeKca, U yxe B Hadase 1985 T.
u3man npuka3 lenepasbrnoro aupexropa [1O «Asto-
3WNJI» o nepexojie Ha HOBYIO TEXHOJIOTHIO JIa3epHOI
CBapK# Kap/IaHHOTO BaJia.

UccaenoBateibckue, TEXHOJIOTUIECKIE, KOHCTPYK-
TOPCKHE U BHeJIpeHvYecKue paboTbl MU IMHPOKUM
¢ponToM. Kpome cBapku KapganHOTo Basia ObLIN pas-
paboTaHbl TEXHOJIOTHH JA3€PHOM CBAPKH BO3IYIITHON
3aCJIOHKM KapOoopaTopa, TEPMOYIPOYHEHUS TOJOBKU
6JI0Ka IIJIMHAPOB U TUJIb3bI IIUJIMHIPOB. B maboparo-
pUU TIPOBOJIMJINCH WCCJAECAOBAHUS TEXHOJOTHYECKUX
IIPOLIECCOB JIA3€PHON CBAPKU MCHAPUTEJS XOJIOANJIb-
nuka 3V1JI U3 aJioMIHUEBOTO CIIJIaBa U JIa3epHON Ha-
IJIaBKU (PaCcOK KJIATIAHOB.

Bo11 paspaboTaH TeXHOJOTMTUECKUH TIPOIIECC JIa3ep-
HOTO YTIPOYHEHMS OMOPHBIX MOBEPXHOCTEH [JIS TOJ-
IIMITHAKOB KYyJIaKa IOBOPOTHOrO aBToMobmis 3WJI-
130 u3 cpeaueyrepoucToii ctaau. [lo ranHbIM MeTa-
JorpaduyecKkoro aHaJan3a M Onpee/ieHus BeJUYUHbI
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1 3HaKa OCTATOYHBIX HATPSIKEHWI ObLIN ONITUMU3UPO-
BaHBI PEKUMBI 1 CXEMBI JIa3epHO# 06paGOTKH, TO3BO-
JISTIONHE YJIYYIIUTh YCTAJTOCTHbIE XapaKTEPUCTUKU W
MN3HOCOCTONKOCTD TTPOYKIINH.

YcnenHbiM 0Ka3aaoch TPUMEHEHNE JIa3ePHOTO YII-
POYHEHHUSI KDOMOK KaMepbI CTOPAHHUs B TOPIITHE U3 aJTi0-
muHueBoro ciutaBa AJI-30. Jlasephas o6pa6oTka ¢ ori-
JTaBJIEHUEM TTO3BOJIIIA TTOBBICUTH CTOMKOCTH KPOMOK K
TPenmHo0Opa3oBaHNIo B 2—3 pasa.

He umeronieii anaioros 6blia pa3paboTKa TEXHO-
JIOTWH ¥ CO3/IaHue B MOTOpHOM Kopityce Ha 31JIe aBTo-
MATH3UPOBAHHON JIMHUU JJisl YIIPOYHEHUSI TOJIOBOK
6J10Ka TIIMHAPOB Ja3epamu «Komeras. B mpeccoBom
KopITyce 3aBojia OblJa BHEJIPEHA YCTAHOBKA JIJIST PE3KN
«JIyu». Hauara pazpa6oTka MeToJa M3MepeHUs TOJ-
NIMHBI 3aKAJEHHOTO JIA3ePOM CJIOSI C UCTIOJb30BAHUEM
addekra Bapkraysena. Beimosnen 60sbinoii o6beM
MCCJIE/IOBAHUN TTO CBAapKe AJIOMIUHHUEBBIX CILJTABOB /ISt
TETIOOOMEHHIKOB XOJI0auabHIKa 3UJI.

WccnemoBannd 1o ja3epHO 3aKaaKe M JETHPOBa-
HUIO aJTIOMUHUEBBIX U MEJIHBIX CIIJIABOB OBLIY HAIIPaB-
JIEHbI Ha yTIPOYHEHHe TOJIOBKH GJIOKA IUJIUHIPOB U3
criaBa AJI-4 1 KOMIIPeCCMOHHBIX KaHABOK B MOPIITHE
u3 ciasa AJI-30. Boiu paspaboranbl METO/IbI JIa3ep-
HOTO JIETUPOBAHUS AJIOMUHUEBBIX CILJIABOB JKETIE30M,
HukesaeM u Ni—Cr—B-Si cmnasamu. IlokasaHo, 4To B
pe3yJbTrare Jia3epHON 00pabOTKY U JIETMPOBAHUS 3HA-
YUTEJBbHO BO3PACTAeT TBEPJOCTH 3TUX CILJIABOB JaKe
mmocJie UX HarpeBa B TIPOIlecce AKCILTyaTalllu.

Borma pazpaborana TEXHOJIOTHS JTa3€PHON 3aKaJIKK
YYTyHHBIX THIb3 6JI0Ka uaniaApoB asuratens 3MJI-
130, BBITTyIIIEHA ONBITHAS TAPTHUS 3aKATEHHBIX JIA36POM
JleTasieil, MpoBe/IeHbl CTEHIOBbIE U JIOPOSKHBIE HUCIIbI-
TAHWS [BUTATEJIEH, KOTOpbIe TIOKa3aJi yYBeJTMYeHre pe-
cypca B HECKOJIBKO pa3. Cpean HAy4YHBIX HCCJIEI0Ba-
HUl, BbIHOJHeHHBIX Ha Oasze 1IJIDJIJIO, BbLIEIAIOCH
HarpasJieHue 110 (pU3NKe B3aUMOICHCTBUS U3TyIEHUS
c BerecTBOM. Ha co3manHOM /1711 TAKUX MCCJIETOBAHMI
CTEH/Ie OCYIIECTBJIEH TTMKJ U3MEPEHUIA MOTJIONATEe b-
HOW CITOCOGHOCTH MaTePUAJIOB, TPOBE/IEHBI NCCJIET0BA-
HUS TTOTJIOMAIONTAX MOKPBITUH TIPY JTa3€PHOU 3aKaJiKe
U U3MEpEHUs] TeMIeparypel B 30He o6paborku. Co-
BMecTHO ¢ VlnctutyToM MammunoBesenus uM. A.A. Bia-
roHpaBoBa GbLIKM pa3paboTaHbl, U3TOTOBJIEHBI, AITPOOU-
POBaHbI U 3alATEHTOBAHBI B BEAYIINX CTPAHAX MPHUH-
IUNIIAJBHO HOBbIEe BUODOYJApHbBIE CKAHATOPHI JIJIS
MOIIIHBIX JIa3€PHBIX IMYYKOB. VI3yueHHne OCTaTOUHBIX
nedopmarii Ipu Jla3epHOU 06paboTKe IJINHHOMED-
HBIX u3ze/ i (CTaHOYHBIX HAMTPABJISAIONINX ) TOKA3aI0,
YTO Jia3epHas 3aKajka Ha TayOwHy g0 1 MM mpu Ha-
JIOKEHUU Ha OJIHY IJIOCKOCTh HECKOJbKKMX MOJIOC -
puHoit 16—20 MM MOsKeT ipuBecTH K Aeopmaiiuu 6py-
ca B HECKOJIbKO MIJLTUMeTPOB. COOTBETCTBEHHO ObLIN
MPe/IJIOKEHbI W 3aTIaTEHTOBAHbBI CIIOCOOBI YCTPAHEHUS
moA06HBIX JedopMmarnii. B manbHefiem pernrannch 3a-
Jlayr 110 pPa3pab0TKe W BHEAPEHHUIO MPOIECCOB JIasep-
HOTO TepPMOYINpOYHeHus Jeraseii apromoounss 3MJI-
4331: moca/IouHbIX MECT TIO/] TIO/IIIUITHIKH B KapTepax

Puc. 1. Jlazepnoe ynpouHeHHe IITAMIOBOTO HHCTPYMEHTa

KIII n pemynpTumnimkaropa, KyJiaka TOBOPOTHOTO,
CTYIIHIIBI 32/IHETO MOCTA, a TAK)KEe 110 TEXHOJIOIMU Ha-
TIaBKU (hACOK U cefiesl KJIamaHoB, pe3ku craan P18.

JlaGoparopusi peliaia u TeKyIye MPOU3BOICTBEH-
Hble 3a/1a4u. Boigesmm paboThl 10 06eCTIEYeHIIO OCBOE-
HUSI HOBBIX Mojiesieli u Mojaudukanmii aBToMo6uIeit
cemetictBa 3NJI. C moMomIpio Ja3epHOTO KOMILIEKCA
BbIpE3aJii  OYeHb MHOTHE JIeTaTu  aBTOMOOUJIEN
(KpoHIITERH OCH IIe[a/IM CLEILICHHUS, OIIOPbl OCHOBHO-
ro Gydepa peccopbl iepeanei ocu u T. 1.). Bo-niepshix,
3TO TIO3BOJIMJIO COKPATUTD CPOKU OCBOEHUST HOBBIX MO-
Jleieit aBTOMOOWJIEN, TTOCKOJIbKY Ha 9TOW CTaJuu yaa-
JIOCh M306€KaThb W3TOTOBJEHUS M KOHCTPYHUPOBAHUS
IITAMIOBOI OCHACTKHU, a TaKKe OMEePATUBHO BHOCHUTDH
U3MEHEHUs] B KOHCTPYKIIHIO jieTajieii. Bo-BTOpbIX, OKa-
3aJ10Ch, YTO HEKOTOPBIE IE€TAIN CJIOKHON (POPMBI T1eTe-
coo6pa3Hee W3TOTABJIMBATH JIA3EPHOU PE3KOH, dYeM
HITAMITOBKOIi. JTa paboTa 10 CUX TI0P OCYIIECTBIISETCS
corpyaaukamu Jaboparopun 31JIa Ha 1azepHoM pac-
KPOIHOM KOMILJIEKCE.

Bosbioe 3nauenme B neaTebHOCTH JTa00pPAaTOPUHT
uMeJt ToT (HakT, YTO BCe 33/1a4M, PelllaeMble ee COTPY/I-
HUKaMW, TPUHUMAJINCH K UCTIOJTHEHUIO TIOCJIe TIATe  b-
HOIl TIPOPaGOTKU € Pa3JUYHBIMU CJIYK6aMU 3aBOJIA.
Howmenrsatypa peraneii fJist na3epHoit 06paboTKu pe-
TYJISIPHO 06CY3K/1a1ach COBMECTHO € TEXHOJIOTHYECKHU-
MU U KOHCTPYKTOPCKUMHE IOJPA3/eJeHUsIMU 3aBOJIA.
[Tpu 5TOM TJIAHUPOBAJIN M TIPOBO/INJIU IKCIIEPUMEHTDI

Puc. 2. Kapaanuble BaJibl, CBAPEHHBIE TPAAUIIHOHHBIM APTOHO-YTO-
BbIM crioco6om (cnpasa) u nazepom (cireea)
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Puc. 5. Jlaszepnasi cBapka BO3/yHIHOTO OaJIJIOHA U UCHAPHUTEJST XO-
snopuibHuka 3U1JI 3 amoMuHreBoro criiasa Puc. 6. Jlazepnas Hanjapka (acok KjianaHos

ABTOMATHMECKAHA JIHHHA
| JAZEPHOI TEPMOOEPABOTKH i
i ’ TFOAOBKH BJOKA HHJAHHAPOB

Puc. 7. JlazepHoe TepMOYyNpPOYHEHUE IOJOBKU GJIOKA IIUJIMHIPOB
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Puc. 8. JlazepHas 3akajika IUJIMHAPOB jABurateseil Buyrpennero cropanus (@) u geraneii asromo6una (6)

Mo pa3paboTKe TAKUX TEXHOJOTHMUECKUX IPOIECCOB,
KaK JiazepHas pe3Ka ¢ IocJeyIollell Ja3epHoii cBap-
KO Tpy6 TJIyIIUTENS, Jla3epHas pe3Ka aJIuTHPOBaH-
HOW JKEeCTH /IS TIPOKJIAJIKK B TOJIOBKE OJIOKA TIWJTH/I-
POB, TEPMOYIIPOYHEHNE BUJIKU [IN3€JIsI, CEPbTH, pbluara
VIIPaBJIeHNs, KOMITPECCHOHHBIX KAHABOK MTOPIIIHEH, JTa-
3epHas HallJIaBKa pbluara JIMCKa CIENJIEHUS U JIPYTUX
JleTaJieit.

[Ipumepbl TpUMEHEHWS JIA3€PHBIX TEXHOJOTHI
npuBe/ieHbl Ha puc. 1-9.

Corpyauukamu Ja60paTOPUN U MPUBJIEIEHHBIMEI K
ee paboTe CIeNuaJUCTaMu JPYTUX OPTaHU3AINN OBLIO
oIy 6JTMKOBAHO HECKOJIBKO COTEH paGoT B BEAYIINX Ha-
VYHO-TEXHUYECKUX JKypHaJax. Pe3yabTaThl peryJisp-
HO JIOKJIQ/IbIBAJIA HA OTE€YECTBEHHBIX M MEKIYHAPO.I-
HBIX KOH(MEPEHINSAX W CUMIIO3WyMaX, W OHW BCeraa
BBI3BIBAJI TIOBBITIIEHHBI WHTEPEC Y HAYYHOU ayIUTO-
pun. O Hay4YHOM YPOBHE BBITIOJIHEHHBIX B CTEHAX
3N Jla paboT TOBOPUT ¥ KOJTMYECTBO 3AIUIICHHBIX JIHC-
cepraiuii Kak COTPYAHUKAMU JJab0PaTOPUH, TaK U IIPU-
BJIEUEHHBIMU K Halel o6Ieil paboTe CrernaaincTaMm
U3 JAPYTUX OpraHu3aiuii.

Takum 06pa3omM, OBLI BBITOJHEH OOJIBIION 00HEM
HAYYHBIX UCCJIEJ0BAHMI JJISI CO3JAHUS TEXHOJIOTYeC-
KHUX MPOIECCOB Ja3epHoit 06paboTkn MaTepuasoB. Ot-
KPBLIUCDH MMUPOKHE TIEPCIIEKTUBDI JJISI UCTIOJTb30BAHUS
Ha 3aBO/IaX aBTOMOOUJIBHOM OTPAC/IH JTa3ePHOM TEXHUKH.
Hamr TeXHHMKO-9KOHOMHMYECKHI aHa/JIN3 II0Kas3asl, d4To

Puc. 9. JlasepHas npomIMBKa OTBEPCTHH B JKUKJEpPaX TOILINBHOM
CHCTEMbI [IN3€JIbHBIX J(BUTATE el

3UJly tpebyercst Gosiee S0-TH pa3HOOOPA3HBIX JA3€POB
U JIa3epHbIX TEXHOJIOTMYECKUX YCTaHOBOK. K coxase-
HUTO, B TIOCJIE/THIE TO/IbI 32aBOJI HAXOUTCS B KPU3UCHOM
COCTOSIHUM M IPAKTUYECKU HE 3aHMMAeTcs TeXHUYec-
KUM TI€PEBOOPYKEHIEM W BHEAPEHHWEM HOBOH, B TOM
yic/ie u JasepHoll, Texuuku. Hazxeemcs, yro nosyden-
Hble B JazepHoil Jaboparopun 3UJla pesysbrarhi
OKa)KyTCSI BOCTPeGOBAHHBIMHU HE TOJBKO HA aBTOMO-
OUJIBHBIX 3aBOJAX, HO M HA MAaIIHMHOCTPOUTEIBHBIX
MPEJNPUATHSX JIPYTUX OTpacJieil MPOMBIIIJIEHHOCTH.
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SURFACE MODIFICATION
OF VACUUM-ARC DEPOSITED CONDENSATES Ti/Fe,
Ti/Mg AND NICKEL ALLOY SDP-2 BY USE OF LASER

Y.M. GNYLYTSKIY', V.V. DZHEMELYNSKIY', A.V. DEMCHYSHYN? and A.P. KRASAVIN'
) INTUU «Kiev Polytechnic Institute», Kiev, Ukraine
21 M. Frantsevich Institute for Problems of Materials Science, NASU, Kiev, Ukraine

Coatings from Ti/Fe, Ti/Mg, SDP-2 40—-140 mm thick were produced on the stainless steel substrates by use of
unfiltered vacuum-arc deposition process. Morphology of surface, cross fractures, microstructure, microhardness and
density of the condensates were studied depending on electric displacement of the substrate, cathode temperature and
thickness of sublayers of multi- Ti/Fe, Ti/Mg and single-layer PSD-2 condensates. The surface of the obtained
condensates was affected by use of laser scanning for investigation of the changes of properties of these items. The
results of investigation showed a significant effect of these process parameters upon structure and properties of vacuum-arc

condensates.

Condensates of multilayer Ti/Fe, Ti/Mg composi-
tions and nickel alloy SDP-2 are of great practical
interest because of the high corrosion resistance in
aggressive environments and strength, as well as heat
resistance (SDP-2). These materials can be used as
protective coatings in the chemical industry, aero-
space engineering, automobile construction and medi-
cal devices. For example, the SDP-2 is a perspective
material for increasing wear resistance under high
temperature conditions. Multilayer Ti,/Fe composi-
tions can be used for production of new types of pro-
tective coatings, as well as stand-alone products from
intermetallic and permanent links by means of diffu-
sion bonding.

Coating deposition process performed by means of
unfiltered vacuum-arc evaporation would greatly save
expensive materials, as microdrop phase in plasma
flows issued by high velocity from cathode spots in
the direction of the substrates contributes to the for-
mation of coatings. To delete a microdrop phase and
improve the structure of multilayer compositions of
systems Ti/Fe, Ti/Mg, SDP-2, surface of the con-
densates is affected by laser emission.

In this paper we present the results of investiga-
tions of some process parameters (electronic displace-
ment on the substrate, thickness of sublayers in mul-
tilayer compositions, influence of laser emission) upon
the structure, phase composition and hardness of
Ti/Fe, Ti/Mg, SDP-2 condensates obtained by use
of unfiltered cathodic arc evaporation in vacuum.

Experimental. Coatings from Ti/Fe, Ti/Mg,
SDP-2 on substrates of stainless steel and nickel were
produced by use of unfiltered vacuum-arc deposition
process. For these purposes we used vacuum-arc in-
stallation BULAT-3T, schematic diagram of which is
shown in Figure 1.

We produced cylindrical cathodes of front type
with a diameter of 64 mm and a height of 45 mm from
pure metals (titanium, magnesium, nickel) by me-
chanical turning of the ingots of vacuum-arc remelting
of titanium, magnesium and nickel in argon, and their
tail unit (on the side of cooling) in a single techno-
logical cycle from pure titanium in order to ensure
good mechanical workability of cooled front unit of
the cathode. As substrates for coatings we used blank
sheets of stainless steel 12 x 17 mm with dimensions
of 100 x 100 x 0.3 mm. Deposition of condensates
was carried out in the container with high purity
argon at a pressure of 3-10”" Pa. Cleaning of substrates
was performed by bombardment of their surfaces by
argon ions, and then prior to the application of coat-
ings by metal ions of the cathode material with the
negative potential being —180 V and a pressure of
3-107% Pa in the container to prevent microarcs for-
mation and damage of surface condensation by them.

After purification by ion bombardment and simul-
taneous heating of substrates up to 400—450 °C (3—
5 min) the negative potential decreased to about 180
and 50 V, and coatings deposited. The distance be-
tween the substrate and the cathode varied from 100
to 140 A depending on cathode material.

The condensation of multilayer Ti/Fe, Ti/Mg,
SDP-2 condensates was performed by means of con-
secutive movement of substrates from one cathode to
the other through the mechanism of rotation of the
knee-type substrate-holder with continuous evapora-
tion of the cathodes. Duration of sublayers deposition
was controlled by timing relay connected with the
electric chain of rotary actuator of vertical shaft with
a vacuum input into the process container of the in-
stallation. The duration of each sublayer condensation
in this investigation was 50, 40, 30, 20 and 10 s,
which allowed receiving condensates with the modu-

© Y.M. GNYLYTSKIY, V.V. DZHEMELYNSKIY, A.V. DEMCHYSHYN and A.P. KRASAVIN, 2011
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Figure 1. Schematic diagram of vacuum-arc installation: 7 — vacuum container; 2 — substrate; 3 — stabilizing coil; 4 — front cathode;
5 — arc lighter; 6, 9 — power supply for arc discharge; 7 — mechanism of substrate-holder rotation; 8 — power supply for delivering

of electric displacement to the substrate-holder

Figure 2. Typical structures of the condensed Ti/Fe (@) and nickel alloy SDP-2 (b) layers

lation of the multilayer structure 500, 350 and
200 nm. The total duration of deposition of these coat-
ings was 60 min, and the total thickness of the con-
densates for Ti/Fe was 80 um, and 60 um for the
system Ti/Mg.

The structure of the coatings was examined by means
of a scanning electronic microscope JEOL 733 and trans-
mission electronic microscope JEOL 200. Laser emission
was applied by means of solid-state laser with a pulse-
periodical process mode KVANT-16. X-ray diffraction
analysis was performed on the installation DRON-3.
Microhardness of condensates in the cross section was
measured by the PMT-3M device.

Results of experiment and discussion. Results of
experimental investigations of surface structure of the
condensates obtained by use of scanning electron mi-
croscopy show no effect of chemical composition and
mode of basic materials evaporation on the topography
of their surface. The globular structure of these con-
densates is observed in all cases. For example typical
structures of the condensed layers of Ti,/Fe system
and the alloy SDP-2 are presented in Figure 2.

Figures 3 and 4 show the structure of the investi-
gated condensates in cross section. Separate layers of
titanium and iron condensate of the Ti,/Fe system,
as well as condensate of SDP-2 alloy has a columnar

H nm

Figure 3. SEM structure of Ti/Fe condensate in cross section
(x40,000)

21



LTWMP'H

| 2.3 pm
Figure 4. SEM structure of the condensate breaking of the nickel
alloy SDP-2 in cross section (x6000)

|

structure typical for the layers deposited in a vacuum
sphere.

The obtained condensates were subjected to im-
pulse function of a laser beam generated by a solid-
state laser KVANT-15 with pulse duration of 8 ms,
0.3 mm diameter of focal spot and power of 2, 5, 8
and 12 J. Laser scanning scheme being used on the
surface of the condensate is shown in Figure 5. Typical
surface structures of the investigated vacuum-arc con-
densates are shown in Figure 6. Penetration zone of
multilayer condensate of Ti,/Fe system contains mi-

L
3373 201

—
Direction

Figure 5. Laser scanning schematic diagram for condensate surface:
1 — specimen; 2 — laser impact zone; 3 — laser beam; 4 —
focusing lens

crocracks, due to the formation of intermetallic com-
pounds TiFe, TiFe; at the sublayer edges. In case of
heat-resistant alloy SDP-2 no formation of mi-
crocracks is observed after the laser beam impact,
which can be explained by the absence of phase tran-
sitions. Formation of intermetallic phases after an-
nealing of multilayer systems Ti,/ Al by means of vac-
uum-arc evaporation is represented in papers [1, 2].

3269 201

Figure 6. Typical structures of the condensed Ti/Fe (a) and SDP-2 (b) layers after laser scanning
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Figure 7.

Change of microhardness of the thin structure of vacuum-arc condensates Ti /Fe (a) and Ti /Mg (b) versus time of application
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Figure 8. Constitutional diagrams of Ti/Fe (@) and Ti/Mg (b) systems
Microhardness of Ti/Fe and Ti/Mg systems. uH, kgf / mm?
Changing in the microhardness of the thin structure
of vacuum-arc condensates Ti/Fe and Ti/Mg re- 1600 b
sulted from time of application (x = 10, 20, 30, 40,
50 s) was calculated using a microhardness measuring 1550
device PMT-3. We can see from the dependence shown
in Figure 7, a and b that the hardness reaches its 1500 k
maximum figures at the mode of deposition T = 10 s.
It can be explained by the fact that at the sublayer 1450 b
edges iron and titanium react with each other to form
stable intermetallic compounds TiFe, TiFe, (Fi- 1400
gure 8, @), which significantly increases the hardness
of the structure. A big quantity of interlayer edges 1350 |
with a minimum duration of the deposition time as
compared to other modes explains the maximum hard- 13””{) . : — I

ness of the condensates. In its turn, titanium and
manganese do not react with each other (Figure 8,
b) and do not form intermetallic phases at the sublayer
interfaces, which explains the lower microhardness
of multilayer Ti /Mg condensates.

Microhardness of the condensates after laser im-
pact. After vacuum condensates Ti/Fe being affected
by the laser beam, the changing of microhardness is
observed depending on the beam power at the mini-
mum duration of the deposition time (x = 10 s) (Fi-
gure 9).

CONCLUSIONS

1. Surface modification of vacuum-arc condensates
obtained by use of impulse function of a laser beam
leads to a significant change in the structure of the
investigated objects, which allows us to influence ac-
tively the density of the condensed layers and to trans-
form globular void structure into a hard-textured re-
melted alloy.

Figure 9. Change of microhardness versus beam power

2. Laser emission function on the layers condensed
in a vacuum sphere allows adjusting the microhard-
ness of condensates in the annealed zone, depending
on the applied power of the laser beam.

3. The nature of interaction between the compo-
nents of multilayer condensates at their laser anneal-
ing effects the microhardness of alloys produced. The
absence of intermetallic phases in case of Ti/Mg sys-
tem leads to smaller increase of hardness as compared
to the multilayer condensate Ti,/Fe, where there is a
formation of stable intermetallic phases TiFe and
TiFeg.

1. Ramos, A.S., Calinas, R., Vieira, M.T. (2006) The formati-
on of y-TiAl from Ti/ Al multilayers with different periods.
Surface and Coatings Technology, 200, 6196-6200.

2. Duarte, L.I., Ramos, A.S., Vieira, M.F. et al. (2006) Solid-
state diffusion bonding of y-TiAl alloys using Ti/Al thin
films as interlayers. Intermetallics, 14, 1151-1156.
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IHTEHCU®DIKAIIA ITPOLHECY JASEPHOI'O
IT'A3OIIOPOIIKOBOI'O HAIIJIABJIEHHA 13
3ACTOCYBAHHSIM EHEPTII IIJIABMOBOI'O CTPYMEHSA

JI.®d. TOJIOBKO, M.C. BJONIIUIIUH, H.O. KAYYPOBCbKA
HTVYY «Kuiscbkuii nositexuivnuit incruryr», Kui, Ykpaina

There were proposed and analyzed some ways of laser-plasma surfacing of working components of machine parts and
instruments. It was shown that mathematical modeling allows determining conditions of getting an optimal result of
laser-plasma gas powder surfacing. The results of modeling of real regimes of laser-plasma gas powder surfacing are given.

3HayHa YacTKa Bi[IMOB MalllMH, 1[0 IPAIIOI0Th B yMO-
Bax [Iii a0pa3WBHUX i arpeCUBHUX CEPEIOBUIIL, BUCOKMX
TeMIIepaTyp Ta THUCKiB, 6e3locepeaHbo TOB’sg3aHa 3i
3HOIITYBAHHSIM KOHTAKTYIOUNX TIOBEPXOHDb JeTaei,
BTpaToIo reoMerpuuHux ¢Gopm™ i posmipiB. /o Takux
JleTasieil MOsKHA BiJTHECTH JIOTIATKY Ta30BUX TYPOiH, IO
npaioioth 1pu temneparypax 900—1000 °C, xii arpe-
CUBHOTO Ta30BOTO MOTOKY 1 aGpa3sMBHUX YACTOK, ITiJI-
I’ ATHUKU TypOOKOMITpECcOpiB, narndu 6ypoBUX JOJIT,
KOJIiHYacTi i PO3NOAIIbHI BaJu ABUTYHIB Ta iH.

[linecupssMoBana 3MiHA (HisMKO-MeXaHIUHUX BJIA-
CTUBOCTEl TOBEPXHEBUX IIApiB JeTaseil MalluH, Bijl-
HOBJIEHHS 1X po3MipiB i dopmu € obaactio ederTus-
HOTO 3aCTOCYBaHHS JIa3€PHOTO Ia30NOPOIIKOBOIO Ha-
niaBaeHHs1. OCHOBHUMM TiepeBaraMu JJaHOTO MPOIlecy
€ yHiBepCaJIbHiCTb, MOXKJIUBICTh O JINBOTO i pariio-
HaJIbHOTO BUKOPUCTAHHA IOPOTUX i fedilluTHIX MaTe-
piamiB, MiHiMaJbHUN BKJIAJ €HEprii B OCHOBY JeTaJi,
Ha Ky IIPOBOJUTLCS HAIlJIaBJIEHHS, MOXKJNBICTD 1OB-
HOi aBTOMaTtu3aiii. HaBiTh mepepaxoBaHi 03HaKH! cTa-
BJIATD JIaHy TEXHOJIOTIIO B PSJl TUX, L0 BiAIOBiAlOTh
HallCy4acHIINM BUMOTaM PO3BUTKY ITPOMUCJIOBOTO BU-
po6uwuirea [1-3].

OpmHak BUCOKa BapTiCTh €HEPTii JJa3epHOTO BUIIPO-
MiHIOBaHHSI Ta icTOTHe 36iJbIIEeHHST cO6IBApTOCTi Ha-
TJIABJICHHS TTPHU 301/IbIIIEHH] TIPOYKTUBHOCTI MIPOIIECY
obMeskye 06J1acTb BUKOPUCTAHHS 1€l TexHoJorii. Y
3B’I3KY 3 IIUM PO3BUTOK HAGYJIM OCJIXKEHHS, CIIPSs-
MOBaHi Ha MOIIYK CIIOCOGIB 3HIDKEHHsS cO6iBapTOCTi
IIpOIleCy JIa3epHOTO TasolOPONIKOBOrO HallJaBJIEHHS
3a paXyHOK BUKOPHUCTAHHS JICIIEBUX JOIOMIKHUX JIPKe-
peJt eneprii. Pe3yabraToM mUX J0CJi/I)KEHDb CTaB TIPO-
1eC JIa3epHO-TIJIAa3MOBOT0 HAILJIABJIEHHS, KOJU (PyHKILI{
KOJKHOTO JisKepeJsia eHeprii 4iTko posmeskoBani [4].
EHeprist nasMu BUKOPUCTOBYETHCS BUKJIIOUHO Ha MiJl-
rOTOBYMIL cTaAii IIpoliecy — TPaHCIOPTYBaHHI Ta Mifi-
rpiBanui mopomky g0 temmepatypu (0,8-0,9)7T .
JlazepHuii TpOMiHb PO3ILIABJISE MEBHUIT 06’'€M MaTe-
piasly OCHOBY i JOBOJUTDH JIO TeMIIEPaTypH IJIaBJIEeHHS
nigirpituil maasmoro nopoiok. Hasesnena TexnoJoris
JIO3BOJISIE iCTOTHO 3061JBIMTYBATH TPOAYKTHBHICTD Ha-

© JL.d. I'OJOBKO, M.C. bJIOIMINH, H.O. KAYYPOBCbBKA, 2011

mJaBJeHHs 6e3 CyTTeEBOro 36iJbllieHHs oro cobiBap-
TOCTI.

[ns po3B’d3aHHg 3a/a4yi BU3HAUEHHS ONTHMAJIb-
HUX 3HAYeHDb KepPYIUHWX ITapaMeTpiB TaKoro KOoMGiHO-
BAHOTO IIPOIIECY ITPOIIOHYETHCS BiANOBIIHIIH aJTOPUTM
(puc. 1).

Ha nepuiomy erarmi Bu6upaerbcs XiMiuyHMA CKIaJ
TTOPONTKOBOTO MaTepiasy, SIKUi HAIIaBJSETHCS, BBO-
JATBCS Ta PO3PAXOBYIOTHCS HOro Teriodi3nvni Bia-
CTUBOCTi, BU3HAUAIOTHCS XapaKTePUCTUKH IJIa3MOTPO-
HY ¥ IJIa3MOBOTO CTPYMEHS, BUTPATH /I03YI0UYOTO TIPH-
CTPOIO, KYT II0Jadi IIOPOUIKOBOrO MaTepiasay Ta Bij-
CTaHb BiJl 3pi3y IJ1a3MOTPOHA 10 TOYKU BBE/EHHA I10-
POIIKY B IJIa3MOBUI CTPYMiHb.

[lng HarpiBaHHSI TIOPOIIKY /10 BU3HAYEHOI TeMIle-
parypHu, gaka craHoBuTb 0,97, MaTepiay, Ipu 3a/1a-
Hill BUTPATi JO3YIOUOrO IPUCTPOIO, HEOOXiTHO 3HANTH
€HEepreTHYHI XapaKTePUCTUKU Ta e(heKTUBHY JTOBXKUHY
[JIA3MOBOTO CTPYMEHSI, 110 326e3IeYyI0OTh HArPiBaHHSI
YACTUHOK IOPOIIKOBOTO Matepiany. /s 1nboro GyJio
BUKOPHCTAHO BiJITIOBiJIHY MaTeMaTU4Hy MOeJb [4].

CrioyaTKy po3paxoBYETHCS BiJICTAaHDb TIEPEeMillleHHS
YacTOK MOPOIIKY [ y TJIa3MOBOMY CTPYMEHi, Ha SIKiit
BOHU TIPHU 33/IaHUX TTapaMeTpax Mpollecy HarpiBaroTbCs
o temreparypu 0,97 .. Ilicag miboro BUKOHy€eTHCS
nepeBipka yMOBU [nin < lposp < Imax. AAKIIO yMOBa He
BUKOHYETHCS, 3/iHICHIOETHCSI KOPETYBAaHHS 33/1aHOi B
PO3paxyHKy cepeHboi TeMIepaTypH IJIa3MOBOTO CTPY-
MEHs y TOYIli BXO/Y MOPOIIKY Y TOTiK TasMu. Ko
yMOBa BUKOHYETBCSI, BifiOyBaeTbcst BUGIp ojHiel 3 Mo-
nleJiel, sIKi 3B’SI3YIOTh XapaKTePUCTUKH IJ1a3MOTPOHY
3 IIPOCTOPOBO-EHEPTETUYHUMHU TapaMeTpaMy IJIazMo-
Boro crpymetst Ty = f(deuny Punrs Iy L). KonTposns
po3nonijly TeMmIleparyp B ILJIa3MOBOMY CTpyMeHi
B3/IOBXK Ta IOIepeK MOTOKY IJIa3MU 3/iiCHIOBAIN 3a
JIOTIOMOTOT0 TEePMOTap, SIKi PO3TANIOBYBAJIHN Ha TIEBHIil
BiZicTaHi BiJl 3pi3y coria.

JlocmipKkenns BUSBIIN, [0 HAWOIIBIITNNA BIINB HA
e(pexTUBHY JOBXKUHY AYT'H Ma€ JiaMeTp COILIa 11J1a3MO-
TPOHA, ITOTIM THUCK ra3y, 110 yTBOPIOE IIa3My, Ta CTPYM
JIyTH.

3a 06paHoI0 MOIEJII0 PO3PAXOBYETLCS PO3MOII
TeMIepaTyp 1O JAOBXKUHI TJIa3MOBOTO cTpyMeHs Ty, =
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Puc. 1. 3araspHuil aJropuT™ Ja3epHO-IIJIA3MOBOTO HAIJIaBJICHHS MaTepiasy

= f(L), BBOAUTHCSA OOMEKEHHS HAa MAKCUMAJIbHY TeM-
neparypy HarpiBanHs Ty,(1,20505,) = 0,97, Ta
Tya(1) < 0,8T yynap.nop- 32 CKOPETOBAHOIO MOJIEJLIIO
PO3paxoBYEThcs e(EeKTUBHA JOBXKWUHA TIIa3MOBOTO
CTpyMeHs, TOOTO JIOBXKUHA, Ha SKill TeMIieparypa 1ias-
mu niepeBuinye 0,97 ,,,. Po3dpaxoBana noBxKuHA Tiepe-
BipsIeTbCS HA Bi/IMOBi/IHICTD YMOBi le¢, < 1,21p03p. Axmo
yMOBa He BUKOHYETDCS, KOPETYETHCS 3HAYEHHS TIapa-
METPIB MJIa3MOTPOHY e yn, Punrs Iq 1 BAPYTe€ BUKO-
HYETBCS PO3PAXYHOK. SIKIO yMOBa BUKOHYETHCS, B
o0paHy MaTeMaTUIHy MOJIEJIb BBOJIUTHCS OTPUMaHa 3a-
JIEKHICTD TeMIlepaTypy IJIa3MH BiJl JOBXUHU Tp; =
= f(L) Ta 3nauenus Bijcrani [{, 3 sKoi TpeGa BBOAUTH
nopomiok. IloTiM BUKOHYETbCS TIepeBipKa, Yu 3HAXO-
JINTbCST TeMIIepaTypa TOPOIIKY Y 33JaHuX MeKax
0.8T 1nan < Trop < 0,97 5155 SAAKIIIO yMOBa HEe BUKOHYETD-
Cs1, KOPETYEThCS 3HAUEHHS [{ i 3HOBY PO3PaXOBYIOThCS
TEeMIIepaTypy TIOPOIIKY; SKIO YMOBAa BUKOHYETHCS,
HepIia 4YacTHHA PO3PAXYHKY KOMOIHOBAHOTO IIPOIIECY
3aKiHYy€TbhCA.

[ToriM 06Upa€eTbCst MOJIEJb JIA3EPHOTO HAIPiBAHHS.
Posrasinaerbes mpoliec, i1 4ac SKOro Ha JIBOIIAPOBE

cepeloBUlIe /i€ Ba PyXOMUX JKepeJia eHeprii — Jia-
3epHUil MPOMiHb i TIasMoBuii crpyminb (puc. 2).
Bepxwniii map sBasie co6010, K OJUH i3 MOKJUBUX
BapiaHTiB, KOMIIO3UT i CKJIQJA€ThCA HE 3 CYyLiJIbHOIO
CILIaBY, a MiCTUTD B c06i TUCTIEPCHI BKIIOYEHHS iHIIIOTO
Marepiajy, IIPUYOMY B TE€XHOJIOTIYHOMY IIPOLECI Jia-
3€pPHO-TIJIA3MOBOTO HATLIABJEHHS KOMIIO3UTHUN MaTe-
piaJi 3a IOMOMOTrOI0 TIJIa3MU MONEPEHbO PO3irpiBAETh-
¢4 i IOMAEThCA B 30HY ILIABJICHHA.

[Ipu MmosenToBaHHi MOKJIUBI Pi3Hi BUXi/IHI Bi/THOCHI
TTOJIOJKEHHS JIa3ePHOTO TTPOMEHS 1 TIa3MOTPOHY : TIPO-
MiHb Jla3epa 3HaXOJUTbCS Tiepe/]] MJIa3MOBUM CTpyMe-
HEM i mi/mIaB/sie MaTepiaa ocHOBH, ab0 KON 06MaBa
TETLIOBI JKepeJia CITiBMaaaoTh [4].

[lns mMopesmoBanHsa GyJI0 06paHO CXEMy IPOIIECY,
mpejcTaBjeHy Ha puc. 2. Y BignosigHocti g0 Hei Jia-
3epHUll TPOMiHb 3 NOTYXKHicTIO P (poKyCyeTbCs HA TIO-
BepxHi 06pO6IIOBAHOTO BUPOOY, IO PyXaeTbes 3i
mBuAKicTio V' y masmy giamerpoM dy,. [lapamerpu 06-
poOKK 3a6e3MedyIoTh TiANIaBIeHHsS TTOBEPXHI Mate-
piany ocuoBu. IlopoikoBa KOMIIO3UIiSA MOAAETHCA Y
IJIa3MOBHUH CTPYMiHb IIOTOKOM TPAHCIOPTYIOYOTO Ta3y
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Puc. 2. Cxema IIpoIecy J1a3epHO-IIJIa3MOBOI'O Ia30IIOPOIIKOBOTO HAIlJIAaBJICHHS

3 BuTparoio G i 3a yac MPOXOKeHHS BiacTani L Tmi-
nirpiBaetbes 1o temmneparypu (0,8—0,9)T . Ilpu
IIbOMY BBEJICHHSI TIOPOINKY B PO3IJIABJIEHNN MaTepias
OCHOBH 3/1ilICHIOBAJIOCD TIi/i IeBHUM KyToM o.. ITpu naz-
XO/PKEHHI y BaHHY PO3ILJIABY IiJirpiTOro mOpOUIKY B
OCTaHHill Bif6yBaeTbCsl BUPIBHIOBAHHS TEMIIEPATYP TI0
HarpitoMy o6’emi, KpucTaJi3allis i loro 0XoJo/1KeH-
HA. B pesysibTari Ha IOBEpXHi MaTepiasly yTBOPIOETHCS
niap HalJgaBJAeHOTO MaTepiasy BHU3HaveHoi dopmu i
posmipis (Bucororo £ i mupunoro b). ITig HantaBaeHuM
MeTaJIOM Ha IPaHulli 3 OCHOBOIO PO3TAIIOBY€ETHCS IIPO-
MIKHUN TIap TOBIIUHOIO [y, € BimOyJOCs B3aeMHE
nepeMilllyBaHHsA HAILJIaBJEHOIO MaTepially i MaTepiany
OCHOBH, i 30HA TEPMIYHOTO BILIUBY TOBIIMHOIO /i3TR.

KinneBuM pesyabTaToM MOJICTIOBaHHSI Mae OyTH
pO3TIOIia TeMIepaTyp B KOKHIUN MOMEHT 4acy Ta OTTH-
MaJIbHUI PO3MO/IiJI MBUIKOCTi Bi/[THOCHOTO ITepeMillieH-
HS TJIa3MOTPOHY i JIa3€pHOTO NPOMEHSI.

Orxe, po3paxyHKOBa 06JIaCTb MAa€ HEKAHOHIUHY
¢opmMy i B Tiporieci HalJIABJEHHS 3 TIJIMHOM Yacy 3Mi-
HIOETbCA. BoHa [iMTHCST HA [1Bi YaCTMHU: TiAKIAAKY
y dhopMu TIPSIMOKYTHOTO TapaJiesierntine/ia i HariaBJie-
HMA map, mo Mae uutingpuuny dopmy (puc. 3, a).
Hannasnenuii map pyXxaeTbcsi CHHXPOHHO 3 I1J1a3MO-
tporom (puc. 3, 6).

e -

"rﬂ'] (;I

¥=

[/

Puc. 3. PospaxyHkoBa 00J1acTb ISl ABOX MOMEHTIB 4acy: d —
MOYaTKOBUI; 6 — KiHIeBUi

Marepias HamIaBJeHOTO Iapy B y3araJbHEHOMY
BUTJISIZIi Mae KOMIIO3UTHY CTPYKTYpPY, TOOTO CTasieBy
MaTpHUII0 OCHOBM Ta BKJIIOYEHHS iHIIOTO Marepiay
(nanpukmaz, GPOH3M UM IHIIOTO PIZHOBULY CTaJIi).
Posmipu Bci€ei po3paxyHKoOBOi 06J1acTi IO3HAYNMO Ye-
pes Ly, L,, L, Bucory nokpurra — uepes h. Ilnas-
MOBUI CTPyMiHb MJIa3MOTPOHA i TMPOMiHDb J1azepa py-
XaloTbcs CUHXpOHHO 3i mBuzakictio V. IloTyskHOCTi
IJIA3MOBOTO CTPYMEH Ta JIA3€PHOIO IPOMEHIO B TIepe-
pisi posnoaiseni BignosigHo gynkilii [aycca i Bukm-
KaloTh TEILIOBI TIOTOKH 3 ryctuHomw ¢, (x, y, t) Ta g, (x,
y, t) BianosigHo. TeMiepaTypa 0TOYyIOUOTr0 CEPEOBH-
a2 MO3HAYa€ThCA Yepe3 Ulcep.

[lsig cripotneHHST pO3paxyHKiB B MO/ieJi He BpPaxXo-
BYETbCS BILJIUB Ha MIPOIIECH TEILJIO- Ta MacollepeHeceH-
HS PyXy PO3IJIABJIEHOTO MeTaay Ta fedopmariis Bijib-
Hoi nmoBepxHi. HeoO6XiHO /115 3a/1aH0T PO3PaXyHKOBOT
06s1acTi 3HAUTH PO3IO/IJ TEMIIEPATYPH, 110 00YMOB-
JIIOETHCA PYXOMMM JIa3€PHUM IIPOMEHEM i IJIa3MOBUM
CTPYMEHEM, IIPOBECTU OLTUMI3allil0 PO3NOAINLY LIBU/-
KOCTeli CUCTEMHU «JIa3epHUN IPOMiHb—IJIa3MOBH CTPY-
MiHb» .

Marematnyna mogenb. Posmoxin Temmepartypu
U(x, y, z, t) B po6ouiii 06JacTi ONUCYETbCS TPUBHU-
MipHUM HeJiHiHUM HecTalliOHApHUM PiBHSHHSIM Terl-

JIOIIPOBITHOCTI
ou 0 oU 0 oU 0 oU
cp—=—|A—|+—|A—|+—|A—]| (1)
ot ox ox oy oy 0z 0z

ne c(z, U) — muToMa TEIIOEMHICTh Martepiany, Mo
BpPaxOBY€ HasgBHICTb (pa30BUX MEPEXO/IiB i KOMIIO3UTHY
CTPYKTYpY Harutassenoro mapy; p(z, U) — rycruHa;
rz, U) — KoeillieHT TeIrJIONPOBiIHOCTI. 3asexk-
HicTb TemtodismuHNX KoedilieHTiB BiJf KOOpANHATH 2
06yMOBJIeHAa HasgBHICTIO OCHOBH i ABOX(pa30BOTO Ha-
IJIABJICHOTO IIapy Ha ii MOBEPXHi.

I'pannuna ymoBa Ha moBepxHi 06po6KYM B 30HI Ail
JIA3€PHOTO ITPOMEHSA MA€ BUTJIAJ

N oU(x, y, 0, t)
0z

+q(x, y, t) = 0. 2)
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Puc. 4. I3omiHii TeMmepaTypn Ha Mei cepeoBUII [T MOMEHTY uacy t; = 2,017 (a) n t; = 2,55 (6) ¢

I'panmuna ymMmoBa Ha TOBepXHi 06POOKH 11034 30HOIO
[lif Jla3epHOro BUIIPOMiHIOBaHHS # TPaHUYHI YMOBH Ha
iHIIMX TPaHSAX PO3PAXyHKOBOI 06JacTi MOJEJIOIOTH
TenI006MiH i3 cepeioBuiileM 3a 3akoHoM HbloToHa:
ou

A= (U — Usy).
o ( o)

3

[TouaTkoBa TeMiiepaTypa JeTaji JOPiBHIOE TeMIle-
paTypi HaBKOJUIITHBOTO CEPEOBUIIA:

U, y, 2, 0) = Ug,. 4)

Marepiast HATLIABIEHOTO IMAPY SIBJIsIE COOOI0 IBOX-
dasme cepesosuIe. 1oro MoKHa BBaXKATH KOMIIO3HT-
HUM MaTepiaJloM 3 PeryJisIpHOI0 CTPYKTYPOIO, OCHOBY
SKOi CTAaHOBUTH €JIeMEHTapHA JIaHKa y BUTJSAL KyOa
[3]. Jlanka ckyamaeTbest 3 MaTpuIli, MaTepiaJ sKoi Xa-
PaKTEPUBYETHCS MapaMeTPaMK Py, Cpyy Ay (TYCTHHOIO,
Koe(illieHTaMK TEMJIOEMHOCTI i TEIIONPOBiHOCTI), i
BKJIIOUeHDb chepuunoi opMu 3 BiJOBIIHUME Tapa-
METPaMH pf, Cf, As. 3aBJAHHA PO3PAXYHKY POSTOJILITY
TeMIIEPaTyPH B KOMIIO3UTi (DOPMYTIOIOTHCS MO0 TEM-
neparypu, ycepeaneHnoi mo o6’eMy ejeMeHTapHOI KO-

Mipku <T> = %J‘ UdV, mo 3anexuth Bij edeKTus-
1%
HUX XapaKTEePUCTHK KOMIIO3UTY Peff, Coffs Meff-
EcdexTuBHEe 3HAUEHHS TEIJIONPOBIHOCTI HAIIaB-
JIEHOTO IIapy 3a YMOBH, IO BKJIIOUEHHs cepudHi i
MaloTh Masty 06’eMHy KoHueHTpaiioo V< 0,3, MoxHa
OOYNC/INTH 3a 3aJIESKHICTIO HaBeAeHoo B [, 6].
EdektuBne 3navenus 06’e€MHOI TENJIOEMHOCTI Ha-
IJIABJIEHOTO APy B MIPHUITYIIEHHI, [0 PO3IIOIi/I TEMITE-
patypu B 06csi3i eeMeHTapHOi JIAHKU OJU3bKUI /10
OJTHOPITHOTO, MOKHA OOUUCIUTH 32 (POPMYJIOI0

Ceff = (Cp)eff = Cm(1 - Vf) + Cfvf’ )

e Cm, Cf — o0’eMHa TEIJIOEMHICTh MaTepiayiB MaT-
puli I BK/IIOYEHb, gKi BPaXOBYIOTb CXOBaHy TeILJIOTY
mrasaenns (xpucranizanii). dxmo C,, i Cr ampokcn-
MyBaTH KyCKOBO-TiHitHUMu ¢yHKUisMmu Big U: C,, =
= auu + b, Cf = ap + by, 10 i edeKTUBHE 3HAYCHHS
006’ eMHO{ TeTIoeMHOCTi 6yie KyCKOBO-JTiHilfHOIO (DY HK-
ITI€I0:

Cop = (P = (@t + by)(1 = V) + (6)

+(au + bp)Vy=au + b,

e

a=x, — K”,Vf+ Kfo, b= bm - mef + bfo

MogemoeTbes polec Ja3epHo-111a3MOBOI0 Hallla-
BsieHHst iopomky 6ponsu OILC 3-8-6 Ha craap 9X12.
Ha mnepiomy etami BBOJSATHCSI PO3MipU IIpeMETHOT
06J1acTi, BiINOBIZIHO 3 YNM 3MIiHIOETbCS 300PasKEHHS
JleTasTi, Ta TOBIIMHA MJ1a3MOBOro okputrts (em: L, =
=1,L,=1,L,=2, h=0,1), mapaMerpn JTa3epPHOTO
IpoMeHs i TIasMoBoro crpymens (pajiyc, MOTyK-
HiCTb, WBU/KICTb MepeMillleHHSI, KOOPJAWHATU I10JIO-
SKEHHS X, Yy, BiZiICTaHb MiXK IJIa3MOBUM CTPyM€HEM i
JaszepHuM nipomenem). TTorim 3agaorses rertodisny-
Hi [apaMeTpu IMOKPUTTA 1 MaTpulli, KOHLEHTpallisd
BKJIIOYEHb, IIOYATKOBi IMapameTpu cepejoBuina. Bci
PO3PaxyHKHN IIPOBOJATHCA B KiJIOTpaMax, CaHTUMeTpax
i CeKyHJax.

[l BUKOHAHHS Y1CEJbHUX PO3PAXyHKiB BBOJATD-
s 3HAYEHHS OOMEKYIOUMX MapaMeTpiB (BenmunHa MaK-
CUMAJIBHO TIPUITYCTUMOT TIOXWOKY, TPAHUYHI 3HAYEHHS
KPOKIB 110 OCSM 1 B 4aci, 3Ha4eHH MiHiMaJIbHOI i MaK-
CHUMaJIbHOI TeMIlepaTypH, 3araJbHAN Yac HallJIaBJIeH-
Hst). ITic/ist 3aBepIIeHHs MiZATOTOBYOrO TPOIECY 3iii-
CHIOETBCSI YHCeJbHEe MOJEJIOBaHHS i IPe/CTaBJIeHHS
pe3yabTaTiB PO KOXKEH HOTO KPOK.

B nentpi soum Aii 1171a3MOBOTO CTPyMeHsI CIIOCTe-
piraeTbcs Hai6iJgbIIa TeMIepaTypa BiIHOCHO MeXi
JIBOX CEpeIOBUI — IMOKPUTTA Ta IMiKJAJKH, 10 CTa-
HoBUTDH Tpubm3HOo 940 °C. Ille ogun mik TemepaTypu
HAIEKUThb 30HiI Aii Jasepuoro mpomens (puc. 4).
IIpote, ockinbku Jlazep po3TalloBaHoO Iepe] Iyrolo, a
nrap HaluJeHHS 3 SBJSETLCS B JIESAKiN 06J1acTi Mmicast
IIPOXO/PKEHHS YTH, 11ei MK 3HaXOJUTbCS He Ha MeKi
Cepe/lOBUI, a Ha ITOBEPXHi JeTasi, e HaIlJIaBJCHHS
1ie He Big6yBaeTbes. s 3aificHeHHsT onTiMi3arii 06-
JIACTh Y HampsAMKY oci Oy po36WBAaE€TbCS Ha MiJISTHKH
Ta BM3HAYAETbCA KYCKOBO-TOCTiiHA (YHKIiA 3MiHU
mBuAKocTi. IloTiM Bu3HaYaeThcs GaykaHUil Aiama3oH
TeMreparyp, B mpukaadi 3agafo Ty, = 600, Th.x =
= 900 °C. Ilicna mopagiitHoi iteparii 6y10 OTpUMAHO
PO3IO/IiJI TMBUKOCTEN, TIPEe/ICTaBAeHNUI Ha pUC. d, d.

Ha puc. 5, 6 1moKasaHo, sIK 3MiHIOETbCS TEMIIEpa-
Typa, TOOTO MaKCUMaJibHi 3HAYEHHS TeMIeparyp, 10
CIIOCTEPiraanuch Ha MeXKi [IBOX CEPEeIOBHII BIIPOJOBX
nepe6iry mporiecy HamaaBiaeHHs. Bepxus kpuBa Ty
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Puc. 5. Onrumanbuuii posnosia msuakocreir (@) i Bianosiguuii posnoain remneparyp (6)

IIOKa3y€e MaKCHMaJbHE 3HAYCHHS 3aJaHOTO TeMIlepa-
TYypHOTO Jianasony, T, — MiHiMaJbHe 3a/laHe 3Ha-
yeHHsT Temriepatypu. [Ipu mepmiomy po3paxyHKy TeM-
nepaTypy OTPUMY€EMO TIOYaTKOBE 3HAYEHHST PO3IO/Iiay
T o4, SIKE XOU i 33/I0BOJIbHSIE 3aJIaHOMY [Jlialla30HY TeM-
mepaTyp, aje BUMara€ CyTTEBOI KOPEKIIiT MBU/IKOCTEN
Ha Jianma3oHax. 3HadeHHs TeMneparyp 1oy, TIpU OTpU-
MaHUX B pe3yJbTaTi [POXOoAYy IUKJIY OITUMi3allil
HIBU/IKOCTSIX 3HAYHO Kpallle 33/10BOJbHSIOTh YMOBaM
OINTHUMi3arlii.

Bucuosku

MopemoBaHHs BUCOKOTPa/lieHTHUX TeMIIepaTypHUX IO~
JIiB 3HAUHO IPUCKOPIOETHCS TIPU BUKOPUCTAHHI ajiari-
TUBHMX METO/IiB PO3B’SI3Ky KpaloBUX 3ajia4y. 3ampo-
IIOHOBAHO Ta IIPOLMIOCTPOBAHO ONTHUMi3alliio IIPoLecy
JIa3epPHO-TIJIA3MOBOTO HATIJIABJIEHHS 3a MIBU/IKICTIO TIe-
pecyBaHHS CHCTEMHU <«Ja3epHUH MPOMiHb—TIIa3MOBUI
CTpyMib». /I 1IbOTO 3allpPOIIOHOBAHO 3aCTOCYBaTH
MOCJIi/IOBHO TPAIIEHTHUI METO/| Ta METO/] OIliHIOBAHHS
3 BUKOPUCTAHHAM KBQIPaTUYHOI allpOKCcUMaIllii.
Pospo6ieHo nporpamue 3a6e3rneveHHsI, TpU3HAUe-
He SIK /1T PO3POOHUKIB TEXHOJIOTIYHUX TTPOIECIB KOM-

61HOBAHOTO JIA3€PHO-IIJIA3MOBOIO HAIJIABJIEHHS, TaK i
JIIST CTIeIiaJiicTiB 3 YnMCeNbHOTO MojesoBanus. IIpo-
rPaMHUI KOMILJIEKC € 3pYYHUM Y BUKOPUCTAHHI i HaJla€e
6araTo MOKJIUBOCTEN /1T 3HAXO/[KEHHS NITyKaHNX pe-
3yJIbTATIB Ta iX aHaJi3y.

HemoikoM 3acTOCOBAHOTO anrOPUTMY TOGY/I0BU
CITKU € Te, 10 BHACJIJOK ii CTPYKTypOBaHOCTI BY3JI1
YIIiJIBHIOIOTHCA He TiJIbKU B 30HaX BUCOKUX TPA/I€HTIB,
aje ¥ 1o3a HUMU.
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3AJIUIIKOBI HAIIPYKEHHS TA TED®OPMAIIIL
B CTAJIAX ITPU JJASEPHOMY ®OPMOYTBOPEHHI
OB’€EMHHUX KOHCTPYKIIIIA

J.D. TOJOBKO, A.[1. KAIJVISFK, A.H. JIVTAfI, 10.B. KJIIOYHUKOB, A.Il. IIOJIEHIKO
HTVYY «Kuiscbkuii nositexuivnuit incruryrs», Kuis, Ykpaina

Phase structure and composition of the 65G steel sheets 0.5 and 2.0 mm thick treated with CO,-laser were investigated.
Laser beam power was 0.8 kW, laser beam travel speed — 1.2 m /min, and laser beam shape — round with Gaussian
intensity distribution and horseshoe with intensity distribution close to rectangular. Number of passes in laser processing
varied from 1 to 4. Analysis of samples was done with help of X-ray diffractometer DRON-4 in non-filtered Co-radiation.
The number of retained austenite was determined by means of homologic pairs, the concentration of carbon in marten-
site — with help of inter-doublet distances of selected singlets (002) and (020)(200).

@DopMOYTBOPEHHS Pi3HOMaHITHUX SIK IIPOCTUX, TakK i
CKJIQJTHUX TPOCTOPOBUX METAJEBUX KOHCTPYKIIN €
THYYKHUH, OCTATHbO MPOAYKTUBHUN Ta BUCOKOedeK-
TUBHUI TIPOIleC 32 PaxXyHOK IJIACTHYHOI Jepopmartii,
BUKJIMKAHOI JIOKAJBHUM JIa3epHUM HarpiBaHHAIM [1—
6]. Ile o6yMOBJIEHO MPOCTOTOI TEPEHAJATOIKEHHS
IIpollecy Ha BUTOTOBJIEHHSI HOBUX KOHCTPYKILiH, MOX-
JIUBICTIO BUTOTOBJICHHS KPYIMHOTa0apUTHUX BUPOOiB,
BiJICYTHICTIO IOPOTOTO Ta IIBUAKO3HOIIYBAHOTO (pop-
MyBaJ/IbHOT'O iHCTPYMEHTY, Bi/ICyTHiCTIO KOHTAKTY iHCT-
pyMeHTy 3 o6poOmoBanuM MatepiasoM. KinmeBa
06’emHa KoHirypailisg Bupo6y 3HAKOM, BETUIUHOIO T
XapaKTePOM PO3NO/IiIy 3a uIKoBUX gecdopmaitiii. Oc-
TaHHI ABJIAIOTbBCA Pe3yJbTaTOM PpeJlakcallii Haupy-
JKeHb, 1110 BUHMKAIOTh B MartepiaJji i/l 4ac o6poOKH.
BuHuKHeHHS Halpy»KeHb, B CBOIO YepPTy, € HACJiIKOM
ITPOXO/IPKEHHST HEOJHOPITHUX 3MiH MUTOMOTO 00’ €MY B
nepepisi Bupo6y. B MaTepianax, B IKMX BiIOyBalOThCS
(ba30Bi epeTBOpeHHs Ipu HarpiBaHi (Ta 0X0IO/KeH-
Hi), TOJIOBHOTO IIPUYMHOIO HEOJHOPIAHUX 3MiH IINTOMO-
ro 06’eMy € caM (DaKT MPOTIKAHHS II€PETBOPEHD.

Cxema mpoBe/ieHHs1 eKcnepuMeHty. /[y mocin-
JKEHHSI 3aKOHOMiPHOCTEH TIpoliecy J1azepHoro ¢hopMo-
YTBOPEHHS TIPOBOAUIN 0OPOOKY 3pa3KiB 3 HEPIKABIIO-
4yoi craJli ayCTEHITHOIO KJacy Ta HU3bKOJIErOBaHOI
ByrJeneBoi crani 651 3 posmipamu 100 x 50 MM TOB-
oo 0,5—2,0 MM. Pexxum o6po6Ku o6upasiu 3a 1010-
MOTOIO CITeIiaJJbHO PO3pO6JIEHOTO MPOrpaMHoro 3abe-
3nevennsd [7, 8]. Ha moBepxHIio 3pa3kiB HAHOCHUJIH TI0-
KPUTTS 3 OKCUAY IMHKY. 3Pa30oK 3aKpillsIioBad KOH-
cosibHO B crpy6rmni. Ha Bigcrani 10 MM Bix Micid
3akpinenHst npomeneM CO,-y1a3epa HerlepepuBHOT /1i1
3/ilficHIOBa/IM TIPOXi/ HA BCIO UPHUHY 3pa3ka. Ha Bin-
crani 10 MM Bif] BiJTbHOTO Kpato 3pa3Kka BCTAHOBJIIOBAIN
ingukarop nepemimenns (puc. 1). Ilepemimenns ma-
TEMATUYHO 06PAaXOBYBAJIM Ta BU3HAYAJN BEJTMUNHY Jle-
dopmartii, ska npeacTaBsgacs y BUTJSAAI KyTa 3TH-
HaHHS B rpaaycax Ta BigoOpaskanacs Ha rpadikax
(puc. 2-6).

Pesyabratn sazepHoro (opMyBaHHS ILIACTHH.
[lin dvac o6GpoOKM 3pa3ka 3 HepsKaBilouoi craJi
12X18H10T roBuuHO©O 1 MM TIpU MOTY>KHOCTI TIpOMe-
s 0,6 kBt i giamerpi dokanpHOl TISIME 1 MM CcTIO-
crepirasacsl MPakTUYHO MPSMO TPOTOPITiiHA 3aJexX-
HiCTb a6COJIOTHOI AedpopMartii Bi/i KiTbKOCTI TPOXO/IiB
(puc. 2, a).

[Ipu o6pobiii 3paska 3 ByrJerneBoi crauai 651 Tos-
muaoio 0,5 MM (motysxHicTh poMens 0,8 kB, msua-
KicTb nepemimienns 1,0 M/ ¢, giameTp okaabHOT 15~
MM 4 MM) TaKOK CIIOCTepirajacs IpsAMO IPONOPIiiiHa
3aJIeXHiCTh a6coJoTHOI Jedopmartii Bifl KiTbKoOCTi
MIPOXO/IiB. AJie BeTmunHa BifHOCHOT lechopmartii 3a Ko-
skeH npoxig Oyna gemo nmxdoo (puc. 3, a, 6). 1le
MOSICHIOETBCS TUM, IO y BYTJEIEBUX CTASAX Binoy-
BaIOTHCA CTPYKTYPHO-(a30Bi IepeTBOPEHHS [TPU HATPi-
BaHHi Ta OXOJIO/PKCHHI, B HUX ITOPA/L 3 HAIIPYKCHHAMHA,
BUKJIMKAHVMU TEPMiYHUM BCIIaHHAM MarepiaJy, Ail0Tb
HATIPYKeHHs1, 06YMOBJIEHI CTPYKTYPHO-(ha30BUMHU Tie-
perBoperHsaMHE. [lanuit paKTOP MOSCHIOE TAKOXK SBUIIE
«roctaedopmMalii», siKke criocrepiragocst npu o6poOITi
3paskiB 3 ByrJenesoi crami (puc. 3, ). Cuia miakpe-
CJIUTH, TIT0 TP 3a3HAYEHUX YMOBAaX O6POOKHU HAIPSIMOK
noctaedopmallii B eIKUX BUMAIKaX OyB TaKuUM 3Ke,

o

10 70
< »
o L
1
Puc. 1. Cxema npoBefieHHs eKCIIepUMEnTyY: | — iHAMKATOP TepeMi-
nieHHdA; 2 — 3pasok; 3 — JasepHuil npominb

© JL.®. TOJIOBKO, A.JI. KATJISIK, A.H. JIVTAI, 10.B. KJIIOYHUKOB, A.IL. TIOJIEIIKO, 2011
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Puc. 2. A6comorna (a) Ta Bignocna (6) mpedopmatiis st 3paska 3

npomens 0,6 kBr i giamerpi ¢oxanbHol msmu 1 Mm

SIK 1 HAIIPSIMOK OCHOBHOI fiepopMaltii, a B IETKUX MPo-
munesxxanM (quB. puc. 3, 6).

Y Bunajky 36ijbleHHs AiaMeTpy (hOKaJIbHOT TIIs-
MU 710 6 MM TIpH iHIIUX CTaGiJIbHUX MapaMeTpax Xa-
pakTep aGCoOMOTHOI Ta BiHOCHOT medopmariii He 3Mi-
mioBasest (puc. 4, a, 6), ane nocraedopmartis Halyna
YiTKOTO HATIPSIMKY — TPOTUJIESKHOTO OCHOBHOT 1epop-
Mallii, BUKJioyaioun nepumii npoxia (puc. 4, ¢). Ipu
HOAATBIIOMY 30ibIeHH] (DOKATbHOI MIAME 10 8 MM
3i 36epeskeHHsIM PiBHS iHIIMX MTapaMeTpiB criocTepira-
Jlacst HaCTyTTHA KapTUHA: TIPOTSToM repimux 10-tu mpo-
XO/IiB XapakTep abCcoI0THOT Ta BiiHOCHOT gedopmartii
6yB aHAJIOTIYHUM /IO TIOIepeNHiX BHUIIA/JKIB, aje Mij
Yac HACTYIHUX IPOXO/iB 3POCTaHHA KyTa 3THHAHHSA
npakTuyHo npuiHniIocs (puc. 5, @, 6), OCKiJIbKI
BeJIMYMHA OCHOBHOI /lepopMartii 3HU3HUIACS 10 PiBHSA
nocraedopMallii, a 3HaK BOHU MaJi ITPOTUJIECSKHUMA.
[Moctaedopmarist mig yac mepmux 10-Tv TPOXO/IiB He

. Tpaa

T

21 25 N npoxoan

crami 12X18H10T roBmuuoo 1 MM, 06po6seHOrO 3a IOTY>KHOCTI

criocrepiranacs, a B MOJAJbIIoMy OyJja IIPOTUJIEKHA
3a 3HAKOM OCHOBHill ecopmailii, Ipu 1IbOMY BUHSITOK
CKJIaJIaB TiJbKK nepimii mpoxin (puc. 5, 6).

I1o6 oriHUTH CTYHiHb BILIUBY CTPYKTYPHO-(ha3o-
BHUX IIE€PETBOPEHb Ha BeJnuumHy gedopmallii mig yac
JazepHoro (OpPMOYTBOPEHHSI JIMCTOBUX Marepiafis,
MIPOBO/IMJIA TTOPiBHSIHHS BeJUYMH aGCOIOTHOT Ta BiJi-
HocHOI Jedopmaltiit mpu omHOYACHiiT 06pOOITi 3pasKiB
3 Hepskasitouoi 12X18H10T Ta Byrsenesoi 651 crami
(puc. 6). 3 rpadikis BugHO, 1O Npu 06poOLi 3 I10-
Ty>XHicTio ButipominioBanusa 0,8 kBT, mBuakicTio 1me-
pemiteHns npomens 1,2 M/ ¢, pokanbHil MISAMi 2 MM
Ta TOBIUHI 3pa3kiB 0,5 MM piBeHb a6COMOTHOT edop-
Marii 3pas3ka 3 Hep:KaBilouoi crasii 6yB pHOJN3HO B
3 pa3u BHIMM, HiXK 3pa3Ka 3 BYIJeleBoi cTaJi.

JoctiIKeHns 3a/IMIIKOBUX HANPY>KeHb Ta ge¢op-
Mamiii. Sk BUIHO 3 TIpeJICTaBJIEHUX [IAHUX, TTPU TUX
JKe TapaMerpax JiazepHoi 06po6ku Beqamunna aedop-

Ty TP

.1
il
70
G0
Al

G

0.4

0,6
-0.8

M MpoXon

G

Puc. 3. A6comotna (a), Bizrocna (6) ta moctaedopmanisa () ans spaska 3 crani 65T TommHOow 0,5 MM (fiaMeTp (HOKaTBHOT TLISAME
4 mM; TYT i Ha puc. 4, 5 noryuicts npomens 0,8 kBr, mBuakicTb nepemimients 1 M,/ ¢)
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Puc. 4. A6comorna (@), BigrocHa (6) Ta moctaedopmanis (6) i 3paska 3 craii 650 TopmmHo0 0,5 MM (iameTp pokaabHOT mIsaME 6 M)

Marlii cyTTe€BO BiJ[pi3HSAETBCS, TpwuoMy B cTtaii 651
cnoctepiraerbes nocriaedopmanis. Cranp 12X18HIT
Ma€ ayCTEeHITHY CTPYKTYPY i B TepMiUYHOMY IUKJII Jia-
3epHOi 06po6KU (Pa30Bi TIepeTBOPeHH B Hiii He Bif6y-
BalOThbCsl. MaprasiieBucTa cTajb Ha eTali HarpiBaHHS
Mae /Bi KpuTuuHi Temrepatypu Agq Tta Ags, a Ha dasi
OXOJIO[[KEHHsI TIOBUHHO Bi0yBATUCS MAPTEHCUTHE Tie-
perBopenns. Ak nokasas B.I1. Jlixomma [9] wa npu-
kJa/1i 1azepuoamitHenol craai 200’MJI, B 3oni Tepmiu-
HOI'O BILIUBY CIIOCTEPIra€TbCs MEPEPO3IO/Ia MapraH-
Mo Ta (OPMYy€ETbCS CTPYKTYPA, CYTTEBO Bi/IMiHHA Bijl
CTPYKTYPH CTaJi Mmicjst 06’€MHOTO TapTyBaHHS.

Torer TP

Ortxe, 1T BUBYEHHS MPOIIECY JiazepHOTo (popMo-
YTBOPEHHS BYTJIEIIEBUX CcTaseil HeoOXiano GiJbli Je-
TAJTbHO JOCTI/UKYBATH TPOIECH, IO BiAOyBaioTbCS B
JIUCTAX IIPU IUKJIYHOMY JIA36PHOMY OIPOMiHEHHI.
[las 1poro focuti/pKyBaan (pa3oBuit CKIal Ta CTPYK-
typa sucroBoi crani 65 toBmuuoio - = 0,5 i 2,0 MM
micJist stazepHoi 06po6ku BumpoMiaioBaHHIM CO)-J1a-
3epa. Iloryxuicts nmpomenst P = 0,8 kBrt, mBuakictnb
nepemimtennsg v = 1,2 m/xB, ¢opmu cHoKycoBaHOTO
IIPOMEHSA — KPYyToBa 3 PiBHOMIPHUM PO3IOAIJIOM iH-
TEHCUBHOCTI Ta mi/IkoBomnozi6Ha. KixbkicTs mpoxoin
pu o6po0iti 7 3MiHoBasM Bix 1 10 4. 3uiManus aud-

T

18
16

L L L
1113 153 17 19 21 23 M npoxojaa

0.4
0.3
0.2
1
1]
—0,1
0.2
=03
0.4
~0,3
0.6

MNe npoxoga

)

Puc. 5. A6comorna (a), BiaHocna (6) Ta noctaedopmanis () amst 3paska 3 crani 650 Topmumoio 0,5 My (miamerp dokaabHOT TIAMI 8 MM)
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Puc. 6. Hopisusiuus Bemuuun a6eomotroi (@) ta Bignocuoi (6) gedopmanii npu ogHovacHiii 06po6ii 3paskis 3 Hepxkasiiouoi 12X18H10T

(1) ra Byraenesoi 65T (2) craui

pPaKTOTpaM TPOBOJIMJIN HA PEHTTeHiBCbKOMY Jr(pak-
tomerpi /IPOH-4 B kKo6anbroBOMY HEDiIBTPOBAHOMY
BUIIPOMiHeHi. BifIcOTOK 3aauIKOBOTO aycTeHiTy Ajy,
BU3HAYAJIW METOJIOM TOMOJIOTiYHMX Tap, KOHIIEHTpa-
1io ByrJemio B Maprercuti Cy — 3a MiXKIy6JIeTHOIO
Bigcranmio Buaitennx cunrieris (002) u (020)(200).

Ha mudpaxrorpamax Bcix 3paskiB 3adikcoBani
aCUMeTPUYHi, XapaKTepHi /IS MapTEHCUTY BiAOUTTS
(110), (200), (211) u (220). B crani 3 & = 2 MM,
06po06JIeH i OIHUM TIPOXOJIOM TIPOMEHST ITi/IKOBOITO16-
HOi ¢popMHU, Ta IPU BCixX 72 171 2 = 0,5 MM TIpH KPYTOBiit

dopmi pomenst cniocrepiranucs minii (111) samumko-
BOTO aycreHiTy. IIpudomy fioro KijgbKicTb B nepuiomy
BUTIAJIKY CTAHOBUJIO 37 %, 1110 Ha TIOPS/IOK BUIIE AHATIO-
riunoro nmapamerpa B ctasi 651 micas 0o6’emMmHoro rap-
TyBaHHs. SIKIIO BpaxyBaTH, IO MUTOMUN 06’€M Map-
TeHcuTy Ha ~ 1 % Oisbiiunii 3a nuroMuil 06’eM aycre-
HITY, TO JI/Is1 BEJIMYUHY 32JIUIITKOBIX HANPY>KEHb CIIPa-
BeJIJINBA OIliHKA Gy, = (E /(1 — p))e~ 800 MIla (E =
=210° — Monysb FOura, p = 0,28 — xkoedirient
[lyaccona st crami). Ilepebiry BifiHOCHOT JHiHIHHOT
nedopmarii € = 0,3-10"2 mepernkomkae GeppuTHO-TICP-

600
500
400
300
200
100
0 ! ! ! ! ! 0 ! ! ! ! -
50,60 51,35 52,10 52,85 53,60 97,60 98,35 99,10 99,85 100,60
a 6
600
500
400
300
200
100 - : : -
122 123 124 125 126 127
[é3

Puc. 7. [Minauku qudpakrorpam craxi 65T 3 2 = 2,0 (a, 6) i 0,5 (6) MM, 06po6aeniii migkosonoaiGanm npomenem ipu n = 1 (a, ¢) Ta
4 (6): a — makcumymu (111) aycrenity ta (110) maprencury; 6 — makcumym (211) maprencury; ¢ — Makcumym (220) maprencury
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JIITHA XOJIO[{HA 30HA, 1[0 IPU3BOJAUTD A0 (DOPMYBAHHS
HAMpPY>KeHb CTUCHEHHS BKA3aHOI BEJMYUHM, 32 YMOBH
IIOBHOTO II€PETBOPEHHS ayCTEHITY B MapTeHCUT. 3 Bpa-
XyBaHHSM HasBHOCTI 3aJIMIIKOBOTO ayCTEHITY [IJIST aHa-
JII30BAHOTO 3pa3Ka MAEMO Gy, ~ 500 MITa. HaiiGisbut
WMOBipHOIO TIPUYMHOIO BHMCOKOI KOHIIEHTpAIlii 3aJu-
IITKOBOTO ayCTEHITY SIBJSIETCS 3HIKEHHS TEMIIePaTypu
KiHIIS MAPTEHCUTHOIO MIePETBOPEHHS BHACJI/IOK BUCO-
KUX IBHJIKOCTEN OXOJIO/PKEHHS TIpU Jia3zepHiil 06po6-
mi. [linTBep/KeHHAM 1IbOMY € 6isbla BeamumHa Ay,
B 3paskax 3 h = 2 MM B nopiBusuui 3 o = 0,5 MM Ta B
3paskax, O06GpOOJEHUX TIPOMEHEM  ITiIKOBOTOiGHOT
dopmu. Came B Takux 06’eKTax peasi3yeTbcst Haii-
6171 iHTEHCWBHE TETJIOBiBEIEHHS Bi/Jl 30HU TepPMiu-
Horo BiumBY. Ilizikpecaumo, 1m0 3HAYeHHS Ay, Micas
MOBTOPHUX TIPOXO/IiB BU3HAYAETHCS (DOPMOIO TIpOMe-
HS — TIPHU MiAKOBOMoAiOHI dopmi Ay = 37 Ta 0 %
npu BignosigHo n = 1 ta 4, mpu Kpyrosiit opmi Ti K
napamerpu jgopisaoioTh 4 m 10 %. Pospaxosane
snavenHss Cy AJg BCiX JOCJI/KYBaHUX 00’ €KTIB BU-
SABUJIOCH OIHAKOBUM — PiBHUM 0,63 %, 10 IPaAKTUYHO
CHiBIIQJIa€ 3 CepeZHbOI0 KOHIIEHTPAII€I0 BYTJIEIIO B
crami 65T. BignoBizHO BKe TIpW TIEPIIOMY MPOXOJi
kap6in (Fe,Mn)3C 1OBHICTIO PO3YMHAETHCS B aycTe-
HiTi Ha eTami HarpiBanHsA. [lepe6ir MapTeHCcUTHOTO TIE-
PETBOPEHHS Ha eTalli OXOJIO/KeHHS (DOPMYE JieroBa-
HUIl MapraHiieM MapTeHCHUT.

MO:KJIMBOIO TTPUYUHOIO CYTTEBOTO 361IbINIEHHS KiJb-
KOCTI A,y ABJISIETHCS Oro crabiisallis BHACIIOK T11a-
cTUYHOI gedopMartii i Jiefo TEPMiYHUX HANpY>KEHb.
JTokasoM 11boro € BesiKa mmpuna Jinii (111) aycreniry,
npakTHYHO piBHA mmpuHi Big6utra (110) Maprencuty
(puc. 7). PosmmpeHHs oCTaHHBOTO OGYMOBJIEHO HOTO
JyOJIETHICTIO, TOJIi PO3IIMPEHHS TIEPIIIOT0 MOYKHA TIOSIC-

HUTHU JIUIIE PO3MHOMKEHHSIM JMCJIOKAIiN Ta oApiGHEH-
HSM oO6Jiacteil KorepeHTHOro poacitoBanns. Ilijg uac
JIPYTOTO TIPOXOAy JedopMallis 3paska B Ipoleci 06-
pPOOKM, 3HAK i piBeHDb 3AJUIIKOBUX HAIMPY:KEHb BU3HA-
YaroThCS PO3TAJIOM 3AJUAIIKOBOTO AyCTEHITY.

Bucuosku

BusgBieno aHoMajabHO BUCOKY KOHIIEHTPAIIO 3a/IMII-
KOBOTO aycTeHiTy B ctaJi 631
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JASEPHA{A TEXHOJIOI'A CO3JAHNA NEHTPOB
IIMHHWUHTA B KEPAMNYECKUX CBEPXITPOBOHUKAX

JI.®D. TOJOBKO, M.T. JIBICEHKO, A.H. JYTAI
HTYY «Kuescknil nmosmTexHIYeCKii HHCTUTYT», Kues, Ykpanna

CaoiicTBa BBICOKOTEMIIEPATYPHDBIX CBEPXIIPOBOJHUKOB PACCMOTPEHbLI C TOYKHU 3PEHUA BOBHefICTBHH Ha HUX JIa3€pHOTO
N3ydeHus U SKCIEPUMEHTAJbHO /JIOKa3aHbl BO3MOKHOCTU IPUMEHEHUST HaSepHOﬁ OépaﬁOTKI/I JUI 1IOJIyYeHus1 LIEHTPOB

IIMHHUHTA.

Bo3MokHOCTH TpUMEHEHUS! Ja3epPHbIX TEXHOJIOTHi
ISt 06paGOTKH BBICOKOTEMIIEPATYPHBIX CBEPXIPO-
BOJHHMKOB. Kepammieckie BBICOKOTEMIIEpPATypPHBIE
CBEPXIIPOBOJHUKHK B OTJHYKHE OT METAJIMYECKUX He
001aJal0T MJIACTHYHOCTBIO, a M3TOTOBJIEHHE KepaMu-
YeCKHUX IPOBOJIOB HEBO3MOJKHO, TI09TOMY B 3TOi1 06.71a-
CTH TIPUMEHSIOTCS TTOJYTTPOBOHIKOBDIE TEXHOJOTHH,
CYTb KOTOPBIX 3aKJIOYAETCS B MOJYYEHUN YUCTBIX W
6e3medeKTHBIX UCXOIHBIX MATEPUAJIOB U CTPOTO KOHT-
pOJMpyeMOM BHEJPEHNN HeoOXOAMMBIX IpuMeceil u
nedekroB. B gannoM ciaydaem MOIIHOE JIa3epHOE U3JTY-
YeHHe MOKHO TPUMEHSTD IS CJIeLYIOMINX TeXHOIOTH-
YeCKHUX OIlepaIHii:

¢ o6pa3oBanue AePEKTHON CTPYKTYPBHI JJIS CO3/1a-
HUS [IEHTPOB MMHHUHTA 6e3 pa3pyIIeHus: CBepXIPOBO-
JIATIIIX CBOMCTB TIO/] BO3/ICHCTBUEM U3JIyYeHHS yMEPEH-
noit narencusrocti (104107 Br /cM?). TyT 0CHOBHYIO
POJIb UTPAET TEIIOBOIl pexxuM reneparuu [1, 2] u To-
yeunple gedekThl (BAKAHCHU U MEXKY3JIUs) He PACIIPO-
CTpaHsIOTCS 10 BceMy o6pasity. [Ipumenenue sasep-
HBIX TEXHOJOTUH MOKeT OBbITh TaKXKe MOJIE3HBIM [IJIS
U3yYeHUs IIeHTPOB IMMHHIHTA, MEXaHU3Mbl 06pa30Ba-
HUS KOTOPBIX HEJIOCTATOYHO TTOHSTHDI;

e NICITOJIb30BAHNE JIA3EPHOTO U3IYyYEHUS JJI U3T0-
TOBJIEHUST TIPOBOJSAIINX JIEKTPUUECKUX IleTell Ha Mo-
BEPXHOCTH MACCHBHOTO CBEPXIIPOBOJHUKA IO aHAJO-
ruu ¢ jurorpadueil Ha MOBEPXHOCTHU ITOJIYIIPOBOIHU-
KOoB. JIoKaTbHBIN HArpeB MOBEPXHOCTH MOXKET TTPUBO-
JIITD K MCTIAPEHIIO KICJIOPO/Ia C TOBEPXHOCTH 06pasiia,
B pe3yJIbTaTe UeTo KepaMuKa TepsieT CBePXIIPOBO/ISIIINE
CBOIICTBA;

® Cco3/laHNe BHYTPEHHUX MEXaHWYECKUX HaIpsiKe-
HUI B CBEPXITPOBOSANINX 06Pa3Iax, YTO BbI3BIBAET TIO-
BbIlIIEHNEe KPUTHYECKON TeMIepaTyphl, KaK [OKA3aHO
OTIBITAaMM Ha 06pasiax, MOJBEPTHYTHIX JaBJCHUIO.

K macrositiemy BpeMenu Tporecchl 06paboTKu
CBEPXIIPOBO/THUKOB JIA3€PHBIM M3JydyeHUEM HE M3yde-
HbI, HO MBI ITPe/III0JIaraeM IUPOKoe BHEIPEHNe Ja3ep-
HBIX TEXHOJIOTHIA B 3Ty oTpacjb. C APyroil CTOpOHbI,
BBICOKAsT UYBCTBUTEJBHOCTb TIPH U3MEPEHUSIX Ha
CBEPXIPOBOAAIUX 00pa3IaXx MOXKET BHECTH CBOIi
BKJIQ/T B TIPOsICHEHNE (PU3NIECKUX MPOIECCOB, MPOTC-
XO/ISIMIUX B TBEPJBIX TeJAX MPH BO3JEUCTBUU HA HUX

© JL.®. TOJIOBKO, M.T. JIBICEHKO, A.H. JIYTAIA, 2011

Jla3epHOTO M3JaydeHusi. OTMETUM TaKKe, 9YTO B TEXHO-
JIOTUSIX BBIPAIMBAHUS KPHUCTAJLJIOB, B TOM YHCJE
CBEPXIIPOBOJIAIINX, TMUPOKO TTPUMEHSIETCS JIa3ePHBIT
Harpes.

CgoiicTBa CBEpXNMPOBOAHUKOB. /[/1s1 060CHOBAHIMS
9TUX [PEANOJOXKEHNH OCTaHOBUMCS Ha OCHOBHBIX
CBOICTBAX CBEPXITPOBOJHUKOB.

[Tpu oxJTaXXeHN HEKOTOPbIE KPUCTALIMIECKIE Be-
MIECTBA TEPSIOT COMPOTUBJIEHHE HJIEKTPUIECKOMY TOKY
U 1Iepexo/JiAT B CBEPXIIpoBojgdllee cocTosHue. Temire-
paTypa nepexojia MeTajia Uiy CIJlaBa B CBEPXIIPOBO-
JiAAlIee COCTOSHUE Ha3bIBaeTcs KpuTudeckoi. Bee cBepx-
MIPOBOIHUKN W3 METAJJIOB M CIJIABOB MMEIOT KPHUTHU-
YecKyTo TeMIeparypy, 6JU3KyIo K TeMIiepaType Kuie-
HUS SKUJIKOTO TeJIUs, YTO OTPAaHUYMBAET UX TPUMEHe-
uue. [locae oTkpoITHSA cBepxmpoBoauMoct B 1908 T.
OCHOBHbBIE YCUJIHMS YYE€HBIX ObLIM HAIPaBJEHbI HA MO-
JIydeHUe CHTe3a CBEPXIIPOBOHUKOB C 60Jiee BBICOKOI
KPUTHYECKON TemiiepaTypoi, k 1986 r. uMm ymanoch
HaWTW MyTH MOBBINIECHUS KPUTUYECKON TeMIIEpaTypbl
HEMHOTO BBIIIIE TEMITEPATYPbI KUTECHUS KUIKOTO BO-
nopoza (oxoso 20 K gma NbsGe).

3a nocnennne 10—12 sletT nnTEpPEC K CBEPXITPOBO/I-
HUKaM 3HAYUTEJBHO BO3POC. JTO CBSI3BIBAIOT C JABYMS
IpuunHaMy. Bo-1epBbIX, 9TO yCIelIHoe UCI0b30Ba-
Hue 1232-X cBEpPXIIPOBOJHUKOB B MOBOPOTHBIX 3JIEK-
TpoMaruuTax Bosbioro agponHoro koJuaiizepa, yc-
TAHOBJIEHHBIX 110 JIJIMHE KOJIJIANIEPHOTO KOJIbIIA, PaB-
HOM 27 kM. B Ka)X710M 2IeKTpOMarHuTe CO3/1aeTcst Mar-
HUTHOE TI0JIe ¢ MarHUTHON unaykiwmei 8,3 Ta ¢ 3ama-
cennoit sHeprueii 10 M /[:)x. Coznanne Takmx MarHuT-
HBIX T10J1ei ¥ COOTBETCTBEHHO pean3alius Kosaiiiepa
HEBO3MOXKHBI 6€3 MPUMEHEHUST CBePXITPOBOASIINX 06-
MOTOK. B KoJtaiijiepe MCHOJIb3YeTcsl CBEPXIIPOBO/IS-
it crtaB NbTi, ontumasibHast TeMiepaTypa aKCILIya-
tanuu kKotoporo pasHa 1,9 K. Bo-Bropbix, ato ot-
KPBITHE T. H. BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBO/I-
HUKOB B 1986 1. BbLTit 06HAPY KEHBI CBEPXTIPOBOISATIINE
CBOICTBA KEPaMUKHU C OTHOCUTEJBHO BBICOKOU KPUTH-
YeCKOW TeMIlepaTypoi. Y WBUTEJIbHO, YTO TIPH KOM-
HATHOH TeMIIepaType 3TU KePaMUKU IIPE/ICTaBJIIOT CO-
60it nuanextpuku. B ToM ke 1986 r. cuHTe3upoBaH
cBepx1poBoHUK Y BayCuszO7-, ¢ KpUTHYECKOit TeMIre-
parypoii 92,5 K, mpeBbiinatonieil TeMuepatypy Kurie-
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Hus sxuakoro asora (77 K), uro sHaunTeIbHO yaemre-
BJIsSIET 060PYAOBAHUE [IJIsI OXJIKIEHUS U PACIIHPSIET
BO3MO>KHOCTHU KaK [l UCCJIeI0BAaHUil, TaK U /IS TIpU-
MEHEHUS 3TUX MaTepuaysioB. B pasHbIX cTpaHax BeayT-
CsI NCCJIEZIOBAHNUS 110 CHHTE3Y CBEPXITPOBOIHUKOB € 60-
Jiee BBICOKOH KPUTHYECKOH TeMIleparypoii, U B Hayuy-
HOW TIeYaT! BpeMst OT BpPEMEHHU MOSIBJISIOTCS COOOIIEHUS
0 CHHTE3€ CBEPXITPOBOIHUKOB ¢ KOMHATHO KPUTHYEC-
KOl TeMIepaTypoil, KOTOpble, KaK IPaBUJO, XUMUYe-
CKM HeycToluuBbI. B Hacrodiee BpeMs y»Ke ecTb Kepa-
MUKW, KPUTHYECKAS TEMIIEPAaTypa KOTOPBIX MOXKET JI0-
crurarb 165 K, HO TOJIBKO IO/ JaBJIEHUEM.

BoIcokoTemiiepaTypHble CBePXIIPOBOTHUKHI OTHOCST-
CS K T. H. CBEPXIIPOBOJIHIKAM BTOPOTO poja. OTHece-
HUE CBEPXITPOBO/IHUKOB K TIEPBOMY MJIA BTOPOMY POy
OCHOBDBIBaeTCS Ha MX IIOBEJACHUU B MAarHUTHOM IIOJIE.
CBepXIIPOBOIHUKY IIEPBOT0O PO/Ia B CBEPXIIPOBO/AIIEM
COCTOSTHUY TTOJTHOCTBIO BBITAJKUBAIOT U3 ce0s MAarHuT-
HOE TI0JIe, B TIOJISIX GOJIbIIlEe KPUTHYECKUX CBEPXIPOBO-
Jig1ee COCTOSTHME paspyinaercs. Kak mpaBuiio, 3To
UMeeT MECTO B METAJLINYECKUX CBEPXIPOBOTHUKAX.

[l cBepXIIPOBOIHUKOB BTOPOTO POJ/ia CYIIECTBY-
IOT JIBa KPUTUYECKUX MArHUTHBIX IMOJIsI. MarHuUTHOE
0Jie MEHBIIE MEePBOr0 KPUTHYECKOTO TTOJTHOCTBIO BbI-
TaJKUBaeTCs N3 00pasiia, Kak U U3 CBEPXITPOBOHUKOB
HepBoro poza. MarauTHoe 1oJie 6oJIbIIe TIEPBOTO KPHU-
TUYECKOTO MPOHUKAET TOJBKO B YaCTh CBEPXIIPOBO/I-
HUKa, T/le CBEPXIIPOBOAUMOCTb MCYE3aeT, a Ta 4YacTb
CBEPXIIPOBOJIHUKA, Ky/Jla MAarHUTHOE TI0Jie He MPOHU-
KaeT, ocTaercs cBepxmpoBojsieit. [lasbHeliee yBe-
JIM4eHUEe MATrHUTHOTO TIOJIS BbIIIle BTOPOTO KPHUTHYEC-
KOTO TOJTHOCTBIO YHWYTOXKAET CBEPXIPOBOIMMOCTD.
[l BbICOKOTEMIIEpATyPHBIX CBEPXIIPOBO/IHUKOB Mar-
HUTHAS WHAYKIMS TIEPBOTO KPUTHYECKOTO TOJIS COCT-
asystet okoJio 0,01 Tur, WHIYKITNS BTOPOTO KPUTHYEC-
Koro 1oJist mpubausureabHo pasHa 10 Tu unaw Boite.
Takum o6pa3oM, Jake HE3HAYNTEJbHbIE MATHUTHDIE
nosist (He3HAYMTETbHbIE TOKN) MEPEBOAAT BHICOKOTEM-
MepaTypHbI CBEPXMPOBOJIHUK B CMENIAHHOE COCTOSI-
Hue. OrpoMHoOe 3HaueHNe BTOPOTO KPUTHYECKOTO TIOJIS
MO3BOJISIET TIPOITYCKATh Yepe3 CBEPXITPOBOIHUK 3JICK-
TPUYECKUN TOK C TJIOTHOCTbIO, ipuMepHo B 100 pas
MPEBBIIAIONIEH MIOTHOCTD TOKA B MEIHOM IIPOBO/I-
HUKe.

B MarHuTHOM T10JI€ B CBEPXIIPOBO/IHUKE B CMeEIIIaH-
HOM COCTOSTHUU BO30Y3KIAIOTCS JBa BUAa HE3aTyXalo-
X 3JEeKTPUUYEeCKUX TOKOB. IlepBblil Buji — 3KpaHu-
PYIOIIWiI TOK, KOMIIEHCUPYIONTUI BHEITHEE MAaTHUTHOE
110JIe ¥ MIPOTEKAIONIMIA 110 TIePUMETPY CBEPXIIPOBO/IHU-
ka. OH CyIIecTBYeT B CBEPXIPOBOJHUKAX W MEPBOTO,
u BTOporo poja. Bropoit Bug — Buxpu AGPHKOCOBA,
KOT/Ia CBEPXITPOBOHUK TTPOHU3AH TUIAHAPHYECKUME
HOpPMaJIbHbIMU (HECBEPXIIPOBOSIIUME) CePAIIEBHHA-
Mu jmamerpoM okosio 1078 M, cymecrByommumu ma-
PaAJLJIETBHO C SKPAHUPYIONTIM 3JIEKTPHUECKAM TOKOM.
HopmanbHble cep/lieBUHbBI MapaJiieibHbl MAarHUTHOM
WHAYKIMYA, B HUX TPOTEKAIOT 3aMbIKAIONINECS TI0 TI0-
BEPXHOCTH IUJIMHIPOB TOKHU, HallpaBJjeHHe KOTOPBIX

yCUJIMBaeT BHeIlIHee MarHuTHOeE I10Jie BHYTPU cep/iie-
BUH. OTTAJIKUBASICH, CEPIIEBUHBI 00Pa3yIOT MTPABUJIb-
HYI0 KOH(MUTYpallMi0 — IJIOTHO YHAKOBaHHYIO Tpe-
VTOJBHYIO PEIIETKY. JTH BUXPEBBIE TOKU MPOTEKAIOT
TOJIbKO B CMEIIAaHHOM COCTOSIHMM CBEPXIIPOBOJAHUKOB
BTOPOTO pojia. BaaumosieiicTBue He3aTyXalolnmX TOKOB
CBEPXIIPOBOTHUKA C BHEITHUM MarHUTOM TIPOSIBJISIETCS
B OTTAJIKMBAHUYU CBEPXITPOBO/IHAKA U MATHUTA, YTO SIB-
JITETCST CAaMbBIM HATJISIZTHBIM TPU3HAKOM CBEPXITPOBO/IS-
IIer0 COCTOSTHUS.

B cBs3u ¢ cymecTBoBanueM Buxpeit 6e31edeKTHbIII
CBEPXIIPOBOJIHIK BTOPOT'O PO/ia TepgeT CBOM CBEPXIIPO-
BOJISIIIAE CBOMCTBA, T. €. MPOIYCKaHUE 3JEeKTpuvec-
KOro Toka (TPaHCIOPTHOr0) 4epe3 CBEPXIIPOBO/IHKK
COTIPOBOXK/AETCSA JIBIDKEHUEM Cep/IleBUH. MarHuTHO
B3auUMO/IeliCTBYIONE CepALEeBUHbL IIPU ABIXKEHUN Te-
PSIOT CBOIO SHEPTHUIO, CO3/IaBasl CONPOTUBJIEHHE dJIeK-
TprueckoMy TOKy. Ho oOpasell MOXKHO TIepeBecTd B
CBEPXIIPOBO/IAIIEE COCTOSIHUE, CO3/1aB IEHTPbI 3aKPell-
JIEHWST BUXpeil — IEeHTPbl TUHHUHTA. 3aKpeIJieHHbIe
BUXPH He IBUXKYTCS ¥ HE TIPEMSITCTBYIOT TPOXOKIEHUIO
TPAHCIIOPTHOTO 3JIEKTPUYECKOro ToKa. Eciu cBepxiipo-
BOJIHHUK ITOMECTHUTb B MATHUTHOE TOJI€ C TIEHTPAMU TTHH-
HUHTA, a TTOTOM BBIKJIOUYUTH MarHUTHOE T0Je, IKPAHU-
pylolliie TOKW MCYE3al0T, a 4acTb BO30YKIEHHBIX W
3aKPEIJICHHbIX BUXPEH MPOJOJIKAeT CYIIeCTBOBATD.
CiienoBaresibHO, BUXPU HAMAarHUYMBAIOT 00pasell. JTo
dBJICHME OYeHb HAIlOMUHAeT Tucrepes3uc B deppomar-
HeTHKe. B HeKOTOpBIX 0o6pasiaxX 3KCIepUMEHTAIbHO
HabJTI0/[TaeMast OCTaTOYHAsT HAMarHUUEeHHOCTD JOCTHUTA-
jga 1 Ta. HarmoMHuM, 4TO [I71s1 YUCTOTO KeJjie3a HaMar-
HUYEeHHOCTb Hachbimenna 6imska k 1,9 Ta. dcwo, uro
HarpeB Bblllle KPUTUYECKOH TeMIeparypbl yCTpaHseT
3TO SIBJIEHUE.

PeasysbTaThl 9KCnepuMeHTa. JKCIIEPUMEHT IIPOBO-
auid Ha MoHoKpucrasiax Y BayCusOr7-, ¢ pom6oaj-
PUYECKON CBEPXIIPOBOJAIIEH CTPYKTYypoil. O6pasibl
umesn GopMy IapajlyieseluIe[oB pa3MepoM 45 x 45 x
x 18 MM ¢ ocbi0 ¢, OPUEHTHUPOBAHHON TIePIIEH/IUKY JISIP-
Ho Gosibioil Tpanu obpasia. Temmneparypa mnepexoja
B CBEPXIPOBOJAIIEE cocTossHre (KpUTHYecKast TeMIie-
parypa) cocrasasiia 92,5 K. Okasasioch, uccieyembie
0o6pas3iibl, ToJydeHHble 3 VHCTUTYTAa CBEPXTBEPIBIX
martepuasoB HAH Yxkpawtbr, 1o cogepskanuio aedex-
TOB MOKHO OBLIIO OIEHUTb KaK BBICOKOKAYECTBEHHbIE
10 CPaBHEHUIO ¢ 06pa3iaMu U3 JIPYTUX JaGOPaTOPHIA.
ITO AAT0 HaM BO3MOXKHOCTb PETUCTPUPOBATH BO3/IEH-
CTBHUE TOYEYHOTO JTA3€PHOTO OOJIyUYEHNS.

O6paboTKy BBITIOJHIAIM HA CTEH/E, KOTOPBIN CO-
crout n3 MAT-uzmnyuaresns momtaoctsio 180 Br, pa6o-
TAIOIETO B HEIIPEPbIBHOM 1 UMITYJIbCHOM peKUMe I'eHe-
paruu, u pabovero CToJia, IepeMenaiolierocs co CKo-
poctoio 0,3—1,2 m/muH. [Ipu mpoBefieHUN KCTEPU-
MeHTa oovYepeHo o6aydanu 60IbIIYIo FpaHb 06pasia
IIPY KOMHATHON TeMITepaType TOYEUHbIMU JTa3ePHBIMU
UMITYJIbCAMHU WHTEHCUBHOCTBIO 10° Br / cM? ¢ IMaMeT-
POM ISITHA OKOJI0 250 MKM 1 I/IUTEIbHOCTD UMITY IbCOB
npubmsureabuo 10 mc. Iloce xaxkgoro o6ayueHus
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Puc. 1. JleButanns mocTOSHHOTO MarAuTa HaJj HOBEPXHOCTHIO CBEPX-
IPOBOJAIIEro 06pasma

PErUCTPUPOBAJIM PE3YJIbTATB BO3JEHCTBUS KaXKIOTO
UMITYJIbCA, KOTOPBIE 3aTE€M TIPOBEPSLIN METOJ[OM JIEBH-
TN,

CJI0BO «JIeBUTAIINST» O3HAYAET TAPEHUE TeJia HaJl
MOBEPXHOCTHIO, & B HAIIEM 3TO TTapEHUe TOCTOSTHHOTO
MarHuTa Hajl MOBEPXHOCTBIO CBEPXIIPOBOJISIIETO 00-
pasia (puc. 1), HAXOAANIETOCS B BaHHE C JKUIKUM
aszoroM (temmeparypa xunenns 77 K). Cam daxr je-
BUTAIMH OGBSICHSIETCS CHJIAMU OTTAJKUBAHUS CBEPX-
MIPOBOJTHUKOM TOCTOSIHHOTO Maruuta. B oTamume ot
OTTAJIKUBAHUST JIBYX OOBIYHBIX MATHUTOB JAPYT OT APYyTa
B 9TOM CJIy4yae JOCTUTAETCS COCTOSIHHE DPaBHOBECHS,
YTO MOXKHO OGBSCHUTH cjaeayfonmM obpazom. Ha se-
BUTUPYIONIUN TIOCTOSIHHBIA MATHUT JIEUCTBYIOT CHJIBI
OTTAJIKUBAHUSI CO CTOPOHBI IKPAHUPYIONIMX TOKOB

CBEPXIIPOBOJTHUKA, CUJIA TSPKECTH U CUJTBI TPUTSDKEHMS
€O CTOPOHBI BUXpeit AGprkocoBa. B npeanbHOM cBepX-
MIPOBOJHUKE BTOPOTO POJIa BUXPH 06PA3YIOT PETYJIsAp-
HYTO IByMEpPHYIO pemieTky. B o6pasiax, cojaepskanmx
nedeKTbl, BCJIEACTBIE MUHHUHTA IJIOTHOCTb BHUXpei
pasHas B Pa3HbIX TOYKAX HA MMOBEPXHOCTH U, CJeEI0-
BaTeJbHO, YCTOHYMBOE TOJOKEHIE TTOCTOSTHHOTO Mar-
HUTA HAXO/IUTCS B TOUKAX ¢ GOJIbIIEl IJIOTHOCTHIO BUX-
peit AGpurocosa. Bo Beex cayuasx (npu 10-tu nasep-
HbBIX MMIIYJIbCAX B Pa3HbIX TOYKAX IMOBEPXHOCTH) yC-
TONYUBOE COCTOSTHIE JIEBUTUPYIOIIETO MATHUTA HAOTIO-
JIAJIOCh HaJl TOYKO#, o6paboTanHoil azepoM. [Ipuuem,
TOYKH JIEBUTAIUU BOCCTAHABJIMBAJIUCH MOCJE HATPEBA
1 TIOBTOPHOTO OXJIAXKAEHUST 06Pa3IoB.

JTO JaeT OCHOBAaHUE YTBEP)KIATh, UTO JIa3epHOE
uanyuerre 3(pHEeKTUBHO CO3/1aeT MEHTPDI TMHHIHTA U
MOXKET TIPUMEHSITHCS IS KOPPEKIIUHM CBOUCTB BBICOKO-
TEeMIIEPaTyPHBIX CBEPXITPOBOAHUKOB. CIpaBe/liuBbIM
6y/leT 3aMEeTHUTh, YTO COCTOSIHUE JIEBUTAIUU JOCTUTA-
eTcs u 6Ge3 yazepHOTO 06ydeHUsi. Ho B aToM ciyuae
IIpoIiecc HeYTPaBJIsieM 1 Hy KHO CKATh TOYKHU C MaKCH-
MaJIbHOW TIIOTHOCTBIO BUXpeil AGpukocoBa. Oco6eHHO
BaXKHA YTIPABJISIEMOCTD TP UCIIOJIb30BAHIH CBEPXIIPO-
BO/IHUKOB B KAYeCTBE MATHUTHBIX MOIIAITHUKOB, HATIPH-
Mep, B rupockomnax. KoadduimenT TpeHuns: cBepXIpo-
BOJISIIETO TIO/IITATTHUKA He TTPEeBBITIaeT 107, B TO BpeMst
KaK B «OOBIYHBIX» YCJIOBUAX OH He Hinke 107,

Ha puc. 2 mpencraBiieHbl MOPOIIKOBbIE (DUTYPBI
TOYEK MOBEPXHOCTH, 06PAGOTAHHBIX JIa3€PHBIM U3JTy-
yenneM. O6paboTaHHble 06PasIlbl TTOCTIE OXJIAMKIEHS
JKNJIKNUM a30TOM HaMaromimBaJIMCb, B ,[IaJIbHefIIHCM
MAaTHUTHOE TI0JIe BBIKJIIOUAJIOCH, [TOCJIe Yero Ha TIOBEPX-
HOCTh CBEPXIIPOBOJHUKA HAHOCUIN (DEPPOMATHUTHBIN
mopotiok. IlopormkoBbie GUTYPBI YeTKO TTOKA3BIBAIOT
OCTaTOYHYIO HaMarHuueHHocthb (rucrepesnc) obpasua

Puc. 2. OcraroyHass HaMarHUYEHHOCTh 06pa3u0B B 06p360TaHHbIX JIa3€poOM TOYKaX
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B 06pa6OTaHHBIX TOUKAaX. JTO BTOPOE TIOATBEPKIAECHUE
s dekTuBHOCTU Jia3epHOIl 06paGOTKHM CBEPXIPOBO/I-
HIKOB.

Ha puc. 3 mokasanbl pe3yabTaTbl H3MEPEHUST 3aBH-
CHMOCTH PACCTOSTHUS [ M€Ky MOCTOSTHHBIM MAarHUTOM
U CBEPXIIPOBOISIIIM 0OPA3IIOM OT CHJIbI OTTATKHBAHUST
mMexxay HuMu . Maraur pacrnoJsiarajim Hasi CBEPXIIPO-
BOJHUKOM, CUJIy U3MEHSIJIH C TOMOIIBIO TPy3a Ha MMO/I-
CTaBKe, CBI3aHHON C MMOCTOSIHHBIM MarHUTOM, PACCTOSI-
HIle U3MEPSJTH B 3aBUCUMOCTH OT CUJTBI TSKeCTH. Macca
rpysa m ObLia paBHa cuse. [[Be BepxHue KpUBbIe Ha
rpaduke oTHOCATCS K Heo61yueHHOMY 06pasity. Bepx-
HSISI KPUBasi — 3aBUCUMOCTh PACCTOSTHUSL OT MACChI
rpysa (OT CHJIBI OTTAJKUBAHMS) NP MOCJEI0BATENb-
HOM yBEJIMYEHWN MacChl Ipy3a, BTopasg — oGpaTHas
3aBHCUMOCTD MEXK/IY Maccoil Tpy3a u paccTostaueM. Kax
crenyet u3 rpaduka, 00paTHasi 3aBUCUMOCTD HE COBIIA/IAeT
C TIPSIMOIA, YTO TOBOPHT O TUCTEPE3UCE, KOTOPBIIl B JAHHOM
cJTy4ae SIBJSIETCS CJIE/ICTBIEM OCTABITXCS B PE3YJIbTaTe
MUHHWHTA BUXpell AOpukocoBa. KpuBbie TpsiMoOil 1
00paTHON 3aBUCHMOCTH TIOYTH COBIIAQJAIOT, YTO TIOJ-
TBEPIKJAeT BBICOKOEe KauecTBO 06pasioB. berro orme-
YeHO, YTO B HEKAYECTBEHHBIX 06pasliax 3a CUeT THUC-
Tepe3uca MOTYT BO3HUKATD Ja’Ke CHUJIbI [IPUTSKEHS
[3]. TonTBepk/IcHIEM yBeTMYEHNS TIEHTPOB IIMHHUHTA
SIBJISIETCST OOPATHBIH XOJ THCTepe3nuca B OOJYIeHHBIX
o6pasuax (cp. BEPXHIOO W J(BE HUKHUE KPUBBIE).

{, M
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Puc. 3. 3aBucuMOCTb paccToAHUA [ MEXK/ly TOCTOSHHBIM MArHUTOM
1 CBEPXIPOBOASAIINM 06PA3LOM OT CUJIbI OTTAIKUBAHIS MEKLY HUMU
F (nosicHeHus cM. B TeKcTe)

I/ITaK, HEHTPbI IMHHWHT A 6I)IJII/I TIOJTy4€HbI C TIOMO-
MIBI0 JIA3EPHOTO OOJIyYeHUs] BBICOKOTEMIIEPATYPHOTO
CBEPXIIPOBO/IHUKA, YTO HE MOJKET HE OTKPBITD IIEPCIIEK-
THBbBI TIPUMEHEHUSI JIA3EPHBIX TEXHOJOTUN st 06pa-
OOTKU CBEPXITPOBOHIKOB.

1. Maxeuxa A. M. YnpaBieHue U3MEHEHUSIMU B TBEPIbIX TeJax
PN BO3JEUCTBHM JIa3epHOTO H3JIyueHHs. — Kwuposorpan:
KO/, 2010.

. Mupsoee @.X. udp. // YOH. — 1996. — 166. — C. 3.

.gsyaueecO.B. u dp. // llucema B JKTD. — 2009. —

. — C.79.
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BJINAHUE JASEPHOTO OBJYYEHHUA
HA ®A30BbII1 COCTAB, CYBCTPYKTYPY
N ITPOYHOCTDb RYBUYECRKROI'O HUTPUA BOPA

A.A. TOHYAPYK', J.®. TOJIOBKO', A.H. JIVTAI1', 10.B. KJTIOYHUKOB', H.B. HOBUKOB?,
A.A. IIENEJIEB?, B.T. COPOYEHKO’
1HTyy «Kuescknit mommrexumuecknii MHCTUTYT>, Knes, Ykpanua
2I/IHCTHTyT cBepxTBep/bIx Marepuasos M. B.H. Bakysa HAHY, Kues, Ykpanna

Jlan aHa/M3 NPSIMOTO JIA3EPHOrO BO3/EHCTBUA HA MEXaHMYECKHE CBOWCTBAa 3epeH KyGuueckoro uutpuga Gopa (KHB).
OO6cyskaenpl pesyJIbTaThl U3yYeHHs TIpoliecca TOTJIONeHNns Ta3epHoro uaaydennsa sepnamn KHDB B 3aBucmmoct ot ero
MapKH U 3ePHUCTOCTH, JJIMHBI BOJIHBI U3JIyYeHHUs 1 HAua IbHOIl TeMIIePaTyPbl, a TAKKe U3y UeHHs [IPSIMOIo KPaTKOBPEMEHHOIO
BO3/ICHCTBHS  JIa3ePHOTO WM3JIydeHHs1 Ha usnko-MexaHuueckue cpoiictBa KHDB u  ¢usuxo-xumnueckue mporeccst,

TIpOTEKAIomue B KpUCTANIEC.

Pacimmpenue mcnoJib30BaHus HOBBIX TPYAHOOOpPaba-
TBIBAEMBIX KOHCTPYKITMOHHBIX MaTepHaioB TpelyeT
CO3/IaHUST HOBBIX BBICOKOA(M(MEKTUBHBIX HHCTPYMEH-
TOB, B TOM YHCJie HAa OCHOBE KyOMYECKOTO HUTPHUIA
6opa (KHB). Kpucrammer KHB B 3aBucuMOCTH OT
MapKU UMEIOT BBICOKYIO TBEPJOCTb U TEIJIOCTONKOCTD
(or 800 1o 1200—1400 °C). IIpu Gosee BBICOKUX TeM-
mepaTypax IpOTEKAIOT IIPOIIECCHI OKMCJIEHUsT, KOTOPbIE
mpuBOAT K ToTepe poynoct KHB. Crermnduueckne
CBOIiCTBa MJIOTHBIX MoAudHUKauii HUTpHAa 6opa (BbI-
COKas TBEPIOCTb U XUMUUYECKAst CTOUKOCTH, TEPMOCTON-
KOCTb U y/lapHast BA3KOCTb) OTKPbIBAIOT IIUPOKHUE Mep-
CTIEKTHUBBI JIJIs CO3/IaHUsT HOBBIX KJIaCCOB aGPa3suBHOTO
WHCTPYMEHTA € YHUKAJIBHBIMU XaPaKTEPUCTUKAMU W
(pYHKIIMOHAIDHBIMI BO3MOYKHOCTSIMHU.

Oco6erro 3hHEeKTUBHO MPUMEHEHNE TaKuX WHCT-
PYMEHTOB TIpH 0O6pabOTKe Pa3JIMYHBIX KEJIe30COep-
JKaIUX CIJIABOB, TOCKOJIBbKY IPU 3TOM 06€CTIeYMBACTCS
pes3Koe CHIKEeHUe UX a/Ire3MOHHOTO U [ dy3NOHHOTO
M3HOCA TIO0 CPAaBHEHWIO € ajaMa3HbIM. Kak M3BecTHO,
KavecTBO MHCTPYMEHTA, €r0 pab0TOCTIOCOOHOCTD B 3HA-
YUTEBHOM Mepe 3aBUCST OT MEXaHUYECKUX, (pusmyuec-
KX ¥ XUMUYECKUX CBOUCTB CBS3KH, OCOOEHHOCTEH MeXK-
(asHbIX TIPOIECCOB, MTPOTEKAIOIIIX HA TPAHUIIE PA3IETA
KHbB—cBsi3ka, B ycioBusix (opmupoBanus paboyero
cJ0s1 MHCTpyMeHTa. JIJisi M3TOTOBJIEHUS] MHCTPYMEHTOB
Ha ocHoBe KHDB npumensior paszimynble TEeXHOJOTHH,
oTJIMYaloNIecss MeTozaMu (HOPMUPOBaHUS PaboUyero
MHCTPYMEHTATBHOTO CJIOS M CIOCOO0M 3aKperIeHusT
3eped KHbB. NHcTpymMenTabAbIE KOMIIO3UTBI TIOJIYYAtOT
Metofamu criekanust 3epeH KHD u ¢Bsi3ku, rasbBaHu-
YeCKUM OCAKIECHWEM WJIHM TIIA3MEHHBIM HAIbLICHUEM
nocsenei. Kaxapiii u3 nepeyrcieHHbIX Crioco60B nMe-
€T CBOU MIPEUMYTIECTBA W HEIOCTATKHU, a TaKyKe 00JIacTh
11e1eCO06PA3HOTO TIPUMEHEHHS .

[naBHbIM HarnpaBJieHHEM B COBPEMEHHON TEXHOJIO-
THW CTIEKAHUS TOPOIITKOBBIX MAaTEPHAJIOB SIBJISIETCS WC-
MOJIb30BaHMe BBICOKOCKOPOCTHOTO HATPEBA, KOTOPBIil

MIO3BOJISIET PAAMKAJIBHO YBEJIUYUTb IIPOU3BOJAUTEJIb-
HOCTD ¥ ONITUMU3UPOBATD TIPOIIECC CIIEKAHUS, TIOJYyYaTh
MaTepuaJibl C BBICOKOH IIJIOTHOCTBIO ¥ MEJIKO3EPHUCTON
CTpyKTypoii [1]. B cBsI3u ¢ 5TUM MOSIBUIICS PSIT HEU30-
TEPMUYECKIX METO/IOB, CPEJIU KOTOPBIX CJEYET Bbijle-
JIUTH METOJI CIIEKAHUS METAINYECKIX ITOPOIIKOB MPsi-
MBIM ITPOITY CKAHUEM 3JIEKTPUYECKOTO TOKa [ 2], a Takxke
IpUMeHeHeM JiazepHoro Harpesa [3—7].

Kax mcrounnk Harpesa JasepHOe H3JIyIeHHe IMeeT
DAL CYLECTBEHHBIX MTPEUMYIIECTB: OHO I103BOJISET 3a
CUEeT BBICOKOH CKOPOCTH GECKOHTAKTHO BBOJWTD HEP-
rMI0 B MaTepuaJ M CTPOTrO ee 103UpOBaTb, OCYIECT-
BJIATb B IMIMPOKOM /J[Malla30He TeMIEepPaTyp CBEPXCKO-
POCTHOI HarpeB JIOKQJIbHBIX o6JacTeil MaTepHaIoB U
tTakuM 006pasoM (HOPMUPOBATH BBICOKOIHMCIIEPCHDBIE
CTPYKTYPBI. DT OCOGEHHOCTH Ja3epPHOTO Harpema, a
TaK)Ke ero 3HauuTe/IbHbIe IIPEUMYIIECTBA BbISBJIEHDI 1
HCTIOTb30BAHBI TP CIIEKAHNN aJIMa30COePIKAINX HH-
CTPYMEHTAJbHBIX KOMITO3UTOB [7].

B aT0i1 cBsI3U nipeacTaBsieTcs aKTYaTbHBIM HCCJIe-
JIOBAaTb BO3MOKHOCTD ITPIMEHEHNS 1 pa3paboTaTh TeX-
HOJIOTUYECKHE OCHOBBI JIa3epHOTO (POPMUPOBAHUS Pa-
604nx cJoeB HCTpyMeHTOB Ha ocHoBe KHDB. Ilesbio
JAHHO# pabOTBhI SIBJISIETCS MCCJIEIOBAHNE MTPOIECCA B3a-
UMOJICHCTBUSA Jla3epHOTO u3aydenus ¢ 3epuamu KbH,
BJIMSHMS €rO IIapaMeTpoB Ha IIPOYHOCTHDIE XapaKTe-
puctukn 3eped KHDB pa3amunbix Mapok M 3epHUCTO-
CTH, CTPYKTYPY U CBOICTBA paccMaTpUBaeMbIX HIIA]-
MOPOIIKOB, co3/1anue 6a3bl JAaHHBIX [ pa3paboTKu
TEXHOJIOTUU U3TOTOBJIEHUS BBICOKOTIPOM3BOIUTETHHO-
TO UHCTPYMEHTA, OCHAIIEHHOTO PEXXYIUMU 3JIeMeHTa-
mu n3 CTM.

JKcnepuMenHTaibHOe 000PYIOBaHHE H METO/IUKA
IpoBe/ieHns uccaeAoBanuii. OcHOBHOU 3amaueil uc-
cJIeIOBaHus SIBJIAETCS Olpe/ieJieHe MaKCHMaJlbHbIX
3HQUEHNI TeMIepaTypbl CKOPOCTHOTO JIA3ePHOTO Ha-
rpeBa pa3amyHbixX numdnoponkoB KHbB u coorBerct-
BYIOIIUX WM YCJOBUN OOGJyueHUs, MPU KOTOPBIX He

© A.A. TOHYAPYK, JL.®. TOJIOBKO, A.H. JIVTAH, 10.B. KJIIOYHUKOB, H.B. HOBUKOB, A.A. IIEIEJIEB, B.I. COPOYEHKO, 2011
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HAGTI0/IAETCS CHUPKEHUS] MX TTPOYHOCTHBIX Y PEKYIITUX
cBOlCTB. [[/is1 ee perieHust HEOOXOIUMO:

® U3YYWTD BJIMSHUE JJA3€PHOr0 OOJYyUEeHHS Ha MPO-
I[ecC HarpeBa W MPOYHOCTHBIE XAPAKTEPUCTUKHU 3€PEeH
KHB;

® OTIPE/IC/IUTD YCJIOBUS JIA3ePHOTO HArpeBa, He CHU-
JKarotero abpasuBHbie crioco6Hoctu 3epen KHDB;

® OIIpeJIeJINTh ONITUMAJIbHbIE TEXHOJIOTUYECKUE Pe-
JKAMBI M [TMANIa30HBI TEMIIEPATYpP, MO3BOJISIONIAE HC-
M0JIb30BATh TEXHOJIOTHUIO JIA3ePHOTO CIIEKAHUS UHCTPY-
MEHTAJbHBIX KOMIO3UTOB M COXPAHUTD WMCXOHBIX
cBoiictB 3epen KHB 1 BbIicokyI0 MpouHOCTD WX 3aKpe-
IJIEHUST B CBSI3KeE.

Jlnst mazepHOTO OGJIyUeHUS] IPUMEHSITH CTIEIIAAJb-
HBII TeXHOJIOTUYECKUN KOMILIEKC, B COCTaB KOTOPOTO
BXO/IUT MOIIHBIN 3/ieKTpopa3psaaabiii CO,-1azep «Jla-
Tyc31», YCTPOICTBO /I TPAHCIIOPTUPOBaHUS, (HOKY-
CUPOBAaHUSA U KOHTPOJSI TApaMeTPOB U3JIy4YeHUs, de-
TBIPEXKOOP/IMHATHBIHN CTOJI C CUCTEMOI TTPOrPAMMHOTO
ynpasJienus. JlazepHoe M3iydyeHne ¢ JJUHOW BOJHBI
10,6 MM dorycupoBasu chepudeckoit mu30# n3 KCI
¢ ¢doxycHbIM paccrosaueM 200 mMM.

Ha miportiecc 1a3epHOTO CIeKaHUST OKA3bIBAIOT BJIHS-
Hue (HaKkTopbl, CBSI3aHHDBIE C JJA3€PHBIM ITyYKOM, YCJIO-
BusMu 06sryuenus, cBorictBamu KHB u cBs3xu. dusu-
YecKue TIPOIIECChI, TTPOTEKAIONINE TIPY JIa3ePHOi 06pa-
60TKe, OIpeNeSIOTCS TeMIIEPATYPHBIM PEXXUMOM Ha-
rpeBa M MOCJEIYIONIETO OXJIAXK/[eHNs. XapaKTepPUCTh-
KU TeMIepaTypHoro moJist (ypoBeHb TeMIreparyp, Mx
pacrpe/iesieHne 0 HarpeBaeMoMy 00beMy, CKOPOCTb
HarpeBa M OXJIAXKJEHUsI) ONPEAeNAoTcs (haKkTopamu,
CBSI3aHHBIMU C ICTOYHUKOM HarpeBa, XapaKTepUCTHKA-
Mu 06pabaTbIBAEMOTO MaTepuasa, YCJIOBIAMU UX B3a-
nmoelicTBusa. CxemMa TPUYNHHO-CJIEICTBEHHBIX CBSI-
3eil MeX/y OCHOBHBIMM (DaKTOpaMu U IapaMeTpaMu
mpollecca Ja3epHOTO CIIEKaHWsT KOMIIO3UTOB MPOaHa-
JIM3UpoBaHa aBropamMu B pabore [8].

Jlug uccieioBaHusT BJIUSHUS JIA3€PHOTO HATrpeBa
Ha KHDB 6puin BbiGpanbl NiindoBabHBIE MTOPOITKH
YeThIpeX MAPOK, MCXO/HAs MPOYHOCTh KOTOPBIX IpU
CTAaTUYECKOM HArpy’>KeHuW yKaszana B Tabsuie. Orn-
peliesieHre TTOKa3aTesiss CTATHYeCKOM MPOYHOCTU LN~
doBampabIX Topormkos KHB nmpoBoanm 1o cranaapr-
HOU MeTojuKe Ha Tpubope [[A-2. 3HavyeHus cTaTu-
YeCKO#l HarpysKU Gpasp, MO KOTOPOI paspylIaloTcs
depaa KHDB, omnpenensisim npu cxxatnm ABYX TIJIOCKO-
MapaJiiebHbIX TIJIACTUH, MEXK/Yy KOTOPBIMU TIOMEIaIn
HCCJIe/lyeMble 3epHa.

W3yuenne BauSHUS TPSIMOTO JIA3€PHOTO HArpeBa
Ha cBoiictBa 3epedn KHDB nipoBoauu o npsaiMbiM 06-
JIydeHueM, OTOHpaJi 3epHa NLTH(OBATLHOTO TOPOIITKA
mo 200 mTyK B mapTUU, pa3Meniaiu B psiji Ha Tpadu-
TOBOW TIOJIJIOJKKE W TIO/[BEPrajil BO3/IEWCTBUIO HETIpe-
poIBHOTO M3sydeHuns: Momuoro CO»-ya3epa ¢ JAJIMHOM
BostHbI 10,6 MM, O6ayuerne 3epen KHB npoBoanm
IPU CJEYIONUX TEXHOJIOTHUECKUX MapaMeTpax obpa-
GOTKH: MOIIHOCTD JlazepHOro uaiaydenus P = 700 Br,
Jqmamerp nsitHa d = 7 MM, CKOPOCTb TiepeMeneHus JIyya

ITpounoctp 3epeH HLIM(OBAJbHBIX IOPOIMIKOB IHPU CTATUYECKOM
Harpy>KeHun

IIpounocts, H
[T oBaabHbL TTOPOLIOK
KHB . JlanHble
Jlannble H3MepeHuit .
TPON3BOANTE/ICH
CBN 100 (D1) 13,0 -
KB 250,200.14.08.07 12,1 13,2
KHB KB 250,200 9,4 12,6
(. 1031)
KB 250,200 (1. 175) 8,5 -

v=0,8; 1,4 u 2,0 M/MuH, BpeMs BO3/IiiCTBUS U3JTy-
YeHUS TPU YKA3aHHBIX CKOPOCTb TepeMelNIeHus Jydya
paBno cootBerctBenno t = 0,53; 0,30 u 0,21 c.

WccnenoBanmst 061yueHHBIX W HEOOJYUEHHBIX 3€-
per KHDB mpoBoamiu ¢ moMompio pacTpoBoil aJieK-
TPOHHOI MUKPOCKOITNH, JIOKAJbHOTO ¥ UHTETPATHHOTO
PEHTTeHOCTIEKTPATBHOTO AJIEMEHTHOTO AHAJIN3a Ha CKa-
HUpYIOIIeM ajeKTponHOoM Mukpockone ZEISS EVO 50
XVP, yKOMIJIEKTOBAHHOM 9HEPTOMCIIEPCHBIM aHAJIN-
3aTOpoM peHTreHoBcKuX crekTpoB OXFORD INSA
Pente FETx3 HKL CHANNEL-5 ana mudpaximm
9JIEKTPOHOB.

MeTomaMu PEHTTEHOCTPYKTYPHOTO aHAJIN3a, Pact-
POBOIT 3JIEKTPOHHOW MUKPOCKOIUH, JIOKATBHOTO U MH-
TETPAJbHOTO PEHTTEHOCIEKTPAJLHOTO aHAJIN3a OTpe-
JleJieH XUMUYecKuil 1 $asoBbIil cOCTaB, MCCJIe0BAHA
CTPYKTypa 1 cy6CTPyKTypa nuindoBaJbHOTO MOPOIIKA
KHB mapxu KB 3epuucrocrsio 250 /200 mocse Bo3-
JelicTBus JazepHoro uanyyenus. [losryyenibie ganmbie
COTIOCTABJISITA ¢ U3MEPEHHBIMI 3HAYEHUSIMU CTaTUYeC-
KOI TIPOYHOCTH 3€PEH, ONpe/eIeHHBIMU 0 CTaTHYec-
KOH Harpyske, IpHU KOTOPOH MPOMCXOAMNIO paspyliie-
Hue 3eper KHDB, nomenieHHbIx MexKIy ABYMsT mapas-
JICJTHHBIMU TLJIACTHHAMMU.

@da3zoBbIii cocTaB U cTpyKTypa yactun. Ha aud-
pakTorpaMmax OOJIy4eHHbIX 06pa3ioB KpOMe OTpa-
JKeHmH, xapakTepHbIX 1151 KHDB, 3aduxcuposans! 18e
JIOTIOJIHUTEIbHbIE JIMHUU, KOTOPbIe NAeHTUMDHIIUPYIOT-
cs kak orpaxkenus 002 u 004 rexcaroHaJbHOU MOJH-
dukanmu BN. CirenoBaresibio, JiazepHoe o0JyvyeHue
WHUIIMUPYeT oOpaTHoe mouMopgHOe TIpeBpanienne
¢BN — hBN. 13 cooTHoIeHrsI HHTErPaJbHbIX HHTECH-
cuBHOcTel MakcumyMoB 002 rekcaronanbroit u 111 Ky-
6mdeckoii pas HUTpHAA 60pa CIEAYET, 9TO KOJTNIECTBO
rpaduronono6Hoit haspl B MOPOIIKaX, 06paGOTaHHBIX
C YKa3aHHBIMHU CKOPOCTSIMI TIepeMeNeHNs JIyua, PABHO
14, 10 u 7 % coorsercrsento (puc. 1).

[MockombKy MIOTHOCTH TpaduTONon06HBIX (a3
HuTpraa 6opa B 1,5 pasza MeHbllle KyOUYeCKOM, yKa-
3aHHOe (ha3oBoe TIpeBpalleHue JA0KHO MPUBOIUTD K
BO3HUKHOBEHMIO Hanpspkenuii. HaOuomaiorieecss Ha
9JIEKTPOHHBIX MUKPOdoTOrpadusax 06JydyeHHbIX 06b-
€KTOB GOJIHIIOE KOJUIECTBO TPEIIUH MTOITBEPKIAAET 3TO
3aKJIIOUEHKE U CBUJIETENBCTBYET O TOM, YTO BO MHOTUX
YACTUIIAX HATTPSKEHUS MTPEBBINIAJY ITPeIe TPOYHOCTH
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Puc. 1. dnexrponnbie Mukpodororpadun ucxoauoro mmdosaaphoro nopomka KHB KB 250,/200 1o (@) n nocae (6) o6ayuerns: npu

0v=08m/Munut=0,53 ¢

Date 20 Des 2007
Towm 141813

a

Dade 20 Dwe 2007
Turs 18508 31

WO - 14 0 — Poste s = 2109

Puc. 2. Bus o6pasosasiueiicst rpenunbl B uiudosaibaom nopomuike KB 250 /200 (1. 1031) nocse nazeproro o6aydenus ipu v = 1,4 M/ MuH

ud=7mm: a — Gesoe 3epHO; 6 — YEPHOE 3EPHO

KHB (puc. 2). YMeHbIIEHHE KOJMYECTBA TI'€KCAro-
HAJbHOH (pa3bl ¢ yBeINIeHIEeM CKOPOCTH IlepeMeIeHNsT
Jyda O3HAyaeT, YTO yKa3aHHOe (ha3oBoe IpeBpallle-
HIe — TePMIYECKN aKTHBUPYEMBIil IIpoIece.
Cy6cTpykTypa u npoyHocTs yactuil. [[lupuna nH-
tepdepenimonnbix MakcumymoB 111 (Byy1) o6ayuen-
HBIX TIOPOMIKOB B 1,4 pasa 6oJbllle 3TOTO TapaMeTpa
ucxoaHoro o6bekta. I1ocKoMbKY BJIUSHIEM KOHIIEHT-
PAIMOHHON HEOHOPOAHOCTH 1 /1e(DEKTOB YIIAKOBKH HA
yIIMpeHHe PEHTIeHOBCKUX JIMHUI B JJaHHOM CJlyyae
MOKHO TIpeHeOpedb, KOPPEKTHBIM Oy IeT YTBEPIKIEHHE,
YTO Jla3epHOE BO3/eCTBUE INPUBOAUT K M3MEHEHUIO
cybocrpykrypol KHB. ITapaMeTpsl TOHKOI KpucTaiim-
YeCKOIl CTPYKTYpBI, YIIUPSIONe ArppaKInOHHbIE

Taap 1

14
12
(14]

S bl & T

Puc. 3. BausiHue ckopocTu nepemMenieHus Ja3epHoro Jydya Ha npoy-
HOCTh 06TymmeHHbIx 4epHbix (1), mexomupix (2) u 06JTyIMIEHHBIX
Geabix (3) zeper KHB CBN 100 (D1) upu craTuuecKoM Harpy-
SKEHUH; 3/1ech U Ha puc. 4—6 d =7 MM, v = 0,8 (1), 1,4 (II) u 2,0
(III) M/ Mun

MaKCHUMYMBI, OTIPEEJISIOT 110 IBYM Mo/ieJisIM. B riepBoit
yBeJNYEHNE TMUPWHBI JUHUW CBSI3BIBAIOT C TTOBBIIIE-
HUEM IIJIOTHOCTH P XaO0TUYECKU pacIpe/le/IeHHbIX JIHC-
Jokarii. Bo BTOpoi#l Mozenu Tpejriosaraercs, 4To
3epHO COCTOWT M3 00JacTell KOTePEHTHOTO PACCEeSTHUS
(OKP) u yBesmuenue NnpruHbl MAKCUMYMOB TPAKTYIOT
Kak pe3yJsabTaT yMeHblneHus padmepoB OKP n yBemn-
YeHUS] MUKPOUCKAKEHNH KPUCTATINYECKON PEIeTKH.
B paMrax mepBoit Mmozge pocT By 03HAYaET, 4TO IpU
06 Ty4eHNN BKJIIOYAIOTCS MEXAHU3MBI T€HepaIuu [Ivc-
Jokaruii. Bo3MOKHBIMU TIPHYMHAME MOTYT ObITb Ha-
MPSKEHUsT, BOSHUKAIOI[NE HA HAYaIbHOM aTane das3o-
Boro npespaiierusi cBN — hBN, i Bpementbie Tep-
MUUYECKUE HAIPSKEHUS BCJEJCTBHE BbICOKOIO I'Da/iu-

H

Upn.kp.-

14
12

Puc. 4. Bausinne CKOpOCTH IepeMelleHust JTa3epHOro Jiydya Ha Ipoy-
HOCTb 06s1yeHHbIX YepHbix (1), uexomHpix (2) n 06ayIHEHHBIX
6embix (3) sepen KHB 250,/200 mpu cTaTHYecKOM HarpysKeHHH
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Puc. 5. BimsiHue cKOpOCTH IepeMelieH s JIa3ePHOTo Jyya Ha [poy-
HOCTb 061ynenHbIX Yepubix (1), uexoannix (2) u o6uayneHHbIx Ge-
abix (3) sepen KHB 250,200 (11. 1031) npu craTtuyeckoMm Harpy-
KEHIN

€HTa TEMIIePaTyp M0 CEYEHUIO YACTHUIILI. Y BEeJUYECHUE
p IOJDKHO IPUBOAMTL K ynpouHenuio KHDB nomsamu
JTAJIBHOJIEHCTBYIOIINX HATIPSIKEHWI, CO3/JaHHBIX JIIC-
JokanusaMu. Bo Bropoil Mojesn yBesanuenue Byqq 03-
HavaeT yMmenbiienue padmepoB OKP. Ilocaennee co-
riaacHo 3asucumoctu XoJsna—Iletua nosskHO 1IpUBO-
JIUTh K roBbIienuio npounoctu KHbB.

[lig ycTpaHeHusT HeTaTUBHOTO BO3/IEHCTBUS Jla3ep-
Horo o6uryuenust Ha cBoiictBa KHB, kotopoe mpuBoaut
K CHMYKEHWIO TPOYHOCTHBIX XapakrepucTtuk (puc. 3—
6), HY5KHO UCKJII0YNTH (MM YMEHBIIUTh BEPOSITHOCTH
nporekanust) ¢asosoe npespanierne cBN — hBN.

[TockompKy o6pasoBaHme 3apojbllia HOBOH (pa3bl
IIPOUCXOJIUT B MECTaX CKOTLIEHUS 1ePeKTOB KPUCTAJI-
JIMIECKOTO CTPOEHNSI MICXOAHOI pa3bl, B KauecTBe BO3-
MOJKHOTO croco6a To/laBjeHust 3Toro (asoBoro mpe-
BpallleHuss MOXKHO PEKOMEH/IOBATL WCIIOJIb30BaHUE
TN OBATBHBIX ITOPOIIKOB ¢ HanboJiee COBEPIIEHHBIM
KPUCTAJINYECKUM cTpoeHueM. [Ipyrum, 6osee Kapau-
HAJBHBIM, ITyTeM MOXKeT OBbITh MEPeXoj Ha Jia3zepHoe
U3JIy4YeHue ¢ MEHbIUM K03 PUITMEHTOM MOTJIONEHUS
ayuaeii B KHB.

BoiBo bl

VccnemoBanue mporiecca B3anMOJIEHCTBUS JIA3€PHOTO
usnaydenus MorHoro COs-sazepa ¢ sepaamu KHB mipu
HEMOCPEJACTBEHHOM OGJYYEeHUH TO03BOJIMJIO YCTAHO-
BUTD, UTO

T H

- o8 =2

o = bt La &

Puc. 6. BiusiHue ckopocTu 1epeMelnieHus J1a3epHOro Jyya Ha 1poy-
HOCTb 06.1yntentbIx depubix (1), uexoaunix (2) u o6aynieHnbx Ge-
abix (3) sepen KHB 250,200 (1. 175) npu cratuyeckoM Harpy-
SKEHUN

e sepua KHB umeror Boicokyio (75-80 %) morJio-
MIaTeTbHYIO CITIOCOOHOCTD MTPH AEHCTBUH JIA3EPHOTO M3~
ayderns ¢ A =10,6 MrM;

® CKOPOCTHON Jla3epHBINl HArPEB TIPU Pa3HbIX yC-
JIOBUSIX OOJIyYeHUs COITPOBOK/IAETCS] 3HAYUTETbHBIMU
usMeHeHusMu coctoguus 3eper KHDB.
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MATHEMATICAL MODELING OF BRITTLE ROCK
DESTRUCTION PROCESS UNDER THE INFLUENCE
OF LASER RADIATION

S.V. GOSHOVSKYI, Yu.V. ROGANOV, S.V. KURYSKO, P.T. SYROTENKO and Yu.I. VOYTENKO
Ukrainian State Geological Research Institute, Kiev, Ukraine

Thermal energy absorption and strong local heating are occurred on the rock under the laser radiation influence which
leads to local volumetric expansion and deformation. Temperature deformations stipulate emergence of stresses. Spallation
of rock happens in the area where stresses exceed permissible limit. As temperature shifts are relatively small and process
of destruction does not develop rapidly, the disconnected dynamic model of thermo-elasticity is used for the process
description. That simulation method was applied to calculate temperature and stress fields for homogeneous medium
with dimensions of 10 x 10 cm and granite parameters. Temperature field has been calculated for CO,-laser heat source.
Using of mathematical modeling allows us to choose optimal laser operating regime at which rock melting does not

appear and to predict results of work at various laser operating regimes.

Currently, there are three mechanisms of laser re-
moval of rocks, namely, spallation, melting and
evaporation. Preliminary data of investigations show
that the laser spallation of rocks is the most energeti-
cally effective one among of all existing mechanisms
of laser removal of rocks. Process of laser spallation
is based on using thermal stresses in rock induced by
laser for rock destruction into small fragments (de-
bris) before their melting. Great intensity of laser
energy which is concentrated on rock with very lower
thermal conductivity induces instantaneous local tem-
perature increasing. As a result thermal stresses origi-
nate in the local areas of rock and finely destruct it.
The last investigations demonstrate one more impor-
tant advantage of laser spallation of rocks. It consists
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Figure 1. Cost of drilling wells versus depth [4]: 1 — average cost
conventional drilling; 2 — predicted cost for spallation drilling

in providing permeability increase of rock exposed to
spallation and the ability to remove slime out of well
in process of drilling in more simple way. At present,
the efforts of scientists are concentrated at the next
new technologies of deep well drilling: hydrothermal,
water-jet (hydro-abrasive), laser and plasma (electric
and chemical) [1]. Deep well drilling approaches with
laser, hydrothermal, and plasma spallation and melt-
ing will be the most claimed ones among the men-
tioned above technologies. In addition, in the first
place, we forecast introduction of deep well drilling
based on combined technology of mechanical and heat
rock destruction [2, 3]. The last investigations of the
USA scientists are the evidence to all said above.
They detected that the cost of mechanical drilling is
growing with depth according to exponent law. But
at the same time the cost of heat drilling would be
changed with linier law [4] (Figure 1). It is not rea-
sonable to change mechanical drilling on thermal one
when the depth of the well is less than 3.5 km was
also proved as well in the same work.

It should be noted that essential progress in de-
velopment of laser technologies for drilling oil-and-
gas and geothermal wells was outlined after the pre-
vious our Conference. The demonstration of a huge
interest in these technologies from commercial firms
such as FORO Energy Inc. (USA) and SAUDY
ARAMCO (Saudi Arabia) may serve as a proof of
said above. The first one has obtained a number of
patents [5, 6] on methods and systems of drilling
wells with utilization of high power laser and an op-
tical fiber cable for transmission of the high power
laser energy for very long distances. Introduction of
these patents will allow getting a substantial progress
in oil and geothermal technologies. The second firm
scientists have conducted successfully experiments on
laser perforation of rock in laboratory conditions with
assistance of well-known in the oil-and-gas world

© S.V. GOSHOVSKYI, Yu.V. ROGANOV, S.V. KURYSKO, P.T. SYROTENKO and Yu.l. VOYTENKO, 2011
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service company HALLIBARTON (USA). Moreover,
Japanese scientists have demonstrated the success for
the first time in laser drilling of the oil-and-gas res-
ervoir rock with spallation and melting methods in
water medium as well [7].

At present, there are known a few cases of simu-
lation of rock destruction with laser radiation. For
example, this is a modeling suggested in NTTU «Kiev
Polytechnic Institute» (Professor Golovko L.F.,
2008) and in Argonne National Laboratory [8]. The
distinct feature of computational modeling presented
in this paper is finite-difference realization for various
rocks, as well as for real borehole conditions of rock
destruction. Here 2D model of thermal spallation of
rock with laser radiation will be examined which has
been presented by authors at the previous our Con-
ference [9]. Software for simulation of process of laser
spalling of rock was developed in Ukrainian State
Geological Research Institute (UkrSGRI).

Estimation of different methods of rock removal
which depends on specific energy is presented in the
Table. From energy point of view, thermal methods
of rock destruction lose to mechanical one. But ther-
mal methods of drilling, especially method of rock
destruction by spalling, have one indisputable advan-
tage, namely, high velocity of rock removal. In addi-
tion, method of thermal spallation of rock does not
require too much energy than mechanical drilling in
comparison with other thermal methods of rock de-
struction.

Coefficient of brittleness of rock plays an impor-
tant role in reaching a good spallation of rock. Such
rocks as granite and sandstone have a great coefficients
of brittleness whereas limestone does not have such
characteristics because it could be found in the inter-
mediate state between brittle and plastic ones.

Therefore the statement of a problem of computa-
tional simulation of process of brittle rock destruction
under the influence of laser radiation is actual and
well-timed.

Numerical mathematical model and the first re-
sults of simulation. Statement of the problem of simu-
lation. In this paper laser spalling of rock with the
help of laser beam is considered on example of granite.
For the simplicity, we used 2D mathematical model.
The rock is divided into small cells with size of 0.5 x
x 0.5 mm which behave like an isotropic elastic ma-
terial (Figure 2). Horizontal and vertical sizes of 2D
section are accepted equal to 100 and 100 mm. Di-
ameter of laser beam is prescribed equal to 10 mm.
COy-laser supports three regimes of work. Continuous
regime of laser radiation was preferred as such regime
of laser operation allows radiating the greatest energy
during shot-time interval. That may cause an abrupt
change of thermal stress in the rock in the point of
laser action. Power of laser radiation under continuous
regime was equal to 3.0 kW. A rock can be spallated
if stress in it satisfies Mohr criterion. As a rule, pro-

Specific energy for removal of rocks

Specific energy, J/cm®

System
of destruction (3] [10] (1]
Rotary bit 100 210 (cone bit)
1120 (diamond
cutting)
Hydraulic 1000 5000 (coarse-
jet of high grained rocks)
pressure 50000 (fine-
grained rocks)
Thermal 1500 3000 (flame-jet
spallation destruction)
Melting 5000 18000 (heat Millimeter
penetration) radiation
4300 (granite)
4500 (sandstone)
11000 (limestone)
Evaporation 12000 3000 (laser or Millimeter
plasma) radiation
28400 (granite)
19900 (sandstone)
33400 (limestone)

duced with spallated rock debris is removed with com-
pressed air or gas. That allows processing rock de-
struction in dry conditions, e.g. without using liquids.

A rock with high coefficient of brittleness was
chosen for investigation, namely, granite. It has the
following basic mechanical and thermal properties:

e specific density — 2.7-10° kg /m®

e tensile strength (tension/compression) —
3.0-10% /2.0-10° Pa

e Young’s modulus of elasticity E / of shear G —
4.25-10'/2.9-10' Pa

e Poisson’s ratio — 0.25

e specific heat C, — 936 J /(kg-K)

e thermal conductivity A, — 2.42 W /(m-K)

o coefficient of thermal diffusivity y — 9.62:107 m? /s

e coefficient of linear expansion o — 8.3-10°%1 /K

e temperature of melting T — 700 °C.

Currently, three methods of influence of laser
beam on rock are the most common, namely:

e laser beam exert into selected point of rock con-
stantly while only time of activity and intensity of
laser radiation are changed. Diameter of created hole
in the rock corresponds to diameter of laser beam [8];

e laser beam moves on a circle trajectory of defined
diameter against center of hole. Diameter of laser spot
is chosen equal to a half of diameter of the hole which
has to be drilled in the rock [12];

e laser beam influences the surface of the rock in
accordance with mosaic law. While laser ray shifts, it
is switched on and off in a stated law in points of action.
This method is utilized for drilling large holes [13].

The first method of laser beam influence on the
rock has preference in simulation because of the sim-
plicity of its realization. It is utilized when it is nec-
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Figure 2. Examples of results of thermal destruction of
_ | rocks: @ — melting (above) and spallation (below) by
| rotation of laser beam [12]; b — spallation of sandstone
under condition of constant laser beam position [8]; ¢ —
CO,-laser spallation of granite in water medium [7]; d —
plasma spallation of granite (UkrSGRI, 2010)

essary to produce holes of small diameter, for example,
at oil-and-gas well perforation.

Basic principles of model building up. Absorption
of heat energy is happened under the influence of
laser radiation on the surface of the rock. As a result,
temperature gradient occurs which brings to initiation
of deformations and stresses. Destruction of rock is
occurred in area with maximal stresses and limited
with surface, at which Mohr boundary conditions are
satisfied.

Quasi-static model of the thermo-elasticity can be
used for describing process of rock destruction as en-
ergy absorption takes place under condition of rock
strong heating, relatively small displacements, and
slow process of destruction [14]. According to this
model, temperature field T(x, t) (x € 'Q) does not
depend upon stresses and deformations which appear
during process of heating. It is fully described with
heat source, heat conduction in medium, and tempera-
ture conditions on the boundary T of area of calcula-
tion [9]. Heat conduction does not take place on the
boundary T of area 'Q far from position of source. In
other words, we can consider process of heat conduc-
tion as adiabatic one.

According to [9] while simulating process of rock
destruction the following equations was used for as-
signment of boundary conditions for temperature field
in the area of influence of laser radiation and outside
this area; description of heat conductivity that allows
distribution of temperature to be defined inside the
pattern of rock; utilization equation of Duhamel—Neu-
mann for stresses finding which depends on tempera-
ture changes; and dynamic equations for finding dis-
placement and stresses which appear in rock sample
under the influence of temperature field.

The Mohr inequality is used as a condition of rock
spallation:

Gy

Geomp G3 = Gy,
where o1 and o3 are the main stresses; Gcomp is the
compression stress; o is the tensile stress.

Initial conditions consist of prescribed tempera-
ture field T (xy, x2, x3) at ¢t = 0 and displacements u;
(x4, x9, x3) that can be not of zero value because of
medium, radiated by laser at previous stages.

Finite-difference realization of mathematical
model. As area Q) is not complex geometrical construc-
tion itself and its surface I' is moving inside Q under
the influence of laser radiation and spallation, it is
desirable to use simple rectangular grids of calculation
and finite-difference algorithms for parabolic bound-
ary problem of heat conduction and quasi-stationary
problem of elastic theory [9, 15]. Finite-difference
schemes were developed for 2D media which described
in detail in [9]. Corresponding software for numerical
calculations was created as well.

Results of simulation. The depth of the spallation
area lies in the range from 2 to 3 mm, within which
initiated strain exceeds maximum allowable tension.
In the upper layer of rock (depth of 0—2 mm) spal-
lation of rock did not happen because there compres-
sion occurs, the stress of which approximately equals
to 25 MPa that is far smaller than the limit compres-
sion for granite. Time interval of laser action on the
rock till spallation was equal 0.5 s. Temperature of
rock heating in the area of spallation was equal 450 °C
that is less than temperature of granite melting (700 °C).
There are no areas of temperature field generated by
laser which are close to temperature of granite melting.
Displacements in areas of rock destruction were less
than 10 mm. These values belong to range of rock
microdestructions which have maximum limits up to
0.1 mm. This proves that the simulated process of
rock destruction is spallation. In Figures 3 and 4, area
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PETUCTPAIIIA BUOMATHUTHBIX CUTHAJIOB MOJ3TA
C NUCIIOJIb3OBAHUWEM CBEPXIIPOBOAHNKOBbBIX
KBAHTOBBIX MATHUTOMETPOB IIPU JIABEPHOI

3PUTEJBbHOI CTUMYJIAIINU CETYATKU IJIA3A

AL TPEBEHKUH', A.B. JIAPUYEB’, B.C. MAIIOPOB’, B.fl. TAHYEHKO’
1HI/H_[ «Kypuarosckuit nncruryr», Mocksa, Poccus
] 2 Dusnycckuit axymnprer MI'Y um. M.B. Jlomonocosa, Mocksa, Poccus
5I/IHCTI/ITyT po6JieM JiazepHbIxX 1 nHpopMarmonubix Texnosorunit PAH, Illatypa, Poccus

I[JIH HOBBIX GECKOHTAKTHBIX CIIOCOO0B nuccseoBanusd MpoCTpaHCTBEHHOTO paclpeae/IeHUA 6HOHOTBIIHI/IaJIOB B CTPYKTYpax
TOJIOBHOI'O MO3ra — TOHOFpaClDI/I‘-IECKOI‘O KapTupoBaHue n TpeXMEpHOﬁ JIOKaJIN3allil UCTOYHUKOB 3PUTEJ/IbHDBIX BbI3BaAaHHbBIX
TIOTEHIINAJIOB — CO3/1aHa CUCTEMa I10Ja4Yn CBETOBBIX CTUMYJIOB /I OPpraHu3aninumn 3pI/ITeJTbH0ﬁ CTUMYJIAIINN BbIépaHHbIX
YYaCTKOB CE€TYATKH IJia3a. HpOBelIeIII)I SKCIIEPUMEHTDI 110 PETUCTPAIIUN GHOMarHUTHBIX CUTHAJIOB, TEHEPUPYEMBIX MO3TOM
YeJIOBEKa, U UX aHa/In3, KOTOPbIE IOKa3aJJan B3aUMOCBA3b OGUOMarHUTHBIX CUT'HAJIOB, UHTEPIIPETUPYEMbIX KaK OTKJIMKM Ha

TIpEeADABJICHHDIC OIITUYECKNE CTUMYJIbI.

B Hacrosimiee BpeMst B KJIMHUYECKOH 0(TaIbMOJOTHH
HAYMHAIOT MCII0JIb30BAThCS HOBbBIE TTOIXO/bI K U3yde-
HUTO GM03JIeKTPIYeCKOll aKTHBHOCTH 3PUTEJNBHON CHC-
TEMbI, COCTOSIII[UE B UCCJIE0BAHUY TPOCTPAHCTBEHHOTO
pacrpe/ieIeHIsT GMOTIOTEHIINAIOB B CTPYKTYPaxX rOJIOB-
HOTO MO3ra — Tomorpaduyeckoe KapTHPOBAHUE U
TpeXMepHasl JOKAIN3AINs NCTOUHNKOB 3PHUTEIbHBIX
BBI3BAHHDBIX NIOTEHINAJIOB. BHeipeHne aanTHBHOI O11-
THKHU B 0DTAJIbMOJIOTHUIO TTO3BOJISIET PEIIUTD TPOGJIEMY
BJINSHUS abeppanuii OoNTHYeCcKOil CHCTEMBI Tiasa Ha
KauyecTBO M300paKeHus IJIa3HOrO JHA W OTKPbIBAET
HOBbIEe BO3MOXKHOCTHY B paHHel AMAarHOCTHKE PeTHHAb-
Hoii martosioruut [1]. Oco6blil WHTEpEC TPeNCTaBISET
IIpUMeHeHre MeTO/I0B aJallTUBHON Ja3epHON ONTHUKHU
BMeCTe C U3yueHHeM OMO02JIeKTPUYECKON aKTHBHOCTH
3PUTEJHHOU CUCTEMBI.

Tomnorpadnueckoe KapTHpPOBaHWUE ¥ JIOKAIN3AINSI
9JIEKTPUUECKUX UCTOYHUKOB IIPHU MOMOIIU METOOB
snekrposnnedanorpadpun (IIT) n BHI3BAHHBIX IO~
TEHI[UAJIOB UCIIOJIb3YIOTCS B HEBPOJIOTUN W HENPOXHU-
pypruu ajst BbifeseHnss (QYHKIMOHATBHO 3HAYUMBIX
30H TOJIOBHOTO MO3Ta, YTOYHEHMS JOKAJIU3AIUU IIIU-
JIETITOTEHHBIX (POKYCOB M OYaroB MOPa’KeHNUS.

Maruurostuedanorpadpus (MIT) B oramune ot
93T monHOCTDIO 6ECKOHTAKTHA, TOCKOJbKY HE CBSI3aHa
¢ Heo6XOJMMOCTBIO 3aKpeIlJICHNST KaKUX-JIH00 3JIeK-
TPOJIOB Ha T0JIOBe 06CJIeyeMOTO 1 He 3aBUCUT OT Gop-
MBI TOJIOBBI, UTO SIBJISICTCSI OTHUM U3 ee JOTOJHUTEb-
HBIX MpeuMyIiecTB [2], omHako TpeGyeT UCIOJIb30Ba-
HUsT paGOTAIOIINX TIPU FeJIUEBBIX TEMIIEPATYPAX CBEPX-
NPOBOJHUKOBBIX KBaHTOBbIX MarautoMerpos (CKBIU [1-
MaruutoMeTpoB). MOT o61asaeT O4eHb BBICOKMM Bpe-
MEHHBIM Pa3pelleHneM 3TeKTPHIECKUX COOBITUN B MO3-
re (mopaaka 1 MC) U JOCTATOYHO XOPOLIMMH IOKa3a-
TEJAMU MPOCTPAHCTBEHHOTO paspemenns (3—5 mm). C
TaKOll TOYHOCTBIO COBPEMEHHbIE MATEMATHYECKIE MO-

© A.Il. TPEBEHKWH, A.B. JJAPUYEB, B.C. MAIOPOB, B.{. IIAHUYEHKO, 2011

JleJTT U MeTO/Ibl O6PaGOTKU JJAHHBIX MAarHUTHBIX M3Me-
peHuil MO3BOJISAIOT M0 U3MEPEHHOMY PACIIPe/IeJIEHUIO
MarHUTHOTO TIOJII BOCCTAaHOBUTH JIBYXMEpDHBIE WJIN
TpeXMePHbIE PaCTIpeieIeHNUsT 3JEKTPUUECKUX NCTOUHNU-
KOB B MO3re uejioBeka. MIT-KapTupoBaHue U JIOKAJIH-
3aI[s] UICTOYHUKOB JIAIOT BO3MOKHOCTH OIIEHUTH COC-
TOSTHUE BOJIOKOH TPOBOJSIIETO IyTH, CTPUAPHBIX W
9KCTPACTPUAPHBIX KOPKOBBIX 3PUTEJbHBIX I[EHTPOB.

Cucrema nojay CTUMYJIOB H CHCTEMA a/JalTHBHOM
ontuku. CrucremMa 1o/[la4y CBETOBBIX CTUMYJIOB UCHOJIb-
3YeTCs IS OPraHU3AIMY 3PUTETbHON CTUMYJISIIIUY BbI-
OpaHHBIX YYacTKOB ceTyaTKu riasa. OHa MO3BOJISET
(hopMupoOBaTL CBETOBBIE CTUMYJIBI M TIPOEITUPOBATDH UX
yepe3 ONTUYECKYIO CHCTEMY Ha CETYATKY TJia3a deJio-
Beka (puc. 1). B akcrepuMenTaabHbIX UCCAEJOBAHUSX
HCTIOJBb30BAJICS ONTUYECKUIT KaHaJ MPeIbsBIEHUS
CTUMYJIOB, KOTOPBIl MOXKET IIOCBLIATh PAa3JIHYHbIE
«Ppa3apasKUTENNy> B TJ1a3 UCIBITYEMOTO: JIa3ePHbIE JIy-
4u, Gesiblil CBET BHYTPeHHeW IIOJCBETKU, Pa3JnYHbIe
n300pasKEeHNUsI, CO3/IaHHBIE C MTOMOIILI0 MATPHUIILI CBe-
Tono/0B. TlepeunciieHHblil HAGOP «pa3apakuTesieiis
M3MEHSIETCS B NIMPOKOM JIMaTia30He rmapaMeTpoB, (op-
MUY CTATUYeCKUe U TuHAMUYecKue ctumyJibl. OHo-
BPEMEHHO HA 9KPAH MOHHUTOPA BBIBOJIUTCS U306pasKe-
HUE TJ1a3a ¢ KaMepol.

[Ipu npoeknuu cTUMYyJIa MO pe3yabTaTaM pPacyeToB
U JaHHBIX ¢ (HOTONPUEMHUKA MOTYT (hOPMUPOBATHCS
CUTHAJIBI YTIPABJIEHUS JIa3ePHBIM M3JyUYeHNEM C TMHAa-
MHUYeCKOil Koppekiueir momiaoctr [3]. /st moctpoe-
HUST M300pakKeHWid TMepeiHell TTOBEPXHOCTH TJia3a Ha
[I3C-maTpuile KamMepbl HaBeleHUS CJy>KaT JUH3BDI,
obecrieunBalolre MpoerrpoBaHe N300pasKeHus B He-
o6xonuMoM Maciitabe, ero JOCTATOYHYI0 YETKOCTb W
KoHTpacTHOCTD. [lo mapameTpaM 3pauka W pe3yJbTa-
TaM TMPEeABAPUTEIbHON WHAMBU/YATHHON KaIUOPOBKU
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Puc. 1. Baok-cxema cucremsr: [IC — mpoexrop crumyios; BYII — cBszannblii ¢ nepconanbabiM KommnbiotepoM [1K 6ok ynpasnenust [1C

paccUnuTBIBAETCS Yroa (PUKCAIMK TJasa |, CJIe0Ba-
TeJIbHO, MOJIOXKEHNEe CTIMYJa Ha ceTJaTKe.
PerucTpaiyss MarHuTHBIX CUTHAJIOB KaK BbI3BaH-
HBIX OTBETOB Ha 3PHTEJbHbIE CTUMY.JbI. Bbi3BaHHbBIE
OMOMATrHUTHBIE TTOJISI UMEIOT BEJIMYMHBI B HECKOJIBKO
necarkos emroreca (1 GTa=10"" Tx) u croxmprii
crieKTpasbHbIil coctaB [4]. [Ipu mpoBenenun usmepe-
HUH B YCJIOBUSX TOPOJICKO¥ 3aCTPOMKHU YPOBEHD BHEIII-
HUX TIOMeX MOKET TIPEBBIATD MOJe3HbIN Ha 6 TIOps/I-
KoB. VX ocnabyeHne 1oCcTUraeTcsl IpUMeHEeHUEeM CIHIC-
TeM MAaCCUBHOHN M aKTUBHOW KOMIIEHCAIINN MarHUTHBIX
noJieil M WX Bapualluii, MPOCTPAHCTBEHHOHN (UJIbTpa-
1uell rpajineHTOMeTpaMu OT MEPBOTO /10 TPEThEro TI0-
PSITKOB, 3JIEKTPOHHOIH GaJlaHCUPOBKOI TTOBBINIECHHOM
TOYHOCTA B COYETAHUH C TPAUIIMOHHBIMU METOJaMU
aHaJioroBoit u 1udpoBoit dupTpanuu. [las maccus-
HOM 3aIlUThl HAMM MCIOJIb30BaJIC dKpaH (60KC) U3
AIOMUHNS, 00/1a/IaI0N[er0 BBICOKOH MPOBOAMMOCTDIO.
Pasmepbl 60Kca MO3BOJISIOT Pa3MECTUTh B HEM WUCIIbI-
TyeMOoro u npuemHyio annaparypy (puc. 2). Msmene-
HUe BHEITHETO TOJISl BBI3BIBAET B CTEHKAX WHIYKITMOH-
HbI€ TOKH, JIMHUM KOTOPBIX OXBATHIBAIOT BHYTPEHHUI
o6beM. VX MarHWTHOE T0Jie HAIPaBJEHO IIPOTHBO-

MIOJIOXKHO BHEIITHEMY BO3MYIIEHMIO U KOMIIEHCHUPYET
€ero.

[IpoBenenne sKkcriepuMEHTATLHBIX WCCJIE0OBAHWIA
[pU perucrpanuyd OMOMAarHUTHBIX CHUTHAJIOB BbI3BaH-
HOI aKTUBHOCTH TOJIOBHOT'O MO3Ta MMEET CBOM OCOOEH-
HOCTH. Bo-TiepBbIX, pe3yabTaToM OHOTO (hparMeHTa
3aIMCH MAarHUTHBIX OTKJIMKOB SIBJISTIOTCS ECSATKU, €CJTH
He COTHU, U3MEPEHUNl ¢ OTHOCUTEJTHbHOU BEJIMYUHON
curnana mopsinka 1—15 % 1o otHOMEHNIO K (POHOBBIM,
YTO JleJIaeT HEBO3MOXKHOW TTepBOHAYAJIBHYIO 3PUTENb-
Hyto oreHky. Ilocnenyromiee 3akmodenve (opmyiu-
PYeTcst 1ocJie npoBe/ieHus GMOMAarHUTHBIX MCCJIeI0Ba-
HUIT IO pe3yIbTaTaM MaTeMaTH4eCKoll 06pabOTKU «Chl-
PbIX» JAHHBIX HA MEPCOHAJIBHOM KOMIIBIOTEPE C TIOMO-
I[bI0 CTATUCTUYECKUX METO0B Ha OCHOBE JAaHHBIX aK-
TUBalMK. BO-BTOPBIX, B OT/IMUUE OT OMOMATHUTHBIX
HCCJE/IOBAHUI CIIOHTAHHOW aKTUBHOCTH T'OJIOBHOTO
MO3Ta JIJIS TPOBE/IEHIUST ONTHYECKOW CTUMYJISIIN Tpe-
6yeTcsl OCMBICTIEHHOE Y4YacTHe HUCIBITYyeMOro ¥ 4Yer-
KOCTD JeHCTBUI TTPOBOMASAIIETO UCCIEJOBAHUS CIEIa-
sacra. [[yst aToro Heo6xoAMMa MOTUBAIIUS CO CTOPOHBI
MCIBITYEMOTO, MPeIBAPUTENbHDIN WHCTPYKTAX U CIIe-
1uajbHasi TOJrOTOBKA HccJenoBaress. B-Tperbux,

Puc. 2. Cxema amomunueBoro 6okca (a) u ero BHenmmuii Buj (6)
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Puc. 3. BaaumHoe pacrosioxkenne UCrbITyeMoro, kpuocrata ¢ M3OI-
cucremoii (1) u npoexropa crumy.ios (2)

OMOMArHUTHBIE DKCIIEPUMEHTAJIbHbIE UCCJIEIOBAHUS
MO/IBEPIKEHBI apTeaKTaM U JIOXKHOIOJIOXKUTEIbHBIM
BBIBOJ/IaM, UTO OOYCJIOBJIMBAET BBICOKHE TPEOOBAHUS K
TEXHUYECKOMY COCTOSIHUIO CHCTEMBI a/IalITUBHOM ONTH-
KU JIJIs] UCCJIEZIOBAHUIT CETUYATKH TJ1a3a, MarHUTOMETPU-
yeckoit CKBU /I-cuctemsl [5] 11 KauecTBY BBITIOTHEHIS
caMuX HCCJeIOBaHUII.

[1pu npoBeieHN M SKCIIEPUMEHTATBHBIX UCCJIET0Ba-
HUH UCIIBITYEMBIMU CJIY)KIJIN MYKYUHBI B BO3PACTE OT
20 1o 70 JsieT 6€3 3aperucTPUPOBAHHBIX OPTATHMOJIO-
TMYECKUX MaTOJOTUi. [IJiT perncTpanuu BbI3BAHHBIX
OTKJIMKOB 3PUTEJLHON KOPBI TOJOBHOTO MO3Ta UCIIbI-
TYEMbIi pacroJarajcs Ha KyIIeTKe JUIOM BHU3, KPU-
ocrar ¢ M3T-cucremoit (msrorossennoit B OO0
«HIIO KPUOTOH», Tpounk, Poccus) moasoguncs

MaHHUITYJIITOPOM K 3aTbLIOYHOI 06sacTi ToJIOBBI. Ye-
pe3 ONTHYECKYI0 CHUCTEMY TPENBSABIAICS CTUMYJ W
MIPOM3BO/INJIACH CHHXPOHHAS 3aMUCh BbI3BAHHBIX Mar-
HHUTHBIX OTKJHUKOB rOJI0BHOro Mosra (puc. 3).

Perucrpaiius MarHUTHBIX CUTHAJIOB TOJIOBHOTO MO3-
ra MpOM3BOJNJIACh HAJ/l 3aTBLIIOYHON KOpPOWl — CJeBa,
cnipaBa 1 caruttanbio (O1, O2 u Oz). [lna nposene-
HUS 5KCHEPUMEHTANbHBIX MCCIEOBAHUN OOBIYHO TIO-
jpasaau 50—60 cTumysos ¢ yacroroil 1 pa3 B cexynay
C TIOCJIeYIONUM yCpPeTHEHNEM CHTHAJIOB BO BPEMEH-
HoM uHTepBaJse 170—190 mc. B 3aBucuMocTn ot 3ama4
BBITIOJIHSIIM MOHOKYJIIPHYIO WJIN OMHOKYJISIPHYIO CTH-
MyJSIio. B mporiecce sKcriepuMeHTOB HMeIach BO3-
MOJKHOCTb MEHSTH TIOJIOJKEHUe HCIBITYEMOTO U KpPHU-
ocrara.

[ToryvyenHble maHHBIE 3aNUCHIBAJINCH HA KECTKUI
JINCK TIEPCOHAJLHOTO KOMITbIOTEPA, a 3aTeM Mpeodpa-
30BBIBAJIUCH U 06PabATHIBAJIUCH CTATUCTHYECKUME Me-
TOZAMU.

[TpumepoM 3ammcu GUOMATHUTHBIX CHTHAJIOB TO-
JIOBHOTO MO3Ta TIpH OMHOKYJISIPHOM CTUMYJTMPOBAaHUT
IJ1a3 UMILYJIbCaMU JJIUTEJbHOCTDBIO 2 € C IIepUooM 4 ¢
6eJIbIM CBETOM TI0 BCEMY IT0JTI0 3PEHMS CIy’KaT JaHHbIE,
punbrposannbie B unrepsaje 0—48 I'y (puc. 4). Illu-
POKOIIOJIOCHBI CUTHAJI TPEICTABJISIET UHTEPEC IS BBI-
SBJIEHUST OBICTPBIX W MeJJIEHHBIX IPOIIECCOB, MPOTe-
KAIOUUX B IOCJECTUMYJIbHBIN Nepuo/l. 13 nposeseH-
HBIX U3MePEeHUI BUIHO, HACKOJIbKO CJIOKHBI IO CITEKT-
Py TMOJlyuYeHHbIe MATHUTHBIE CHTHAJIbI, BbI3BAHHbBIE B
TOJIOBHOM MO3T€ ONTUYECKON CTUMYJISAINEH TJ1a3 B 1aH-
HOM JIMaIia30He YacToT.

[lns1 Toro, 4To6BI OTCEATh «HEYAAUYHbIe» MOMEHTBHI
C [IBUTATEeJIbHOM AKTUBHOCTBIO, B KOTOPBIX YeJIOBEK
MOpraJl W Jieprajcs, W MePUOAbl ¢ BBICOKOH CIOH-
TAHHOW AKTUBHOCTHIO MO3Ta, TocJje MUIbTPAIUN BbI-
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Puc. 5. Ycpeanennblit Ha nxtepsaje 175 MC MarHMTHbIH OTKJIMK HA 3PUTEJIbHBIN CTUMYJI

YUCTSATN KO3(DDUIMEHT KOPPETSIIH MEXK/y BCeMU Ha-
6opamu. V3BeCTHO, YTO 3PUTETHHDBIN BbI3BAHHDBIN TIO-
TeHLHaJl, [oJIy4eHHbl Meronamu IJII, B HOpMe co-
JIEP>KUT TTOTEHIINAJbHYIO BOJIHY, KOTOPAsi XapaKTepHa
TEM, YTO MKW ITPOTUBOTIOJIOKHO HATIPABJIEHHBIX MaK-
CUMAJIBHBIX aMILIUTYI pUXoasaT Ha 75 u 100 Mc nocJie
CMeHbI IaTtTepHa. JTH XapakTepHble THKU N7s5 U Pygo
(puc. 5), Kak HOKa3ajM Pe3yJbTaTbl SKCIIEPUMEHTA,
[P ONTHYECKOH CTUMYJIAIUY TJIa3 UMITYJIbCHBIM Oe-
JbIM cBeToM anmTenabHocThio 200 Mc ¢ mepuogoMm 1 ¢
[0 BCEMy IOJIIO0 3PEHMSI B YCPEIHEHHOM MarHUTHOM
OTKJIMKE TOJIOBHOTO MO3Ta HaGJIOAAIOTCS B 3aTHLIOY-
HOIi /10J1e IIPABOTO HOJIYIIAPUS.

B npyroit cepun SKCIIEPUMEHTOB MTPU PETUCTPAIIH
MarHUTHBIX CUTHAJIOB — BBI3BAHHBIX OTKJHUKOB CET-
YaTKU TJa3a — WCIBITYeMbIH pacroJiarajics Ha Ky-
nIeTKe Ha MpaBoOM OGOKY, KPHOCTAT MarHUTOMETPUYEC-
kot CKBU/I-cucreMbl OABOMUJICS MaHUIYJISATOPOM
K JIEBOHI CTOpOHe moBepxHocTu TooBbl (puc. 6). Jlaa
MCCJIE/IOBAHUI CETYATKY IJ1a3a yepe3 ONTUYECKYIO CHC-

B '_.._'.-.-

o

Puc. 6. Cxema skcnepumenta (Bup csepxy): /=3 — nosunuu
KPUOCTATA [IPH 3aITUCH MATHUTOPETHHOTPAMM BBI3BAHHBIX OTKJIMKOB
HA ONTHYECKUE CTHMYJIbI

TEeMy aJaNTUBHON ONTUKHU MOJABAJICS CTUMYJ W MPO-
M3BOIMJIACH 3aTIICh BBI3BAHHBIX MATHUTHBIX OTKJIMKOB.
Bo BpeMs sKCIIepUMEHTOB MOYKHO OBLJIO MEHSTD TOJIO-
JKEHHE UCIIBITYEMOTO U KPUOCTATa OTHOCUTEIBHO IPYT
npyra. Peructpanys curHajoB MPOBOAMJIACH BOIM3U
3aTbLIouHON o6aactu caesa (7 ma puc. 6), Hajg BU-
co4yHOH 06JiacTbio 2 U B 06JIaCTU JI€BOH TJIa3HUIBL 3.
[11s1 mpoBeieHNST AKCIIEPUMEHTATBHBIX MCCIeI0BAHIIA
o6pruHo mogaBaau 50—60 ctumyJioB ¢ yactoroit 1 pas
B CEKYH/Y C MOHOKYJIIPHOH Wju GUHOKYJSIPHOW CTHU-
MYJISILIUEH U TIOCIe Iy IONIIM YCPeJHeHNEeM IO Ty Y€ HHbBIX
CUTHAJIOB BO BpeMeHHOM nHTepBase a0 800 Mc.

JlaHHbIE, HaKOILJIEHHbBIE 10 6-TH COOBITHSIM OTCE-
JIEKTUPOBAHHBIX OTKJIUKOB JIEBOTO IJIa3a HA OINTHYEC-
KYyIO CTUMYJISITIAIO, TTPUBE/IEHDbI Ha PUC. 7. BUAHBI «OT-
pUIIaTeIbHbIE> U <IIOJIOKUTETbHbIE> BOJHBI MATHUT-
HOI aKTUBHOCTHU C TEPEMEHHBIM WHTEPBAJIOM BO Bpe-
MEHU KaK PeaKIisd Ha ONTUYECKUN CTHMYJI.

200 Crimvya
—300
—350

400
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—600

~650 . | i |

0 0,2 0.4 0.6 0.8

Puc. 7. OTK/IUK JIeBOrO IJ1a3a HA OITHYECKYIO CTHUMYJISILUIO: {, —
BpeMS TIOABJIEHHS BOJIH BbI3SBAaHHBIX OTKJIMKOB MarHUTHOTO TOJIA, C

t, ¢
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PesynbTarhl 9KCIIepuMeHTa TTOKAa3aJd, 9YTO OTKJIUK
HAYMHAETCS Yepe3 HECKOIbKO MUJITTUCEKYH/T TTOCIe TIO-
JlaY¥ CTUMYJIa M JOCTUTAeT MAaKCHMAaJbHBIX OTKJIOHE-
Huil gepe3 250—350 mMc ¢ ammumrynoit 1o 1 nTm, 4ro
3HAUNTEJBHO OOJIbIIIE, YeM B 3aTHLJIOYHON [0JI€, U I10-
cJIe 3TOTO HAYMHAETCS PeTaKCaIlHs.

BbiBo/1b1

O6paboraHHble JJaHHbIE 10 CIIOHTAHHON AKTUBHOCTH
TOJIOBHOTO MO3Ta B 06JIaCTH 3PUTEJNbHON KOPBI, TOJIY-
YeHHbIE TIPW TPOBEJEHUN HA WCIBITYEMbIX 3KCIEPH-
MEHTOB TIO0 PETUCTPAIliil OGUOMATHUTHBIX CHTHAJIOB,
reHEepPUPYEMbIX MO3TOM UYeJIOBEKA, IMOKA3aJu HaJTuYue
asmbda-purMa B mosoce yactot 8—12 I'y B o61actu 3pu-
TeJBHON KOPBI TOJOBHOTO Mo3ra. Bemwunmua Guomar-
HUTHOTO TIOJIS TIPYU CTIOHTAHHOHN aKTUBHOCTH JIOCTUTAET
1 nTa.

Takske OJy4eHbl CUTHAJIBI BBI3BAHHON aKTHBHOCTH
B 06JIACTU 3PUTEIbHOU KOPBI M BUCOYHOI 06JIacTH TO-
JIOBHOTO MO3Ta, TeHepupyeMble MO3TOM YeJIoBeKa B Ka-
YecTBE BbI3BAHHBIX OTBETOB Ha 3PUTEJIbHYIO CTUMY.JIS-
IO CETYATKM TJ1a3a. B pe3yJbraTe sKcIiepuMeHTa Bbl-
SICHEHO, YTO OTKJIMK T'OJIOBHOI'O MO3r'a HAaUMHAETCS de-
pe3 HeCKOJIbKO MUJIJTMCEKYH/] 1TOCJIe TIOJJayl CTUMY.JIA,
HOCHT BOJIHOOOPA3HBIN XapaKTep, MOC/e Yero HaumHa-

eTcs pestakcaiusi. Besnunna 6MOMarHuTHOTO MTOJIS TPU
omrtnveckoit crumyJisiuu gocruraet 0,1 mTi.

[IpoBenen ananu3 aKCHEPUMEHTAJbHBIX OHOMATr-
HUTHBIX CUTHAJIOB, TEHEPUPYEMBIX B KaUeCTBE BbI3BAH-
HBIX OTBETOB Ha 3PUTEJbHYIO CTUMYJISAINIO CETYATKON
rJasa, KOTOPbI MOKa3a/l B3aUMOCBSI3b OMOMATrHUTHBIX
CUTHAJIOB, WHTEPIIPETUPYEMBIX KaK OTKJIUKHI Ha Tpe-
‘bABJICHHDBIE ONITUYECKIE CTUMYJbl. B pe3yJbraTe sKc-
MEPUMEHTA BBISCHEHO, YTO YCPETHEHHDIN OTKJINK B BU-
COYHOM o6JiacTy BOJIM3M JIEBOH TJIa3HUIbI HAUNHAETCS
4yepe3 HECKOJIbKO MUJITUCEKYH/T TIOCJIe TTO/Iauy CTUMY.JIa
u puurest 1o 500 u 60J1ee MUJLIUCEKYH/T C aMILJIUTY 0,
3HAYNTEJbHO GOJIBIIEN, YeM B 3aThLIOYHOM JI0JIE, TIOCJIE
Yero HaAYMHAETCsT peJlaKcalus.

1. Boavwynoe A.B., Hpownuxoe H.I., Kamanesckas E.A. u
ap. IIpuMeHeHe aJIalITUBHON ONTUKKM B JIMArHOCTUKE T1ATOJIO-
ruil TaasHoro aHa // MeanimHckas ¢usuka. — 2008, —
Ne 2. — C. 57-62.

2. Kuenno II., Tumomup JI.M. Buomaruutuble usMepeHus. —
M.: Dueproaromuzaat, 1989.

3. Iskander D.R., Collins M.J., Mioschek S. et al. Automatic
pupillometry from digital images // Transact. on Biomedi-
cal Eng. — 2004. — 31, Ne 9. — P. 1619.

4. Mose / Tlopx pen. I1.B. CumonoBa. — M.: Mup, 1982.

5. I'yasee FO.B., Macaennuxos [O.B., Hpumun M.A. u Op.
Marnurtokapanorpacgudeckie cucrempl Ha ocHoBe CKBI1/]
JUIST KJIMHUYECKUX TpuMeHeHnit / ,/ Buomemaui. paamnoasek-
tponnka. — 2010. — Ne 9. — C. 5-8.

50



LTWMP']

KOMIIOHYBAHH{ JJASEPHOTO TEXHOJIOITYHOTI'O
OBbJAAHAHHA AJA OBPOBKU ITIOBEPXOHbDb
CKJAIHOI ®OPMU

P.O. JXVYK, JI.M. OJIEHIYK, H.C. IEPIIIAK
HTVYY «Kuiscbkuii nositexuivnuit incruryr», Kuis, Ykpaina

Results of comparative analysis of layout design with serial or parallel connection for industrial laser system are given,
which show that parallel coupling is the most efficient. Hybrid layout of industrial laser system with parallel structure
machanisms was developed in the framework of this research. It is shown that this combination increases accuracy and
productivity of laser marking and engraving on items with complex shape.

Y KOHCTPYKITiSIX CydyacHUX MAIuH i /178 opMOyTBO-
PIOIOYOI TEXHOJIOITYHOI OCHACTKYU 3aCTOCOBYIOTH JleTali
i3 ckIamHUMU TIOBepXHSAMU. Halt6ibin mommpeHumMu
€ ToBepxHi asre6paiuni (PO3ropTHi i HEPO3TOPTHI JIi-
HiftuaTi, HesMiHifYaTi i TBMHTOBI), HOBEPXHi 3 4MCJIO-
BUMU BiMiTKaM¥ i KOHCTPYKTUBHI. Bij reomeTpmanoi
dopmu gerari, 1o 06pO6ISETHCS, 3ATEKUTD BiIHOC-
HUl XapaxTep pyxXy (POpMOYTBOPEHHS, KW TOTYCKAE
pisHi BapiaHTH pO3NOALNY €JeMEHTapHUX CKJaJ0BUX
PYXy MiX 3aroTOBKOIO Ta C(OKYCOBAaHUM JIa3ePHUM
ny4ykoM. KinemaTnka TexHoJIOTiYHOTO 06TaHAHHS 6a-
3YETbCA Ha BUKOPHUCTaHHI MeXaHi3MiB, fAKi HaJalOTb
BUKOHABYMM OpraHaM TiJIbKU JBa €JIEMEHTAPHUX PY-
xu — obeprajbHuil Ta moctynaapHuii. CKJIaj eeMen-
TapHUX (POPMOYTBOPIOIOYNX Ta JOTMOMIXKHUX PYXiB i
3B’S13KiB MiXXK HUMM BU3HAYAIOTh KiHEMATHUYHY CTPYK-
Typy JlazepHOro TexHoJoriynoro obnaxuanus (JITO).
KinemaTnmyHa CTpyKTypa € OCHOBOIO [JJIs1 TIOGYIOBH
kommioHoBKHU JITO, icHye noriunnii 3B’s130K MiX Teo-
METPUYHOTIO (JOPMOIO TIOBEPXHi, KOHCTPYKIII€IO JAeTai,
cxeMo10 (POPMOYTBOPEHHS, KiHEMAaTHYHOIO CTPYKTYPOIO
06TaJHaHHS Ta HOTO KOMITOHOBKOIO.

Po3po6ka KOMIIOHOBKY € OJIHUM 3 BAXKJIUBIIINX €Ta-
IIiB IPOEKTYBAHHA JIa3¢PHOTO TEXHOJIOTiYHOIO yCTaT-
kyBanHs. Ha mnpomy erami 06, pyHTOBYIOTb TeXHiYHi
XapaKTePUCTUKY 1 3aK/IaJal0Thb OCHOBHI TEXHIKO-€KO-
HOMIiYHi ITOKA3HUKHU YCTATKyBaHHI Ta 3a6€3MeuyloTh
OCHOBHi YMOBH IIi/IBUIIEHHSI IfOor0 AKOCTi. KoMIoHOBKA
JITO mae 6JI04HY CTPYKTYPY i CKJIAJAETHCS 3 OJTHOTO
CTaIliOHAPHOTO Ta JEKiJbKOX pyXoMux 6JI0KiB. bBioku
KOMTIOHOBKHY MOXKYTb OyTH 3’€/lHaHi Mik co6010 TOCJTi-
JIOBHO, TlapaJjiesibHO Ta IIOCJIi/I0BHO-TIapajenbHo. B
tpaguiiitnomy JITO BHUKOPHUCTOBYETHCS TOCJIiIOBHE
3’eHanus OJ0KiB KommoHoBku. /[lus dopmasmizaiii
KOMITOHYBAHHSI, CTBOPEHHSI CTPYKTYPHUX (POPMYJT KOM-
ITOHOBOK i TO/IAJIBINIOTO iX aHaJIi3y MOKHA BUKOPUCTATH
TEOPilo MHOKIH Ta ajare6py joriku. MaTtemaruyii Biia-
CTUBOCTI CTPYKTYPHUX (POPMYJI KOMIIOHYBAHHS /103BO-
JIAI0Tb CKOPUCTYBATUCh MaTEMaTUYHUMU METOJaMU Bijl-
60py KOMITOHOBOK TEXHOJOTiuHOTO obJagHaruda [1].
Teopis KoOopAMHATHUX Ta KOHCTPYKILIHHUX KOMIIOHO-

© P.O. JKVK, JLM. OJIEIIYK, H.C. IIEPHIAK, 2011

Bok JITO Garato B 4oMy MO:Ke HACJiyBaTH TEOPiio
KOMITOHYBaHHS [IJI1 MeTaJIOpi3abHUX BEPCTaTiB, OJl-
HaK BJIACTUBOCTI TPAHCIOPTYBAHHS JIA3€PHOTO IIyUYKa
JI0 30HU O6POOKM BHOCATH B Hei 6arato 3miH [2]. Ha
erani komnonyBanus JITO Bu6upaoTh KiJbKiCTh, BU-
IJIS/1 Ta B3aeMHe PO3MillleHHS HOro cTyIeHiB pyXoMo-
cTi. Bin npaBuabHOro BH6OPY KiHEMaTHYHOI CTPYKTY-
PU KOMIIOHOBKH 3aJIe’KaTh TaKi XapaKTEePUCTHUKU, SK
crioci6 mepeavi BUNPOMiHIOBaHHs, (hopMa, po3Tallry-
BaHHS Ta PO3MipH POGOUYNX 30H JIA3ePHOTO Iy4Ka Ta
3arOoTOBKH.

[nsa cucremaTtusanii pi3HOMaHITHUX KOMIIOHOBOK
JITO nns 06po6Ku 1oBepXoHb CKJIaAHOI hopMu B 3a-
JIESKHOCTI Bijf BUAY Ta KiJIbBKOCTI CTYIEHIB PyXOMOCTI
MOXXYTb BUKODHCTOBYBATHCSI DPIi3HOMaHITHI crmoco6u
BU3HAYEHHS MOJIOJKEHHS KOSKHOTO GJIOKY B OCHOBHUX
cucreMax KOOpJWHAT: IPIMOKYTHiil 06’ eMHiil, TTOJIsp-
Hill MIIHAPUYHIN Ta MoasapHii cepuuniit. Kpim 3-
KOOPJMHATHUX KOMIIOHOBOK /1Ji5 OGPOOKH 1TOBEPXOHD
ckIaiH0] OPMU 3aCTOCOBYIOTH S-KOOPAMHATHI KOMIIO-
HoBku JITO. IIpsamokyTHa 06’e€MHa cucTeMa KOOP/U-
HAT Ma€e TPU CTyreHi pyxoMocTi. IlepeminieHHs 3/7iii-
CHIOETBCSA JIiHIITHO TI0 TpboM KoopamHaTaMm X, Y, Z.
Bicb Z 3aBkau HalpaBjieHa Ha3yCTpid IIyuKy Jasep-
HOTO BUIIPOMiHIOBaHHs. B 3a/1e:KHOCTI Bi/l TOJI0KEHHS
oci Z PpO3pi3HAIOTb TOPU3OHTAJbHI Ta BEPTUKAJbHI
Kkommonosku (puc. 1).

3arajbHy KiJbKiCTb CTPYKTYPHUX BapiaHTiB KOM-
noHoBok JITO 3 ypaxyBaHHSIM PyXOMOCTi Bi[HOCHO
BHUITPOMiHIOBaYa MPUCTPOIO, MO (POKyCye, MOXKHA BU-
3HAUUTH 32 HOPMYJIOI0

Pn=n!+[nl—@m- 1],

Jle Pn 3arajibHa KiJIbKiCTh CTPYKTYPHUX BapiaHTiB KOM-
[IOHOBOK; ## — KIiJIbKiCTh OJIOKiB KOMIIOHOBOK.

Muoskna 6JI0KiB, 3 akuxX ckiaagaerbesa JITO, mo
(byuKnioHye B 06’eMHIHl IPSIMOKYTHIill cucTeMi Koop-
npunar, mae surysig M{O, X, Y, Z}. 3arajpHa KiJIbKiCTb
BEPTUKATBHUX a60 TOPU3OHTATHHUX KOMIIOHOBOK Gy 1€
NOPiBHIOBATH
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Puc. 1. Cxemu pyxiB B IpsIMOKYTHiil 06’ €MHiil ciCcTeMi KOOpAMHAT:
a — BePTHKATbHA KOMIIOHOBKA; 6 — TOPH30HTAJTbHA

Pn={4! + [4] — (4 - DI]} = 42.

B marpurii BapiaHTiB BepTHKAIbHUX KOMIIOHOBOK
6JIOKH, TII0 BiAMOBIAI0TH 3a JIiHIHHI TTepeMileHHsl, To-
3HaueHi mgitepamu X, Y Ta Z BiANOBiZHO A0 oOci, TO
aKiil sailicnoernea nepemimennsa (puc. 2). Crauio-
HapHUi 6J0k O BioOKpeMJioe GJIOKH, 10 BiATOBiIa-
I0Tb 3a IIepeMillleHHs 3aroToBKu (3/1iBa) Ta JIa3epHOro
nyuka stk incrpymenra (cnpasa). Ipuctpiii, mo ¢oky-
cye, i BUNIPOMiHIOBaY Jla3epa Io3HaveHi jJitepamn F i
Ly Bursisizii injiexcy npu no3HadeHni 6J0Ka, Ha SKOMY
BOHHM posTamoBati. /[ NMO3HaYeHHS BepTUKAJIbHOI
KOMITOHOBKH BUKOPHMCTAHO CUMBOJI Z,. YHUCJIO CTOBIIIB
MaTpulli BapianTiB KOMIIOHOBOK JOPIiBHIOE YUCJY MO~
JIUBUX PO3PSAHUX TOJIOXKEHb CTAIliOHAPHOTO GJIOKY.

CrpykTypHi popMysn B MaTpuIli BapiaHTiB KOMIIOHO-
BOK — I[e HOCJiJOBHICTh CHUMBOJIIB, II[0 II03HAYAIOTh
6JIOKU KOMIIOHOBKH, [TO3BOJISTIOTH PO3TJISIIATH KOMIIO-
HOBKY SIK YMOPSAKOBAHY MHOKHUHY OJIOKiB, PO3KpH-
BalOTh KOOPJWHATHY TPUHAJEKHICTD i croci6 mocJri-
JIOBHOTO CIOJIy4eHHs 6/0KiB. MaTteMatuuHuii Xapak-
TEP CTPYKTYPHUX (POPMYJT MOKe OYTH ITiITBEPPKEHUTT
MOJKJIMBICTIO 3aCTOCYBaHHS [0 HUX ajreOpaiyHuX 3a-
KOHIB (IepeMilyBasbHOro, PO3IOAiIbHOTO, CIOJIYY-
HOTO Ta iHIIHMX).

3a crpykrypHoio dhopmysioo OpYXZgz, 1o6ya0-
BaHa KOOp/JMHATHA i KOHCTPYKIIi#iHa BePTUKAJIbHI KOM-
nmoHoBkM 3-koopauHatHoro JITO, B gxomy Bci pyxu
3MIHCHIOIOTH GJIOKH, TITO BiAMOBI/IAIOTH 32 TepeMillleHHS
JIa3epHOro IIy4Ka, a 3ar0TOBKA 1 BUIIPOMiHIOBAY Jla3epa
Hepyxomi (puc. 3).

B 5-xkoopauHaTHii cucTeMi 10 MHOKITHU €JIEMEHTIB
KOMIIOHOBKH BXOJIUTH I’ SITb PyXOMUX OJIOKIB i OJUH
cranionapuuit. s 1iei cucrteMu KOOpAMHAT MOXKHA
3aCTOCYBATH TIOHATTS BEPTUKAJIBHOT 200 TOPU30HTAJb-
HOT KOMITOHOBKHM TiJIbKM YMOBHO, OCKiJIbKW JIa3€PHUN
IIy4OK 3aiiMa€e pi3Hi MPOCTOPOBi MOJIOXKEHHS B IIPOIeci
nepeminienHs. KisbKicTh BePTUKAIHHIX KOMITOHYBaHDb
st muoxkuuu 6sokiB M{O, X, Y, Z, A, B} 6yzne no-
piBHIOBaTU

Pn=6!+[6! - (6 — 1)!] = 1320.

CrpyxTypHi hopMyJiu 3 OAHOTO Psi/IKa MATPUILL -
THKOOP/IMHATHOI KOMIOHOBKY MOXKHA 3aIIUCATU SIK

XYZOuz, (XYOZuz, [XOYZuz, |XYOZiz, |XOYZiz, | OXYZuz, [OXYZz,
YXZO\12, [YXOZ1z, |YOXZisz |YXO1Ziz, | YOI XZr2, | OYXZ 12, [On YRZ 2,
XY Oy EXOY ree [ZOXY iy | 2X0 Y | ZOLXY e |!.MH‘|'”'A O ZX Y F2,
ZYXOuz, [ZYOXivzy |[Z0YXiszw |2YO\ Xezy [Z0\YXy2e | OZYXp2y [OVZY Xr2
XZYOuz [XZOYuz [XOZYuz |XZOYiz, |XOuZYiz, |OXZYuz [OXE2Yiz,
YEXOurze IYZOX rze |YOZX p2w | Y20 Xrze | YOLEX 2, |l}"|'f.?{nL. Oy Y EXrz,

Puc. 2. Marpurg BapianTis BepTukaabanx kommnonosok JITO

Puc. 3. Koopaunataa (@) i xoucrpykuitina (6) kommonosku 3-koopaunaraoro JITO: / — BumpominioBau jasepa; 2, 3 — A3epKaja
HOBOPOTHi; 4 — Jin3a; 5 — 3aroToBKa; 6—9 — GJoku pyxomi; 10 — wHanpsMHi
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Puc. 4. Koopannarhe (@) i kouerpykuiiine (6) koMmoHyBaHHs S-koopauHatsoro JITO: 1 — BunpomiHioBay sasepa; 2—5 — A3epkaia
HOBOPOTHi; 6 — JiH3a; 7 — 3aroToBKa; §—12 — G6Joku pyXxomi; /3 — HampsMui
YXZCAOLFZV; YXZCOALFZV; YXZOCALFZV; YXOZCALFZV; YOXZCALFZV; OYXZCALFZV;
OLYXZCAFZV; YOLXZCAFZV; YXOLZCAFZV; YXZOLCAFZV; YXZCOLAFZV.

3a crpykrypnoio ¢opmyaoio OYXZCAgz, noby-
JIOBaHA KOOPAWHATHA i KOHCTPYKIIiHA BePTUKAIbHI
KOMITIOHOBKU S-Koopaunathoro JITO, B sikomy Bci py-
XU 3MIMCHIOITh GJIOKH, 10 BiJIOBiIAIOTH 3a TepeMi-
HIEHH JIa3epHOro IyYKa, a 3ar0TOBKA i BUIIPOMiHIOBaY
nasepa wepyxomi (puc. 4).

AHaniz MeToziB 3’ eIHAHHS GJIOKIB TTOKA3ye, IO iX
pO3TallyBaHHS y 3arajJbHOMY €HEPreTMYHOMY ITOTOILi
BiJl BeAy4oi 10 BiJJoOMOI KiHeMaTU4YHOI JIAaHKU BILJINBAE
Ha Taki mapamerpu (PyHKIIOHYBaHHS TEXHOJOTi4YHOTO
00JIa/IHAHHSA, SK TOYHICTb IO3UIIOHYBAaHHS, >KOPCT-
KicTb, quHaMiuHi xapaktepuctuku, KK/, matepiasno-
€MHICTDb, eHepreTUYHi BUTPATHU Ta iHIi. Y TpaauIiiiHux
KOMITOHOBKAX TEXHOJIOTIYHOr0 0O6JIaJHAHHS 3 IIOCJIi-
JIOBHUM 3’ €/IHAaHHAM OJIOKiB HaBe/IeHi TapaMeTpu, HIKYe
Hi’K Yy KOMIIOHOBKAX 3 TapaJjeJbHUM 3’ €IHaHHsM 6J10-
KiB. I3 Teopii MamuH i MeXaHi3MiB BiZIoMO, 110 TIpU
MOCJTi/IOBHOMY 3’€THaHHI MeXaHi3MiB 3aranpbanit KK/I
nopisuioe 106ytky KK/ okpemMux mMexamHi3MmiB, a 1pu
napaJieIbHOMY 3’€lHanHi MexaHi3MiB 3aranbuuit KK/
nopiBHIoe cepeninboMy i3 Beix KK/ okpemMnx Mexanis-
MmiB. KK/[ cucremm mMexani3MmiB mapaJieJJbHOTO 3’€]I-
HaHHA 6y/e 6ibIIUM, HiXK CUCTEMU MeXaHi3MiB, 3’e/-
HaHuX nocJigoBHo. Ilpn mocaigoBHOMY 3’€1HaHHI 3a-
ranpauit KK/ menmre minimanbaoro okpemoro KK/,
TOMY CJIiJl IParHyTH JI0 CTBOPEHHS IIPOCTUX KOHCTPYK-
it 3 MamuM ymncsoM eseMeHnTiB. [Ipu mapanempbHOMY
3’enanni 3araapbanit KK /[ Bu3HauYa€ThCS B OCHOBHOMY
okpemuM KK/l Mexanizmy, uepe3 sIKUU MPOXOIUTH
HaN6iIbIIa TOTYKHICTh. OTKe HU3BKA SIKiCTh OKPEMUX
eJIEMEHTIB MeHIle BILTMBae Ha 3arajpHuii KK/ marmm-
HU, YUM TIPW TIOCJIi/IOBHOMY 3’€JHaHHi. 3arajbHuit
KK/l cucremMu MexaHi3MiB, 3’ e€HAHUX IOCJIiJOBHO-IIA-
paeabHO, 3aJeKNUTh BiJl KiJIbKOCTI MeXaHi3MiB, 3’€-
HAHUX IIOCJIiIOBHO Y IapaJieJIbHUX JIAHIIorax i KiJb-
KOCTi MmapaJesibHUX JIAHITIOTiB.

[TopiBHs/IbHNMIT aHATTI3 TIepeBar Ta HeJOTiKiB MeXa-
Hi3MiB 3 iX MOCJi/IOBHUM, IapaJieJlbHUM Ta MOCJi/JJ0B-

HO-TIapaJIeJIbHUM 3’€/IHAHHSAM MOKa3ye, 10 HANGiIbII
edexTnBHO (PYHKITIOHYIOTh MEXaHI3MU 3 TTApaJIeJTbHUM
3’eanannsam [3]. CyuacHa mBuaKOAiI0Ya OGYUCIIIO-
BaJIbHA TeXHiKa, PO3BUTOK MEXATPOHIKH, 3aCTOCYBaH-
Hs MeXaHi3MiB mapasenbHoi crpykrypu (MIIC) mo-
3BOJIMJIN SKICHO 3MiHUTU TEXHOJIOTiUHE OO IHAHHS.
Y MIIC pyxomuii 6;10K mIapHipHO NOB’si3aHuil 3i cra-
mioHapHuM GJIOKOM KiHEMATWYHUMU JIAHIIOTaMu, SKi
MaloTh iHANBiAya bHUHN TpUBO/I. KiHeMaTnuHi JIaHIT0-
ru no6yI0BaHi y BUTJIS/I IIPOCTOPOBUX (PEPM, IITAHTH
SKWX MafoTh chepuyHi i KapaHHi MapHipu Ha KiHIIAX.
Bonn maiots mMasy mMacy, 3a6e3neuyiorTb 6araTornoTou-
HICTb Ta IapaJjesbHICTh Ilepe/ladi HaBaHTaKeHb i Ipa-
IIIOIOTD JIMIIE HA PO3TATYBAHHS a60 CTUCKAHHSI. 3aMK-
HYTHH KiHeMaTWYHHMI JlaHIor 3abesledye BUIILY
SKOPCTKICTD yCi€l KOHCTPYKUII 1 MEHIIII HaBaHTaKeHHS
Ha KOKeH IPUBiJ|, 1le y CBOIO 4epry NPU3BOJUTH /10
Mi/IBUTIIEHHST TOYHOCTI TIO3UITIOHYBaHHS pO6OYOTO Op-
rany. HagBHicTb napasnesbHUX KiHeMaTUYHUX JIAHIIO-
TiB JJO3BOJISIE€ YIIPABJIATH OJHi€I0 BUXi/HOIO JAHKOIO 110
JIEKIIbKOX MapasieJbHUX KaHataX, 3a6e3neuyioun oj1-
HOYACHE YNPABJIHHA 110 TOJOXKEHHIO i IMBUAKOCTI.

3a 6ynosoto MIIC Mo:xHA TIOAIMTH HA MeXaHi3Mu
31 mITaHraMu 3MiHHOI i TocTiinoi goxuun (puc. 5). o
MIIC 3i mrtanramMy 3MiHHOI JOBXKUHU HaJieskaTh Oillof,
TPUIIOJ, TIeHTaro/, rekcanoxa, a Ao MIIC 3i mranramu
MOCTI#HOT MOBKUHKM — GirJaii, Tpiarjiaiif, opToriaii,
reKcarJaii, [eabra, HOXUI. 3MiHIOIOYM [JIOBXKUHY
mTadr a60 TOJOXKEHHS MITAaHT TOCTiHHOI TOBYKHUHM,
MOKHA OPIEHTYBATH pyXoMmuii 6Ji0K y 1ipoctopi. ¥ JITO
B 3aJIEXKHOCTi BiJl HOTO CTPYKTYPH 3 PYXOMUM OJIOKOM
MIIC MoskHa TIO€HATH 3aTOTOBKY, IO O6GPOOGJITETHCS,
pUCTpill GOKyCyBaHHS, CKAHATOP, & B IESIKMX BUITAJIKAX
i BUIIPOMIHIOBAY TEXHOJIOIIYHOIO Jasepa.

MexaHnizMn napaJsesbHoi CTPYKTYPH Bi/IPi3HSIOTD-
Cs PI3HOMaHITHICTIO KiHEMaTHUYHUX CXEM, METOJaMu
MEePETBOPEHHS PYXiB, CTYIEHsIMU CBOGO/IH, KOMIOHOB-
KaMHM Ta KOHCTPYKTUBHUM BUKOHAHHAM OCHOBHMX €JIe-
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Puc. 5. Cxemu MIIC 3i mranramu 3minHoi (@) Ta mocriitHoi (6) noBkuHM

Puc. 6. JITO ang po3MiTKi OBepXHi CKJIAAHOI PopMEI

MmenTiB. Y JITO 3 MIIC BukoHaBuYmMii opraH Mae [0
NIECTH CTYTMEHIB CBOGOMM, IO /TO3BOJISIE Peasi3yBaTH
G opMOYTBOPEHHSI CKJIAJHIX MTOBEPXOHD JeTaseit. [lis
JITO B 3aJ1€KHOCTI Bi/f TEXHOJIOTIYHOI 3a1a4i HeoOXi1-
HO BUOpaTH MiHIMaJbHY KiJbKICTh MaHIiIyJSI[iHHIX
PYXiB BHKOHABUYOTO OpTaHy Ta HEOOXiJHY KiJbKiCTb
CTYTIEHiB CBOGOIH.

Ax neponik JITO 3 MIIC caif 3a3HauuT HeBeIUKi
po3Mipu po6ouoi 30HW B TOPIBHSIHHI i3 3araJbHUME
rabaputamu. /51 06po6KN BeIMKOrabapuTHUX JeTa-
Jieit 3 TIOBEPXHSMU CKJIa[HOI (POpMH MOXKHA BUKODU-
cratu JITO, 6JI0OKM KOMIIOHOBKU AKUX 3’€aHaHi MiX
co6o10 ToctioBHO-TIapajeabHo. [lo ckaany JITO Bxo-
JIUTb TEXHOJIOTYHUH JIa3ep, 2-KOOPAMHATHUH II0PTaJIb-
Huit Maninyastop, MIIC, nBosicHuil ckanaTop, BOJIO-
KOHHO-OIITUYHA CHCTeMa Iepejadi Ja3epHOro Iydyka
Bi/i BUIIPOMiHIOBa4a /10 CKaHATOPa, CUCTeMa KePyBaHHA
i TexniuHOTO AiarHOCTYBaHH4. [lopTanbHuit Manimyis-
TOp pyxae no 2-m koopaunatam MIIC, pyxomuit 610K
SKOro 3’¢Hano 3i ckanaTopoM (puc. 6). /119 po3MiTKn

KOHCTPYKTUBHOT iH(OpMaIlii CKaHATOP MePEeKJII0YAETD-
csa y pexnM dokycyBanns, MIIC no mporpami Bcra-
HOBJIIOETBCSI B TaKe II0JIOKEHHS, IIPU SIKOMY Jla3epHUR
IIPOMiHb HAIIPABJISETHCA MEPIEHANKYJIAPHO TOBEPXHI,
sgKa poaMmivaerbcd. [loprasbHuil MaHinyJasaTOp pyXae
MIIC 3i ckanatopom mo koopaumuaram X i Y. [lasa
HaHeCeHHsI CHMMBOJIbHOI iHdopMarllii ckanarop mepe-
KJIIOYAETHCS Y PEsKIM cKaHyBaHHs. [lopTaabHuii Mexa-
Hi3M Timbku goctaByase MIIC i ckamaTop B 30HY Ha-
HECeHHs CUMBOJIbHOT iH(opMartii.

Koncrpykrusaa kommonoska JITO 3 MIIC Buxo-
HaHa Ha OCHOBi MOJ1yJIbHOTO IIPUHIIUITY 3 BUKOPHUCTAH-
HSM MeXaTPOHHUX ejeMeHTiB. Taka ribpuaHa KoMIO-
HOBKa 3 [TOCJIiJIOBHO-TTAPAJIeJbHIM 3’ € JTHAHHSM GJIOKIB
MixK cOo6010 03BOJIIE MiABUIIUTH TOYHICTD IIPOIIECY
HaHeceHHs1 rpadiuHoi Ta cMMBOJIBHOI iH(oOpMalii Ha
MMOBEPXHIO CKJIQHOI (DOPMU, CTBOPIOE ONTUMAJbHI
YMOBH /171 BUCOKOIIBHIKiCHOI 06po6ku. IIpoBenenmii
MOpiBHAJbHUI aHami3 kommoHoBok JITO mokasas
MOJKJIUBICTD 1 palliOHaJIbHICTh 3aCTOCYBAHHS KOMIIOHO-
Bok JITO 3 MIIC, ski MaloTh 1IUPOKY PI3HOMaHiTHICTb
BHUKOHAHb, i HEOOXiMHICTb pillleHHs 3a7a4 CTPYKTYp-
HOTro aHaJi3y KoMmioHoBok 3 MIIC.

1. Bpazoe FO./l. AHa1n3 KOMIOHOBOK MeTa/IOPEKYIUX CTaH-
ko (OcHoBbl KoMIIOHETHKM). — M.: MamuHoctpoenue,

1979. — 487 c.

2. Kosanenxo B.C., Pomanenxo B.B., Oxewyx JI.M. Mamnoot-
XOJIHbIe MPOLecChl pe3ku JyuoM Jjasepa. — Kues: Texnuxa,
1987. — 112 c.

3. Kysneuoe FO.M., [mumpics /J.A., Aunesuu I.FO. Komro-
HOBKA BEPCTaTiB 3 MeXaHi3MaMU MapaJsieibHOl CTPYKTypu /
Ilig. pex. }O.M. KysnenoBa. — Xepcon: III1 Bummemupcs-
kuit B.C., 2009. — 456 c.
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INVESTIGATIONS ON LASER BEAM WELDING
OF HIGH-MANGANESE AUSTENITIC
AND AUSTENITIC-FERRITIC STAINLESS STEELS

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

Influence of the main laser welding parameters on process stability and resulting weld quality were investigated. Effects
of weld edge preparation on the weld appearance and quality were considered. The obtained welded joints were subjected
to radiographic tests for detection of internal imperfections. Metallurgical characterisation of the samples regarding the
resulting phase composition and hardness was conducted. Tensile and potentiodynamic tests were performed to evaluate
the mechanical and corrosion properties. The results provide an insight into the advantages and limitations of the laser
welding process for joining high-manganese alloyed stainless steels. Conditions for the production of defect-free and
corrosion-resistant welds having good mechanical properties could be determined.

Instabilities in the nickel price, as a consequence of
the high demand for stainless steels and for instance,
current forecasts of supply shortages in feedstock [1]
are driving the introduction of more cost effective
alternatives. The partial substitution of less expensive
manganese and small amounts of nitrogen for nickel
in austenitic and duplex stainless steels has been re-
ported to be a viable option [2—6]. The role of nitrogen
is crucial, as it helps to stabilize the austenitic phase
and further results in an increased strength and work-
hardening [7] without affecting the ductility proper-
ties of the material [8]. This is favourable for weight
reduction and better energy absorption in crash [9].

The corrosion, microstructure and mechanical
properties of various CrMnNi-steels have already been
extensively investigated [3, 6, 10—13]. However weld-
ability is still an insufficiently explored aspect. In
this respect, the laser welding technique offers several
advantages in comparison to other processes as high
welding speeds and low heat input which reduces
effectively component distortion and metallurgical
damage. Laser weldability is closely related to some
specific process characteristics. The keyhole and, con-
sequently, process stability can, for example, inten-
sively be affected by the laser type and parameters
[14]. This directly influences the weld quality, as
spatter, underfilling, humping and porosity may arise
depending on the keyhole behaviour. Furthermore,
the high resulting cooling rates can alter the weld

Table 1. Chemical composition of the investigated materials, wt.%

metal phase balance in welding of duplex stainless steels,
as the austenite formation, which is primarily controlled
by the diffusion of nitrogen, is diminished [15].

In this study, laser welding experiments applying
two different laser sources was carried out with the
objective of analysing the influences of the corre-
sponding process specificities on the weldability of
austenitic and austenitic-ferritic CrMnNi-steel, in
comparison to standard CrNi-steel grades. The ob-
tained weld quality was examined in terms of weld
appearance, internal imperfections, microstructure, as
well as resulting corrosion and mechanical properties.

Experimental. For the investigations, the austeni-
tic CrMnNi-steel 1.4376 and lean duplex 1.4162 were
selected as test materials. The standard austenitic steel
1.4301 and the duplex steel grade 1.4362 were chosen
for comparison. Chemical composition of the investi-
gated materials is given in Table 1. All sheets had a
thickness of 1.5 mm.

Welding was performed with different laser
sources, namely the 4.4 kW Nd:YAG laser and 5 kW
CO»-laser. Data on the laser characteristics are listed
in Table 2.

Experiments were conducted in both, butt and
overlap joint configurations. The effects of the weld
edge preparation, by using laser cutting or shear cut
edges, on the weld quality were investigated for butt
joints. The applied shielding gases varied depending
on the laser type. The shielding gas used in conjunc-

Steel C Cr Ni Mn Si P S Cu Nb Mo N Fe
1.4376 0.03 18.03 5.09 6.55 0.42 0.023 0.005 0.23 0.01 0.10 0.15 Bal.
1.4301 0.04 18.82 8.79 1.36 0.38 0.027 0.004 0.45 0.01 0.19 0.05 Bal.
1.4162 0.04 22.42 1.83 3.84 0.34 0.028 0.004 0.43 0.01 0.11 0.14 Bal.
1.4362 0.03 22.86 4.33 1.40 0.002 0.023 0.002 0.52 0.01 0.13 0.12 Bal.

© V. QUIROZ, A. GUMENYUK and M. RETHMEIER, 2011
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Table 2. Characteristics of the lasers used

Table 3. Welding parameters investigated

tion with the Nd:YAG-laser process was argon. For
welding experiments with the CO,-laser, a mixture
of helium and argon (50,/50) was necessary to sup-
press plasma. The shielding gas was applied coaxially.
In addition, experiments were carried out with a trail
gas nozzle. In case of the duplex steels, nitrogen was
applied as shielding gas in order to examine its influ-
ence on the austenite reformation in the weld metal.
Pure argon was used as forming gas for butt weld
fabrication. Other investigated welding variables
were the shielding gas flow rate, focal point position
F, laser power P; and welding speed vy, (Table 3).

Radiographic non-destructive testing was used for
evaluation of the weld internal imperfections. Cross-
sections of the welds were produced using conven-
tional techniques to analyse the resulting microstruc-
ture. The obtained austenite fraction in the duplex
steel weld metal was assessed by image analysis. The
Vickers microhardness was determined at a load of
0.5 kg, and the weld tensile properties were deter-
mined for four transverse specimens.

Potentiodynamic experiments in the salt solution
(pH 4.5) were carried out at room temperature to
investigate pitting corrosion of all base materials as
well as of the produced butt and overlap welds. The
standard hydrogen electrode (SHE) was used as ref-
erence one. The critical pitting potential (E.) and
repassivation potential (E,.,) were determined for
pickled and non-pickled samples from dynamic cyclic
anodic polarization curves. E and E,, were obtained
from the point where the current density continuously
exceeds 0.01 mA-cm 2 and where the current density
again goes near zero, respectively.

Results and discussion. Process stability and
weld quality. Spatter formation proved to be related
with several process variables. It was found, for ex-
ample, that spatter was much more pronounced by
using the Nd:YAG laser (Figure 1). This may be
linked to the missing stabilizing effect of plasma,
which is given in case of the COy-laser, at least in
the keyhole depth.

Figure 1. Spatters on of about 150 mm welds in Nd:YAG laser welding
at v, = 4 m/min and focal point position /= 0 (a) and 3 (b) mm

Parameter COy-laser Nd:YAG laser Butt welding Overlap welding
Wavelength, pm 10.6 1.064 PokW!| 9 | F mml|P . kW Oy F. mm
- - - L m,/min |’ L m,/min ’

Laser beam delivery Mirror 600 pm fibre
Beam parameter product, 17 (TEM,,) 24 COylaser 2.4 3 0 2.4 2.5 0
mm-mrad 3.6 4 3.6 3
Focal distance, mm 200 200 5.0 6 5.0 6 or7
Focus diameter, pm ~400 ~600 Nd:YAG 2.0 3 0 2.0 2 0 or -3

laser 3.0 3

4.0 4dord

High manganese content in the steel grade also
had a negative effect on the process stability. Vapori-
zation of this volatile element enhanced melt expelling
from the weld pool, as was also observed in study
[16]. Another factor affecting the process stability
was the focal point position (see Figure 1). By choos-
ing a focus point in the negative range, spattering
was considerably reduced.

In addition, spattering was more severe in the over-
lap joint configuration in comparison to the butt joint
configuration. High shielding gas flow rates also sup-
ported spatter formation by causing instabilities on
the weld pool behaviour. A stable spatter-free process
could be achieved with a flow rate of up to about
20 1 /min.

Oxidation of the weld surface and heat tint for-
mation were influenced by the type of shielding gas
and supply. COs-laser welding with the use of a by-
pass led to a better weld surface quality. Complete
oxidation prevention was successfully achieved for
both laser welding processes with an additional trail
gas nozzle.

The weld geometry was found to be strongly de-
pendent on the joint edge quality. Shear cut joint
preparations provided an irregular sheet edge geome-
try which resulted into gap sizes far exceeding the
desired zero gap. Figure 2, a shows, for example, an
irregular weld shape with top bead depression and
root concavity for this case. On the other hand, weld
edge preparation by laser beam cutting led to a sat-
isfactory weld geometry (Figure 2, b). A further ad-
vantage concerns the possibility to integrate laser
beam welding and cutting, which may bring advan-
tages in industrial processing.

Radiographic examinations showed no cracks in
welds for either COy- or Nd:YAG laser welding.

Pore formation was found to be dependent on the
laser process, penetration mode, material and welding
speed. Intense porosity only occurred at partial pene-
tration in the overlap joints and was considerably
more severe for Nd:YAG laser welding. It only arose
at the lowest investigated welding speeds in the stand-
ard CrNi-steels (1.4301 and 1.4362). This may be
explained in the keyhole behaviour. At low welding
speed, unstable melt flow leads to swelling of the
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Austenite

keyhole, causing bubbles to generate from the keyhole
tip in an unstable molten pool. In contrast, at high
welding speed a better keyhole stability can be
reached [14].

Microstructure. Both studied austenitic steels un-
derwent a primary ferritic solidification. This was
determined from Cr/Ni equivalents (Table 4) and
confirmed in microstructural examinations. The Ham-
mer and Svenson (Hé&S) and Hull diagrams provided
a tolerable correlation between the composition and
the solidification mode, taking into account the spe-
cial austenitizing effect of manganese.

Rapid cooling resulting from laser beam welding led
to a dendritic structure with retained &-ferrite (Fi-
gure 3). The cooling rate also influenced the amount of
primary ferrite. At high rates, a reduced amount of
8-ferrite to austenite transformation occured.

Duplex stainless steels owe their specific properties
to the balanced two-phase microstructure consisting of
ferrite and austenite of approximately equal propor-
tions. The weld metal solidified in a ferritic mode, as
predicted by Hull’s and H&S’s Cr /N equivalents.

By application of 100 % N, a maximal austenite
content of about 20 % was obtained. In comparison
to the specimens welded only with argon or argon / he-

lium, the austenite content values considerably in-
creased (Figure 4). No significant differences were
found between nitrogen absorption in Nd:YAG or
COy-laser welding under the investigated conditions.
Figure 4 also reveals that the lean duples (1.4162)
has a lower capacity for austenite reformation, which
can be explained in the poorer austenitizing properties
of manganese, compared to nickel. In general, the
effect of nitrogen on austenite formation is limited,
because its absorption is hindered by the small weld
pool surface size and the higher partial pressure of
metal vapour in the keyhole [17]. In the micrographs
of both duplex steels 1.4362 and 1.4162 (Figure 4,
b), welded using 100 % N2 as shielding gas, mainly
allotriomorph grain boundary austenite, but also
small amounts intergranular austenite precipitates can
be observed.

Figure 5 shows the Vickers microhardness meas-
urements in the centre of the weld cross-sections.
These reveal an increase of hardness in the weld metal
for both duplex steels, welded with 100 % N,. Both,
the higher ferrite content and the effect of nitrogen
led to an increment of the hardness in this area. In
the HAZ and in the bulk material similar lower values
are obtained. Regarding the austenitic steels, only a

Table 4. Cr/Ni equivalents and solidification mode for all studied materials

H&S diagram Hull diagram Solidification
Steell d
Creq Nigq Cr/Ni,, Creq Nigq Cr/Ni,, mode
1.4376 18.82 10.14 1.86 18.35 9.40 1.95 FA
1.4162 23.10 6.32 3.66 22.72 6.00 3.79 F
1.4301 19.67 11.25 1.75 19.23 11.04 1.74 FA
1.4362 23.06 7.65 3.02 23.02 7.66 3.01 F
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Figure 4. Austenite content in the duplex steel welds in CO,- and Nd:YAG laser welding with and without nitrogen addition (a), and
micrographs of duplex steels 1.4362 (above) and 1.4162 (below) welded using 100 % N, (b)

slight increase can be observed from the base material
to the HAZ and weld. The hardness of the austenitic
stainless steel 1.4376 is higher in comparison to the
standard CrNi-steel which results from the higher ni-
trogen content.

Mechanical properties. The mechanical properties
of the investigated materials are mainly characterized
by the corresponding microstructure. Austenitic stain-
less steels owe high work-hardening properties and
can achieve elongations in the order of 50 %. The
austenitic high-manganese alloyed steel possesses not
only high strength due to the higher nitrogen content,
but also good formability. Duplex steels have better
properties than the austenitic ones, due to the com-
bination of strength and ductility provided by the
ferrite and austenite phases, respectively. However,
the enhanced amount of ferrite in the weld metal, in
consequence of the high cooling rates, is expected to
influence the mechanical properties.

The results of tensile tests performed at four
welded samples per investigated material transver-
sally to the welding direction show that the strength
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Figure 5. Hardness in the middle of the weld metal for all inves-
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of the welded joints is close to that of the base material
(Table 5).

Failure occurred predominantly in the base mate-
rial. Only single samples of the steel grades 1.4376
and 1.4362 had fractures along the fusion line, which
led to a reduction of the measured tensile strength.

Corrosion properties. The results of the poten-
tiodynamic tests revealed the austenitic stainless steel
1.4301 to exhibit a higher E, (SHE) and E,., (SHE)
potentials in comparison to the manganese-alloyed
steel 1.4376, indicating a superior pitting resistance
(Figure 6). According to the obtained E, values, the
austenitic steel 1.4301 is approximately equivalent to
the lean duplex 1.4162. The CrNi-duplex steel 1.4362
had the highest pitting potential.

Since the chromium content for both austenitic
and also for both duplex stainless steels is similar (see
Table 1), it appears that nickel has a decisive influence
on the corrosion properties of the materials. In study
[11] it could be demonstrated that nickel is enriched
in the surface during active dissolution, which does
not apply to manganese. This is supposed to support
the passive film formation, as in this way the disso-
lution rate decreases. The influence of manganese on
corrosion resistance is also related to the increased
amount of inclusions, e.g. manganese and chromium
oxides that act as preferential sites of pitting [6].

Table 5. Tensile strength of welded samples o in comparison
with base metal oBM, MPa

Base metal 1.4376 1.4301 1.4162° 1.4362°
o™, average 750 650 750 770
o, sample 1 740 665 750 760
o), sample 2 755 655 750 765
oY, sample 3 700" 655 750 550"
o, sample 4 750 655 750 760
‘Welded in 100 % N,. “Fracture along the fusion line.
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Figure 6. Critical pitting potential E. and repassivation potential E,, obtained from anodic current density /potential curves for
previously pickled materials investigated: (] — base; X — butt weld; A — lap weld metal

The pitting corrosion behaviour of butt as well as
overlap welds and base materials is comparable in all
cases (see Figure 6). This indicates that a good weld
quality can be obtained under the investigated con-
ditions.

CONCLUSIONS

COy- and Nd:YAG laser welding of austenitic and
austenitic-ferritic manganese-alloyed stainless steels
was proven to be suitable for the production of high
quality butt and overlap welded joints. Welds of all
the investigated materials showed strength, hardness
and corrosion performance that is consistent with or
close to those of the base metal. Though following
aspects need to be considered:

1. Manganese-alloyed steels are, in comparison to
the standard CrNi-steels, more prone to cause process
instabilities leading to spatter formation.

2. Porosity tends to arise by incomplete penetra-
tion in the overlap joint configuration and is highly
influenced by the welding speed. Though, it was pos-
sible to avoid weld imperfections by adequate parame-
ter settings.

3. Regarding the weld edge preparation, laser cut-
ting is more effective than shear cutting, as it allows
the gap size reduction and weld homogeneity.

4. Use of nitrogen as shielding gas in laser welding
of duplex steels improves austenite reformation.
Maximal austenite fraction of 20 % in the weld could
be obtained. Although the austenite proportion is not
so large, a good weld quality can be achieved.

5. Concerning the corrosion properties, the lean
duplex 1.4162 was found to be comparable with the
conventional steel 1.4301. The austenitic manganese-
alloyed steel 1.4376 exhibited the lowest corrosion
resistance and the standard duplex grade 1.4362 —
the highest.
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EFFECT OF TiC ON THERMAL STABILITY
OF H13 /TiC COMPOSITE COATING IN LASER CLADDING

F.-Z. KONG!, Y. LU', J.-H. DAI', C. LOU', J.-H. YAO' and M. ANYAKIN?
1Zhejiang University of Technology, Hangzhou, China
NTUU «Kiev Polytechnic Institute», Kiev, Ukraine

H13,/TiC composite coating was prepared by diode-laser cladding on hot-work die steel H13. The thermal stability of
composite coating was researched. Microstructure and microhardness of the coatings before and after high-temperature
treatment were examined by microscopy and Vicker microhardness tester. The microstructures of laser-clad coating were
composed of martensite and austenite, which were dendrite crystals. The higher content of TiC, the finer were coating
grains. When the processing temperature was 773 K, no obvious change had been found, hardness declined less, and
the ability of tempering resistance was higher. When processing temperatures were 873 and 973 K, tiny dendrites
changed into large crystal cells, therefore, the microhardness of the cladding layer declined greatly and the ability of

tempering resistance declined.

As a kind of hot-work die steel, H13 is widely used in
hot forging [1], hot extruding [2], die casting [3], etc.
It contacts with high-temperature materials repeatedly,
that makes the surface performance of die materials
decline to invalidated under a cycle alternating stress.
The lifetime of hot-work die is mainly limited by thermal
fatigue (heat cracking), overall cracking, erosion, cor-
rosion and plastic deformation [4].

In view of the above items, many researchers have
developed the related research on this field. Liu et
al. [5] have repaired invalid high temperature forging
die for aviation engine parts by laser cladding. It had
good metallurgical combination of coating and sub-
strate, and there were precipitated phases like Fe5C,,
Fey)B, FeSi and other amorphous organizations dis-
tributing in the substrate. The hardness of surface of
the cladding layer was lower than HV0.2-670 MPa.
There was little change of the hardness inside the
cladding layer, and the average hardness was HV0.2-
730 MPa. There was an obvious decline from transi-
tion zone to substrate. Zhu et al. [6] have clad the
Co-base alloy onto the surface of H13 steel. The re-
search show that the high-temperature hardness, ther-
mal fatigue resistance and cyclic fatigue softening
resistance of H13 steel had obviously improved after
cladding Co-base alloy. Co-base alloy was a good
material for hardening the surface of hot-work die
steels and expected to be wildly used in hardening
and repairing die surfaces. Li et al. [7] have clad
WC-TiCp /Ni-base composite alloy powder onto
cross wedge rolling die steel 55Mn by CO5-laser. The
coating with good shape, no crack, and metallurgical
bonding with substrate was obtained under the con-
dition of adding C and Zr. The hardness gradient of
coating had satisfied the both requirements of working
and following processing. Ring wear test without lu-
brication showed that the friction coefficient had re-
duced 30 % and the wear resistance had doubled.

© F.-Z. KONG, Y. LU, J.-H. DAL, C. LOU, J.-H. YAO and M. ANYAKIN

The lifetime of hot-work dies under high tempera-
ture and high pressure for long-time working is af-
fected by the abilities to keep the organization and
mechanical properties stable [8]. Research of this field
are mainly high-temperature oxidation resistance [9]
and changes of hardness and organization while aging
[10]. The high-temperature organization and hardness
of H13 /TiC composite coating on H13 steel made by
semiconductor lasers are discussed in this paper.

Experimental procedure. H13 steel was chosen
as the substrate material, size of which was 50 x 50 x
x 10 mm, and H13 + TiC (0, 10, 15, 20 and 25 %)
mixed powders were chosen as the cladding material.
Laser cladding experiment used 2 kW semiconductor
laser with argon as shielding gas (25 1/min). The
laser power was 1.2—2.0 kW and scanning speed was
400—-800 mm /min. The thickness of preset powder
was about 1 mm. The diameter of laser beam was
4.5 mm and the lap rate was 50 %. The microstructure
and microhardness of laser-clad layer was tested by
HXD-100 microhardness tester. The heat treatment
was as follows: heating the specimens in the pipe
furnace with the starting temperature 573 K and heat-
ing rate 7 K/min, then up to the setting temperature
(773, 873 and 973 K). After keeping for 10 h, the
specimens were cooling in air.

Results and discussion. Microstructure of laser-
clad layer. Figure 1 shows the OM-images of cladding
layers with different content of TiC. OM image of
cladding without TiC is given in Figure 1, a. The
microstructure of this area was mainly dendritic
martensite and retained austenite. The bright organi-
zation at the grain boundary was alloy carbide [10].
The dimension of grains was obviously finer (see Fi-
gure 1, b—e). The more incensement of content of
TiC, the finer were the grains because the adding of
TiC could restrain the growth of grains, and the high
degree of supercooling while solidifying could make
the elements non-uniformly resulting in fine grains.
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Microstructure of cladding layer after heat treat-
ment. As shown in Figure 2, after heat treatment at
773 K, tempered martensites are found. A small ac-
count of black network-like structures appear in the
grain boundaries that is due to aggregation and growth
of unmelted carbide, precipitation and segregation of
alloy elements at defects of grain boundary [11]. The
above carbides disperse in the cladding layer which
may contribute to increasing the microhardness.

For the samples heat-treated at 773 and 873 K,
the main microstructure is troostite with rough grains
(Figures 3 and 4). More carbides precipitate in the
grain boundary than at 573 K, which form bulk black
aggregate (see Figures 3, @ and 4, @). As can be found,
the size of grain decreases with the increase of TiC
contents. The main reason may be that TiC can dis-
perse in the cladding layer to hinder the growth of
grains at high temperature. So the thermal stability
of H13 /TiC composite coating can be promoted. The
interface between H13 and TiC and mechanism of
action of TiC are under further research.

@ 25 pmj [5) £25 pm [

Figure 2. OM-images of laser-clad layers without (@) and with 10 (), 15 (¢), 20 (d) and 25 (e) wt.% TiC after heat treatment at 773 K

25 | | T > ) 1 g5 um

Microhardness of cladding layer after heat treat-
ment. The hardness curves of untreated and heat-
treated samples at temperatures of 773, 873 and 973 K
are shown in Figure 5, a—d, respectively. Compared
with untreated sample, cladding layers can bear the
heat treatment. As is known, H13 steel contains large
amounts of alloy carbides, and under the high tem-
peratures of laser cladding a large number of alloying
elements dissolve in austenite which lead to form
martensite with higher contents of alloying elements
after cladding. On the other hand, for rapid heating
and cooling in laser cladding, the higher degree of
supercooling increases the rate of austenite nuclea-
tion, which results in imperceptible austenite crystal-
loid and, consequently, martensite crystalloid. So,
the thermal stability of steel can be promoted.

As shown in Figure 5, increase of TiC content
results in higher hardness of the cladding layer, so
TiC has great influence on its microhardness. As hard
carbides, the adding TiC can increases the coating
microhardness. On the other hand, TiC can inhibit
the growth of dendrites in grain boundaries in laser

d] 125 um| R

Figure 3. OM-images of laser-clad layers without (@) and with 10 (), 15 (¢), 20 (d) and 25 (e) wt.% TiC after heat treatment at 773 K
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Figure 4. OM-images of laser-clad layers without (@) and with 10 (b), 15 (¢), 20 (d) and 25 (e) wt.% TiC after heat treatment at
873 K

cladding, attenuate crystalloid, strengthen the clad-
ding layer and increase the hardness of composite
cladding layer. With the variety of temperature, the
microhardness of cladding layer, heat-treated at
773 K, decreased less, while it was the larger at 873 K
and the largest at 973 K. The composite cladding
layer of H13 /TiC has capability of tempering resis-
tance at 773 K better than at 873 and 973 K. The
cladding layer has different hardness after various
treatment modes. Comparison the cladding layer after
treatment at 773 K with untreated one show that
microhardness of samples with different TiC contents
has a little change of about HV0.2-30 MPa. This
proves that cladding layer has high capabilities of
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resistance to tempering after treatment at 773 K. Mi-
crohardness of the cladding layer with TiC, heat-
treated at 873 K, had reducing of about HV0.2-
100 MPa, while the decrease of cladding without TiC
was of about HV0.2-120 MPa. Microhardness of the
cladding layer with TiC, heat-treated at 973 K, had
reducing of about HV0.2-190 MPa, while the decrease
for cladding without TiC had been of HVO0.2-
240 MPa. So, it can be confirmed that TiC can im-
prove the high-temperature strength of cladding layer.
Meanwhile, at the higher temperature condition (for
example, at 873 or 973 K), the microhardness of clad-
ding layer has obviously reduced and has the worse
tempering resistance.
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Figure 5. Microhardness distribution at different distance from the surface L for cladding layer without (7) and with 10 (2), 15 (3),
20 (4) and 25 (5) wt.% TiC untreated (@) and heat-treated at 773 (b), 873 (¢) and 973 (d) K
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CONCLUSIONS

1. After laser cladding, the composite coating are
mainly composed of martensites and retained
austenites which are dendritic. With the increase of
TiC content, the grains become finer. TiC can effec-
tively inhibit the growth of grains and their refine.

2. After heat treatment at different temperature,
the microstructures of laser-clad coating changes dif-
ferently. For the processing temperature of 773 K,
the microstructure has no change significantly, re-
maining as dendrites, but for 873 or 973 K the small
dendrites change into large cells.

3. TiC effectively increased the hardness of laser-
clad composite coating. After treatment at 773 K, the
hardness declined by about HV0.2-30 MPa and had
good resistance to tempering stability. At 873 and
973 K, hardness declined more than at 773 K because
decreasing tempering resistance.
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HYBRID MICRO TIG-ASSISTED LASER (TIGAL)
AND LASER-ASSISTED TIG (LATIG) WELDING
INCLUDING WITH APPLICATION
OF ACTIVATING FLUX OF STAINLESS STEEL

D. KOVALENKO, K. YUSHCHENKO, I. KRIVTSUN, I. KOVALENKO and V. NAKVASYUK
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Technological peculiarities of utilisation of the advanced combined-activated processes of hybrid micro TIGAL and
LATIG welding, including with application of activating fluxes (activators), are considered. Experimental rigs of the
investigated welding processes are described. Comparative analysis of the results of investigations into the weld formation
and TIG arc parameters was conducted by an example of the two hybrid micro TIGAL and LATIG welding processes
on base of micro TIG welding with a low-amperage (5-35 A) argon arc, laser welding with a low-power (<250 W)
continuous-wave Nd:YAG laser. The above processes were studied both without and with the aerosol PATIG S-A
activator. Welding was performed on type 304L stainless steel 1.2, 1.5 and 2.0 mm thick. It is shown the differences
in the weld formation and TIG arc parameters (mainly in a substantial improvement of the arc stability and increasing
of penetrating power of the arc) in hybrid micro TIGAL and LATIG welding processes, including application of the
PATIG S-A activator, compared with a separate use of laser and micro TIG welding. In general, results of the investigations
conducted form the basis for development of the technology and specialised equipment for hybrid micro TIGAL and
LATIG welding, as well as for a further, more detailed investigation of its energy and technological characteristics,

and development of a more adequate model for the given processes.

Hybrid technological processes are gaining now an
increasingly wide acceptance, along with traditional
welding processes for welding and treatment of ma-
terials using arc, plasma or laser heating. The hybrid
processes are based on the simultaneous use of two
different heat sources, e.g. laser beam and electric
arc. One of the reasons of development of the hybrid
laser-arc processes was to combine advantages and
eliminate drawbacks of the known arc and laser tech-
nologies, when used separately.

Initial studies [1—5] of the laser-arc welding proc-
esses showed that they have a number of peculiarities
which cannot be explained by simple superposition
of properties of the used heat sources taken separately.
For example, it was found that the combined effect
on metals provides a substantial increase in the coef-
ficient of utilisation of power of both laser and arc
heat sources, as well as improvement of stability of
the arc, especially in movement of its anode spot over
the surface of a workpiece. This allows us to increase
more than one and a half times maximal penetration
depth (thickness of the metal being welded), com-
pared with the existing laser process which is particu-
larly important for the cases of using low-power la-
sers, as well as to improve the arc stability and almost
doubling of the productivity of the corresponding arc
process.

Publications dedicated to different laser-arc weld-
ing methods continuously grow in number [6, 7].
However, most of them considered the hybrid proc-
esses based on a combination of the electric arc and
laser beam of a high enough power (0.5-2.0 kW). As

far as the peculiarities of interaction of a low-amper-
age arc and low-power laser are concerned, this issue
is little investigated as yet (available are just a few
studies [8, 9], which are dedicated primarily to laser-
micro plasma welding of aluminium alloys).

Also, it is reported that the application of activat-
ing fluxes in TIG, plasma and laser welding leads,
first of all, to an increased penetrating power of a
welding heat source (arc, plasma and laser) [10—-12].

Therefore, the main purpose of this study was to
investigate technological peculiarities of the two hy-
brid micro TIGAL and LATIG welding processes of
stainless steel of 12Kh18N10T type 1.2, 1.5 and
2.0 mm thick using a low-amperage (5-35 A) TIG
arc and a low-power (<250 W) continuous-wave
Nd:YAG laser, including with the application of the
aerosol PATIG S-A activating flux, as well as to give
the theoretical explanation to interaction between
components of the combined heat source under con-
sideration and the associated peculiarities of metal
penetration when using this type of micro hybrid
welding.

1. Experimental materials and procedure. Sam-
ples of stainless steel 12Kh18N10T, measuring 150 x
x 40 mm and 1.2, 1.5 and 2.0 mm thick, were used
as the materials to be welded. The samples chosen for
experiments differed in the manufacturing technology
and surface preparation, namely 1.2 mm steel was in
the annealed state, 1.5 mm steel was non-polishing,
and 2.0 mm steel — polished.

Activating flux PATIG S-A used for the experi-
ments was of a spray type. The shielding gas was

© D. KOVALENKO, K. YUSHCHENKO, I. KRIVTSUN, I. KOVALENKO and V. NAKVASYUK, 2011
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Figure 1. Scheme of hybrid TIGAL (@) and LATIG (b) welding
processes: 1 — arc; 2 — TIG torch; 3 — laser; 4 — laser beam;
5 — workpiece

argon, and tungsten electrode was of the thoriated
type of 2.0 mm in diameter.

Hybrid TIGAL welding was performed with the
TIG torch located at an angle of 45° to the laser beam
vertical axis (Figure 1, a). Hybrid LATIG welding
was performed with the laser beam located at an angle
of 45° to the TIG torch vertical axis (Figure 1, b).
Length of the TIG arc was 2 mm. The laser beam
focused onto the plate surface was positioned at the
centre of the anode spot of the arc. The TIGAL weld-
ing process was also carried out by the forward angle
(laser beam ahead of the tungsten electrode) and back-
ward angle (laser beam behind the tungsten electrode)
methods.

The experiments were conducted by using the ex-
perimental rig for hybrid micro welding using
Nd:YAG laser and TIG torch. Schematic of the rig
for TIGAL welding process is shown in Figure 2. The
experimental rig comprises setup table with devices
for arrangement of the laser system and combined
welding head; laser power system SPIK-3; laser
LTN 103; rotary mirror; combined welding head for

Figure 3. General view of LATIG welding equipment: ¢ — experimental rig; b — welding head

Travel unit

Figure 2. General scheme of experimental rig for TIGAL process

Nd:YAG laser welding and device for adjustment of
the TIG welding torch; TIG welding power source
INVERTEC V160; device for movement of welding
sample and control unit; device for fixation of welding
samples; and bottle with argon gas and reducer.

Specifications of rig are given below

Laser unit:
LaSET ittt Nd:YAG
Laser power consumption, KW ................cooeeiiiinnnn. 12
Maximal laser radiation, W ..., 250
Wavelength, pm ... 1.064
Initial beam diameter, mm ...............ccocviiiiiiiinnl. 6—7
Beam diameter after focusing, mm .................... 0.2-0.3
Power source INVERTEC V160:
Power at duty cycle 100 and 35 %, kW ....... 5.4 and 7.0
Current adjustment range, A ........c.oceouiiieiiinnen. 5-160
Speed of movement of welding sample (welding
speed), M/ D oo up to 20

General views of TIGAL and LATIG welding
equipment are shown in Figure 3, « and b, respec-
tively.

Two sets of investigations of the three welding
processes were conducted for comparative evaluation
of their technological capabilities. These included mi-
cro TIG, Nd:YAG laser and hybrid micro welding
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| tlaser + TI4)

Figure 4. Top (a) and back (b) view of welded sample 1.2 mm
thick (P, = 250W, I, = 5A, v, = 100 mm /min, TIG torch is behind
the laser beam)

(using Nd:YAG laser and micro TIG arc) without
activating flux; and A-micro TIG, A-laser and A-hy-
brid micro welding over the layer of activating flux.
Totally, six welding processes were investigated.

TIG welding was performed at welding current
I, =35, 15, 20, 25, 30 and 35 A; laser power Q; = 180
and 250 W; welding speed (specimen movement
speed) was kept constant and equal to 100 mm /min
in all the cases.

Specimens being welded were marked out along
its length into regions, and welding was performed
in a different sequence for all the six processes inves-
tigated. After the experiment, macro sections were
made from the resulting welds, and geometric sizes
of the welds, such as width, depth and penetration
area, were measured.

2. Experimental results. 2.1. Hybrid micro TI-
GAL welding process. Plate thickness of 1.2 mm.
TIG arc current of 5 A, Nd:YAG laser power of
250 W. Appearances of the welded specimens are
shown in Figure 4. Laser welding provides a stable
narrow weld 0.5 mm wide with insignificant (about
0.25 mm) penetration. In micro TIG welding, the arc
leaves rare penetration spots on the specimen surface.
The arc power is insufficient to provide the stable arc
burning, not to mention the penetration of metal. The
hybrid micro process provides a stable weld 0.75 mm
wide with partial (about 0.4 mm) penetration of the
plate. Laser stabilises the arc at the anode spot, thus
ensuring the stable arc burning.

Hybrid (laser + TIG)

Figure 5. Top (a) and back (b) view of welded samples 1.2 mm
thick (P, = 250 W, I, = 20 A, v, = 100 mm /min, TIG torch is
behind the laser beam)

Laser

Hybriel (luser + TIGH

Figure 6. Top (a) and back (b) view of welded samples 1.2 mm
thick (P, = 250 W, I, = 20 A, v, = 100 mm /min, TIG torch is
before the laser beam)

TIG arc current of 20 A, Nd:YAG laser power of
250 W. Appearances of the welded specimens are
shown in Figures 5—7. Laser welding provides a stable
narrow weld 1.0 mm wide with insignificant (about
0.25 mm) penetration. Micro TIG welding results in
a stable weld 1.5 mm wide with partial (0.75 mm)
penetration of the plate, compared with hybrid weld-
ing. The hybrid micro process provides a stable weld
with through penetration of the plate. In backward-
angle welding, width of the weld on the external and
reverse sides of the plate and, hence, the penetration
area are somewhat bigger than in forward-angle weld-
ing (by about 20 %). In hybrid backward-angle micro
welding, width of the weld on the external and reverse
sides of the plate is equal to 2.4 and 2.2 mm, respec-
tively, while in forward-angle welding it is equal to
2.0 and 1.8, respectively. Laser stabilises the arc at
the anode spot, and arc burning is stable. The results
of welding over an activating flux are similar to the
above ones. A-micro hybrid welding provides the
through-penetration weld.

Plate thickness of 1.5 mm. TIG arc current of
15 A, Nd-YAG laser power of 250 W. Laser welding
provides a stable narrow weld 0.6 mm wide with
insignificant (0.3 mm) penetration. Micro TIG weld-
ing provides a less stable weld 1.3 mm wide with
partial (about 0.7 mm) penetration of the plate, com-
pared with hybrid welding. Hybrid micro welding
(forward-angle method) results in a stable weld
1.75 mm wide with partial (about 0.9 mm) penetra-
tion of the plate. Laser stabilises the arc at the anode
spot, thus providing its stable burning.

Figure 7. Top (a) and back (b) view of welded samples 1.2 mm
thick (P, =250 W, I, = 20 A, v, = 100 mm /min, with flux)
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g S
Figure 8. Top (@) and back (b) view of welded samples 1.5 mm
thick (P, = 250 W, I, = 25 A, v, = 100 mm /min, without flux)

TIG arc current of 25 A, Nd-YAG laser power of
250 W. Appearances of the welded specimens are
shown in Figures 8 and 9, and macrosections are shown
in Figure 10. Micro TIG welding provides a stable
weld 1.9 mm wide with partial penetration (about
0.1 mm) of the plate. Hybrid micro welding (for-
ward-angle method) provides a stable weld 3.1 mm
wide with through penetration of the plate (penetra-
tion width on the back side is 3.0 mm). Laser stabilises
the arc at the anode spot and provides its stable burn-
ing. The A-hybrid micro process is in the lead in the
efficiency of penetration. The maximal penetration
area in the case of through penetration is 9.3 mm?,
compared with 8.0 mm? provided by the micro hybrid
process.

TIG arc current of 30 A, Nd-YAG laser power of
180 and 250 W. TIG welding provides a stable weld

A-TIG

Figure 9. Top () and back (b) view of welded samples 1.5 mm
thick (P, = 250 W, I, = 20 A, v, = 100 mm /min, with flux)

2.75 mm wide with partial (about 1.4 mm) penetra-
tion of the plate. With the hybrid micro process (for-
ward-angle method) the weld is stable and has the
following parameters, depending upon the laser
power:

e for 250 W: width of weld is 3.75 mm with
through penetration and depth of sag is 0.5 mm (re-
inforcement (sag) on the external side of 0.5 mm,
penetration width on the back side of 3.5 mm, and
reinforcement of 0.6 mm);

o for 180 W: width of weld is 3.4 mm with through
penetration and deep sag (reinforcement (sag) on the

Hybrid TIGAL welding

No flux With flux
Laser welding B =0.77 mm -
H =0.4 mm
S =0.15mm’
TIG welding B=1.9 mm -
H =0.86 mm
S =0.8 mm’

B = 3.43 mm
H=1.5 mm
S =9.3 mm?
b=3.1 mm

Figure 10. Macrosections of welds on samples 1.5 mm thick (P, = 250 W, I, = 25 A, v, = 100 mm /min)
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No flux

B =0.68 mm
H =0.28 mm
S =0.1 mm?

Laser welding

TIG welding B =2.70 mm
H =0.5 mm

S =1.07 mm’

Hybrid TIGAL welding B = 3.48 mm
H =1.56 mm

S =3.17mm*

With flux

B =2.58 mm
H =0.62 mm
S =0.92mm?

B =29 mm
H=1.0 mm
S =1.47 mm*

Figure 11. Macrosections of welds on samples 2.0 mm thick (P, =250 W, I, = 35 A, v, = 100 mm /min)

No flux With flux

Laser welding H =0.28 mm -
B =0.68 mm
S =0.1 mm?

TIG welding H =0.93 mm H=2.0 mm
B = 2.48 mm B =2.83 mm
S=1.6mm’ b =3.57 mm

S =5.9 mm?
Hybrid latig welding H =2.0 mm H=2.0mm

B =3.33 mm B = 3.84 mm
b=1.41 mm b=4.1 mm
S = 4.69 mm’ S =15.6 mm’

Figure 12. Macrosections of welds on samples 2.0 mm thick (P, = 250 W, I, = 35 A, v, = 100 mm /min)
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external side of 0.4 mm, penetration width on the
reverse side of 3.0 mm, and reinforcement of 0.4 mm)

Laser stabilises the arc at the anode spot, arc burn-
ing is stable.

Plate thickness of 2.0 mm. TIG arc current of 30
and 35 A, Nd-YAG laser power of 250 W. Appear-
ances of the macrosections are shown in Figure 11.
Through penetration was not achieved at a current of
both 30 and 35 A, when using the micro hybrid process
(forward-angle welding), but penetration in this case
was more than 3 times deeper that in micro TIG weld-
ing (for a current of 35 A — 1.56 and 0.5 mm, re-
spectively). Compared with the results obtained in
welding of 1.5 mm thick steel over the flux layers,
the situation in this case is a bit different. The A-micro
TIG and A-hybrid micro welds acquired a somewhat
unusual penetration shape, which, at the same time,
is typical of such welds (made over the activating
flux layer). This shape was characterised by a deep
penetration at the weld centre. In A-hybrid micro
welding, compared with the conventional hybrid mi-
cro process, all the geometric sizes of the welds were
decreased. A more detailed investigation is required
to explain this effect. Results of the experiments are
summarised in conclusions to this study.

2.2. Hybrid micro LATIG welding process. Plate
thickness of 2.0 mm. TIG arc current of 35 A, Nd-
YAG laser power of 250 W. Appearances of the macro
sections are shown in Figure 12. Laser welding pro-
vides a stable narrow weld 0.7 mm wide with insig-
nificant penetration (0.3 mm) and maximal penetra-
tion area of 0.1 mm?. Micro TIG welding provides a
stable weld 2.5 mm wide with partial (about 1.0 mm)
penetration of the plate and maximal penetration area
of 1.6 mm?. A-micro TIG welding provides a stable
weld 2.8 mm wide with through penetration of the
plate (penetration width on the back side is 3.6 mm)
and maximal penetration area of up to 6.0 mm?. Hy-
brid micro welding results in a stable weld 3.3 mm
wide with through penetration of the plate (penetra-
tion width on the back side is 1.4 mm) and maximal
penetration area of up to 4.7 mm?. A-hybrid micro
welding results in a stable weld 3.8 mm wide with
through penetration of the plate (penetration width
on the back side is 4.1 mm) and maximal penetration
area of 15.6 mm?. In hybrid micro welding laser sta-
bilises the arc at the anode spot, thus providing its
stable burning. It can be preliminarily concluded that
the impact of the low-power (250 W) Nd:YAG laser
on the anode spot of the TIG arc (at a current of
35 A) in LATIG welding increases the penetrating
power of the hybrid source, thus creating conditions
for and providing the possibility of controlling the
penetration effect.

CONCLUSIONS

1. The experimental rig for the hybrid micro TIGAL
and LATIG welding processes using Nd:YAG laser

and TIG torch was developed, manufactured, assem-
bled and tested.

2. As shown by the experimental studies, the use
of laser for the hybrid micro welding processes using
low-power (up to 250 W) Nd:YAG laser and micro
TIG arc (arc current 5-35 A) allows stabilisation of
the micro TIG arc and 2—4 times increase in its pene-
trating power, depending upon the arc current.

3. Application of the A-hybrid micro process using
activating flux PATIG S-A leads to a change in the
formation and shape of the weld. Compared with the
conventional hybrid micro welding process, the pene-
trating power of the A-hybrid micro process is higher,
at least in welding of stainless steel up to 1.5 mm
thick.

4. The penetrating power of the micro hybrid heat
source increases with increase in the TIG arc current
and laser power.

5. In hybrid TIGAL micro welding by the back-
ward-angle method the weld width on the external
and reverse sides of the plate and, accordingly, the
penetration area are bigger than in the forward-angle
method, this being indicative of an increased effi-
ciency of the former welding method.

6. It should be separately noted that the arc process
could be stabilised and the weld could be formed by
additionally using the low-power (up to 250 W) laser
in micro TIG welding at a current of 5 A (the power
of which was insufficient for formation of a continuous
weld).

7. Affecting the anode spot of the micro TIG arc
by the low-power Nd:YAG laser creates conditions
and offers the possibility of controlling the penetra-
tion effect. Simultaneous application of the flux, i.e.
using the A-hybrid micro welding process, provides
extra possibilities for increasing the efficiency of the
conventional hybrid micro welding process, which re-
quires conducting additional investigations.

8. Results of theoretical investigations of the hy-
brid micro welding process show that the additional
effect on the workpiece surface by the focused
Nd:YAG laser beam can lead to substantial contrac-
tion of the anode region of the micro TIG arc. This
can result in a substantial increase in density of the
heat flow (more than 3 times) introduced by the arc
into the metal welded, as well as increase in stability
of the process. Theoretical calculations and experi-
mental data proved this assumption.

9. As experimentally proved, to increase the pene-
trating power of the TIG arc it is recommended to
apply the combined-activated hybrid TIGAL and LA-
TIG welding processes, including by using the acti-
vating flux. The theoretical sense of using combina-
tions of different activation methods lies in the pos-
sibility of combining and involving the positive effect
of different penetration enhancement mechanisms pe-
culiar to each activation method taken separately,
namely contraction and screening of the anode spot
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of the arc, increase of the arc efficiency, intensification
of the centrifugal character of convection in the weld
pool, etc.

10. In general, results of the investigations con-
ducted form the basis for development of the tech-
nology and specialised equipment for hybrid micro
welding, as well as for a further, more detailed in-
vestigation of its energy and technological charac-
teristics, and development of a more adequate model
for the given process.
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OCOBEHHOCTHU JIABEPHOI CBAPKU
CPE/JHEYTJEPO/UCTON JETUPOBAHHOM CTAJIU

B.M. KVJIUK, B.[1. IIEJATUH, M.M. CABUIIKHI1, B.II. EJIATHH, A.B. CHOPA, B.I0. XACKUH
Wnctutyt anexrpocBapku uM. E.O. [latona HAHY, Kues, Yxpanna

ITokazaHo, 4TO JIa3epHON CBApKOii, KOTOPasi XapaKTePU3YeTCs] BBICOKOH KOHIIEHTPAIMell 9HEePruu, MOXKHO BBIIOJHSTD
KauyecTBEHHbIE CBAPHbIE COEJMHEHNUS BBICOKOIIPOUYHBIX JIErHPOBAHHBIX cTasieil ToJmHoii ot 3 10 10 MM 6e3 ckoca KPOMOK.
IKCIEePUMEHTAIBHO YCTAHOBJICHO, YTO IIPH CKOPOCTH Jla3epHOil cBapku, B 10 pa3 GoJiblieil CKOPOCTH /1yroBoit, obeciedn-
BAeTCsl MEHbIIee TEIIOBJIOXKEHNEe W MeHbIIas mupuHa mBa. dDopma MporiaBieHst P BBICOKOCKOPOCTHOIl J1a3epHOit
CBapKe He 3aBHCHT OT COCTaBa 3alMTHOrO ra3a, HO OH MOXKET BJIMSATH Ha MOPOOOPa30BaHue U H3MEHEHHE COCTaBa METaJLIa
IBA, 4TO, B CBOIO OYepe/b, OTPAXKAETCSI HA YPOBHE €r0 TBEPAOCTH.

Pasnuunble cBapHble u3/esusg OTBETCTBEHHOIO Ha3Ha-
venust (COCy/bl BBICOKOTO JaBJIEHUS, KOPIyCa HJIeK-
TPOGYPOB, CUJIOBbIE KOHCTPYKIIMU W JIP.) U3TOTABJIN-
BaIOT 13 BBICOKOIIPOYHBIX CTaJell, UCIIOJIb3YS [IJISI 3TO-
IO JQyroByIO CBapKy, 4YTO HeraTUBHO OTpa’kaeTcsd Ha
[IPOU3BOAUTENBbHOCTH ITpoliecca. OHUM U3 IyTei 10-
BBINIEHNST ITPON3BOINUTENbHOCTH MOXKeT OBIThb IIpuMe-
HeHue JasepHoil cBapku. OJHAKO 3TOT Croco6 OTJIH-
YaeTcst PSoM 0cOGeHHOCTel, B MEPBYIO OYEPEb CBsI-
3aHHbBIX C BBICOKOH CKOPOCTBIO HarpeBa U OXJIaK/1eHusl
CBApUBAEMOT0 MeTaJlJIa, YTO IPUBOJAUT K (POPMUPOBa-
HUIO TBEPAOH U XPYIIKOH CTPYKTYPBHI.

C 1esbio onpe/iesieHUsl BO3MOXKHOCTH IIPUMEHEHUs
JIA3ePHOTO C110co6a /st COeJINHEHMST BBICOKOTIPOYHBIX
cTaJieii uccae0Ba 0COGEHHOCTH CBAPKYU CPEIHEYTIe-
poaucToii cramu cucrembl JernpoBanus XI'C tommn-
HoO# 3, 6 m 10 MmM. OHO- 1 MHOTOITPOXOHYIO CBAPKY
soinosiHstin Nd: VAT nasepom DY 044 («Podun Cu-
Hap», [epMaHusi) MONIHOCTBIO 10 4,4 KBT ¢ onTuyec-
KuMHu BoslokHaMu guamerpoM 0,4 u 1,2 mm (puc. 1).

fil

Wazmydenne GorycupoBaau JUH30H ¢ (POKYCHBIM pac-
crossaueM F = 300 MM. B kauecTBe 3amuTHOro rasa
ncrnosbzoasm Ar, He, CO,, Ar+17 % COy + 1 % O,
u Ny. Tepmuueckne IUKJIbI CBAPKU 3alUCBIBATH C
MTOMOIITLIO  BOJIb)PaMpPEeHUii-BoIb(paMpeHneBoit Tep-
momapel BP 20 /5 u norennmomerpa KCII-4. Crpyk-
TypHO-(pa30Bble TIPEBpAIleHUs OIEHUBATH METOIOM
CKOPOCTHOH JINJIATOMETPUHU.

Bouo yeranosieno (puc. 2), 4To MpU MONIIHOCTH
JIA3epHOTO U3aydeHus 3 KBT u auaMeTpe onTuveckoro
BoJIOKHA 1,2 MM CBapKa CO CKBO3HBIM ITPOILJIABJIEHUEM
JIETUPOBAHHON CTAJM TOJIUHOW 3 MM CO CKOPOCTBIO
12 M /u (paBHoii ckopoctu cBapku A-TUT) Bo3MosKHA
B CO, u HeocyliecTBUMa B cpejie MHEPTHBIX Ta3oB.
[Tpu aToM P/ vey = 900 /I3 /MM B 2,5 pa3a NpeBbINIaeT
norounyio aepruio (360—-380 /[ /MM) ayroBoii ceap-
Ku. [Ipy TOBBINIEHNN WHTEHCUBHOCTH JIA3€PHOTO BO-
3/I€MICTBUS IIyTeM YMEHbBIIEHUS JUAMETPA OIITUYECKOTO
BOJIOKHA CKBO3HOE TIPOTLIABJIEHNE 00ECTIeYnBAETCS TPU
s = 30 M/u (P/ vy = 360 Ik /MM) Kak B cpeje

s, |

-

Puc. 1. O6opynosanue ais jasepuoil (@) u nazepno-ayrosoit capku (6) cramm XTC tommmuoii 3, 6 u 10 MM ¢ ucnoJb30BaHHEM
npucaounoii mpoBoJiokn CB-18XMA mmamerpom 1,2 MM U pa3JIMYHBIX 3AIUTHBIX Ta30B

© B.M. KYJIUK, B./l. IIEJATUH, M.M. CABULIKUH, B.II. EJIATUH, A.B. CUOPA, B.I0. XACKMH, 2011
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Ta6mua 1. Bauguue pexxuma sasepHoii cBapku Ha npoiuiasiaenne (MM) JIErHpOBaHHON cTaiu

Tommma 3amuTHblil ra3 Ve M/ U P/ Ve, Hapavierput 1o, i
cTasil, MM Bru,/m Wi W()Gp "
3 CO, 90 49 1,6 1,2 CKBO3HOE I1POILJIABJICHIE
» 120 37 1,4 1,1 »
> 150 29 1,2 1,1 >
Ar » > 1,2 1,3 »
Ar + CO, + O, » » 1,1 1,1 »
6 Ar 36 122 3,5 1,8 CKBO3HOE TIPOILIABJICHUE
Ar + CO, + O, > > 3,0 1,0 >
CO, 48 92 2,8 1,2 >
Ar » » 3,0 1,0 »
Ar + CO, + O, > > 3,0 1,0 >
CO, 60 73 2,8 1,0 >
Ar > » 3,0 - 5,5
10 CO, 13,6 323 6,5-7,0 > 8,2
Ar » > 5,5 » 8,2
Ar + CO, + O, » » 5,0-5,5 » 7,8
He » » 5,5 » 8,2
N, » > 5,8-6,0 > 8,1
CO, 12,0 366 5,0 3,54,5 CKBO3HO€ TNPOILIABJIEHIE
Hpumeuanue. W, Wog,, H — mmupuna ¢ mieBoil n 06paTHoii cTOpoHbl, TyGHHa.

Ar+ CO3+ 09

- b o ra A

Ar+ COz+ O3
el — SR
R'; - ’ e

a

6] .
Puc. 2. MopMupoBanne MOBEPXHOCTH TBa Ha cTaau Toamuuoii 3 mm ipu P = 3 kBT, v, = 12 M /4, d,,,, = 1,2 mm (@); P = 3 kBr, v, =
=30m/4,d,,,=0,4mm (6); P=4,4xBr, v, =150 Mm/4, d.,,, = 0,4 mm (&)
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Puc. 3. MopMupoBaHne MOBEPXHOCTH MIBA Ha CTaIM Toammuol 6 MM npu P = 4,4 xBr, d,,,, = 0,4 mm, AF = —1,5 MM, o, = 48 (a, 6),

60 (6, 2), 72 (0) m/u B CO, (a, 6) u aprone (6-0)

CO,, Tak u B aprone. IIpu yBesnyeHuu MOLTHOCTH
Jla3epHOTO u3JyuyeHus 10 4,4 kBT cBapKy craJju ToJi-
MUHONH 3 MM MOXKHO BBITIOJTHATD CO CKOPOCTBIO
150 M/ 4 (P/0¢y = 104 [I5k /MM), a CTalu TOJIITHON
6 MM — co ckopocTbio 48-60 m/u (P /0., = 331—
263 [I>x /MM 1IpH J1a3epHO# cBapke < ¢/ 0 = 1044—
1188 JIxx /MM npu ayrosoit ceapke) (ta6s. 1). ITo-
BbIIIIEHNE CKOPOCTU CBAPKH COMPOBOXK/IAETCS YMeHb-
[IEHNEM TTUPUHBI U MTPOBUCAHUS IIBA, 0OPA30BAHIEM
Y3KOTO YTOJIIIEHNS B €r0 Cpe/Heil YacTh U TOAPEe30B
(puc. 3).

K dopmupoBanuio Try60KOTO Y3KOTO IIPOILIABJIE-
HUSL TIPU JIA3€PHOI CBapKe TPUBOAUT ObICTPbII HATPEB,
pacIIaB/jeHne, MeperpeB W MHTEHCHBHOE HCIIapeHue
CTaM B 30HE JIA3ePHOTO BO3/EUCTBUSI B COYETAHUH C
PEaKTUBHBIM BBIOPACHIBAHUEM MEJKUX KaTesb Paciljia-
Ba W3 IaporasoBoro Kanaja. PacriaBienue cramm y
MMOBEPXHOCTH CBAPOYHOI BAHHBI TIEPETPETHIM PACILIa-
BOM U IJIA3MEHHBIM (haKesJOM YBEJIUYHBAET €e ILIO-
maab. Ipn v, = 13,8 M/4 B JleripOBaHHON CTaJU
toJrmuHoi 10 MM opMupyeTcst rpubGOBHIHOE TTPOILIA-
BJieHue rTay6uHoit 7,8—8,2 MM, IMpuUHA KOTOPOTO B
3aBICHMOCTH OT HCIIOJIb3YEMOTO 3aIIUTHOTO ras3a Mo-
JKET COCTaBJIATb OT 5 J0 7 MM Yy noBepxuoctu u 1,5—
2 MM Ha rary6une Gospine 2 MM (puc. 4). Ha napamer-

PbI TIPOILJIABJIEHUSI HE IOBJHMSIN PasJIMYHbIEe MOTEH-
LIiaJIbl MOHU3AIMUK 3auTHbIX rasos (13,2; 14,5; 15,7
u 24,5 B gna CO,, Ny, Ar u He cooTBeTCTBEHHO),
XOTs TeMIieparypa ¢akejga B 3TUX CJIydasx IOJUKHA
orsmmuatbes. OgHAKO Ha0II04a1ach YeTKas TeHIeHIN
K YBEeJMYEHNIO MUPHUHbI porasaenus (5,5; 5,5-6,0;
6,5=7,0 MM) 110 Mepe TIOBbIIIEHUS] MOJIIPHOI TETIoeM-
KOCTH HCHOJIb3yeMbIX WHEPTHBIX ra30B, a30Ta W yrJie-
kuctoro rasa (C, = 0,92-0,94; 1,30; 1,74 x/xv® /K
coOTBeTCTBeHHO). OYeBU/IHO, YTO Ha MHTEHCHBHOCTH
[IOBEPXHOCTHOTO HarpeBa GOJIbIIOE BJIUSHIE OKa3blBa-
€T KOHBEKTUBHBII TETIO0OMEH MeKIy (hakesoM u Me-
TaJLJIOM.

VHTeHCHBHOE HCTIapeHne 00yCIOBINBAET 3aMETHOE
CHUJKEHUE MACCOBOIl [JIOJIM JIETHPYIONIMX 3JIEMEHTOB
MIPU COXPAHEHWH OTHOCUTEJHHO HEM3MEHHOTO COJep-
JKAHUSI YIJIepo/ia B PACILIABISIEMOM Metasiie. Makcu-
MaJibHas KPaTHOCTb CHUKEHUS COJEP:KAHUS KPEMHUS,
xpoma u mapranna (1,13 % Si, 1,22 % Cr, 1,41 % Mn)
OTHOCHUTEJIbHO UX MCXOHOTO COAEPIKAHUS B OCHOBHOM
meraare mpu 0,33 % C (1,1 % Si, 0,98 % Cr,
1,0 % Mn) Bo3pacTaer 1o Mepe yMeHbIIEeHHsI UX Tell-
notel ucnapenus (87; 82; 62 kkam,/mMonb). Takoe us-
MeHEeHHe MaCCOBOM 0N XUMUYECKHUX 3JIEMEHTOB U J10-
CTaTOYHO PAaBHOMEPHOE UX paclIpejle/ieHUue B MeTaJLle
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Puc. 4. @opma nporiasienus npu JaasepHoii csapke cramn 30XTCA tommunoii 10 mm B CO, (a), N, (6), Ar (6), Ar + CO, + O, (2) u

He (9)

HIBa TIPAKTUYECKNA HE 3aBHCUT OT TPUMEHSIEMOTO 3a-
muTHOTO rasa (puc. 5), XOTS TeHAEHIMS CHUKEHUS
COJIEPKaHMsT XPOMa, MapraHiia, a TaksKe KPeMHUST TIPH
MPUOJITKEHNH K TIOBEPXHOCTH HAGJIIOAETCS B CIydae
WCIOJTb30BAHMST UHEPTHBIX Ta30B, a Takxke CO,. IT0
o6bsacHseTcs ¢aabbIM XUMIYECKIM B3aUMOEHCTBAEM
JKUJIKOTO MeTaJsIIa ¢ Ta30Boi (pas3oil 1 BICOKOW WHTEH-
CUBHOCTBIO TIEPEMENTNBAHNUS PACIIJIaBa B IIPOIECCE JIa-
3epHoii cBapku. [Ipn ncnob3oBaHN MHEPTHBIX TA30B

B MIBaX 06PasyioTcs MOPbl, KOTOPbIE OTCYTCTBYIOT IPU
cBapke Jiernposannoil craau 8 CO u Ny (eum. puc. 4).
PesyibraThl MHOTOKDATHBIX 3aMEPOB Yepe3 KasKible
0,5 MM TI0 BbICOTE IIBa MOATBEPAUJIN 3aBHCHUMOCTD
TBEPIOCTH MeTaJljla 1iBa OT COCTaBa 3all[MTHOTO Tasa
(tabn. 2). MUHUMAIBHON TBEPAOCTHIO 061A1AI0T IBDI,
CBapeHHbIE B aproHe, MakCUMaJbHO#i — B azore. [Ipu
MHOTOKPAaTHOM TIporiaBienuun B aproHe u CO,
NPOUCXOANT CHUKEHNE TBEPJOCTH IIBa, a B a30Te, Ha-

Cr, Mn, Si, % C,% Cr, Mn, Si, % C,% Cr,Mn, Si, % . Y
2 :k/
— ' °
. —
10F o 7 2 403 10f o—5— o 03 10} —=2—2 103
/ L*]
C Cr s
T / 102 09F 102 09r 10.2
x X b4
= Mn x L
0,8} 401 08+ _a a 40,1 08} 40,1
A S F Y Y
& FY
0,? L L L 1 0 0,7 1 L 1 L 0 0,7 1 L L 1 0
2 3 4 5 6 7 2 3 4 5 6 7 2 3 4 5 6 H, MM
a 6 @
] -
"y . % . .
10 —= - = 5 103 10F © o — 0.3
09F 40,2 09F —40,2
b4 X X
A i ) /‘/x_—/‘r/—
0,8F N 40,1 o08F X 40,1
A A & T
A
0,7 1 I I i 0 0,7 i 1 1 i I 0
2 3 4 5 6 7 2 3 4 5 6 H, umm
z d

Puc. 5. Pacupesesienue yriepojia u JErupyIionux 31eMeHTOB 110 TJiyGuHe IpoIiaBieHus 1pu Jasephoil ceapku craiu (0,33 C; 0,98 Cr;
1,0 Mn; 1,1 Si) B CO, (@), N, (6), Ar (6), Ar +17 % CO, +1 % O, (2) u He (9)
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MIPOTUB, €€ TIOBLIIIEHNE, YTO CBU/IETETbCTBYET O HACHI-
NIEHUU METAJJIa MIBa a30TOM.

JJ1s1 CKBO3HOTO TIPOTLJIABJIEHNUST JIETHPOBAHHOI CTa-
au ToamuHoi 10 MM B HuskHeM nonoxkenun (puc. 6)
HEoO6X0MMO OBLJIO CHU3UTH CKOPOCTh cBapku B CO,
o 12,0-10,5 m/9 (P/ ve = 1318-1508 Ik /Mm)
mpu 3aray6sennn GoKyca JIa3epHOTO HM3JIYYEeHUsT Ha
2—3 mm B Metasi. [1IBbr mmpuHoit 5,0-5,5; 3,5-5,0 u
1,5—2,0 MM c u1ieBoii 1 06PATHOI CTOPOHBI HA Ty GITHE
3,0—3,5 MM UMeIoT MpOBUCaHUe Ha 2—3 MM W 3aHUKe-
nue Ha 1—2 mm. I[Ipu MeHbIIIell CKOPOCTU CBapKH IIPO-
UCXOJUT TTPOKUTAHUE CTHIKA, TI0ATOMY BO3MOXKHOCTH
OHOCTOPOHHEH CBAapKH B HIDKHEM MOJIOXKeHHU 6e3
ckoca KpoMok Tnipu P = 4,4 kBt kpaliHe orpaHuyeHbl.
JlJ1T CKBO3HOTO TIPOTLJIABJIEHUST CTaJW OOJIBIIEN TOJI-
MIUHBI U yaydiienus GopMUpOBanust 06paTHOTO BaIU-
Ka IyTeM yBeJUYeHUsI CKOPOCTU CBAPKU Ilesiecoo6pas-
HO HUCIIOJTb30BaTh 60Jiee MOIIHbIE Ja3epbl. Y MeHbIIIe-
HUe W yCTpaHeHNe 3aHWKEeHNs 1Ba, a TaKkyKe YJIydIie-
HUe (POPMUPOBAHUS COEAMHEHUS TOCTUTAETCS JOMOJI-
HUTEJbHBIMHA TIPOXO/IAMU C HEMOJHBIM ITPOIJIABJICHNU-
€M, TIPM BBITIOJHEHUH KOTOPBIX ITPOUCXOAUT aBTOOII-
peccoBKa MeTaJlTa, a TakyKe Iojavyell B 30HY CBapKU
MIPUCAJIOYHON TTPOBOJIOKH.

Cyzast o0 JaHHBIM TEPMUYECKUX IUKJIOB, MPH Jia-
3epHOI CBapKe JIEFMPOBAHHON cTau ToJmmHon 10 MM
B CO; co ckopoctbio 10,5-12,0 m /4 (puc. 7) BbIcO-
KOTeMITepaTyPHBIN HATPEB ¢ 0OPATHOI CTOPOHBI CTHIKA
MIPOUCXOJUT CO cKopocThio v, = 700—800 °C /¢, mnpe-
ObIBaHIEe MeTaJIa MPHU TEMIEPATypaX WHTEHCHBHOTO
pocra 3epHa 1100 °C u BbIe orpannuuBaercsi 2—3 ¢,
MOCJIeIyIollee OXJIaK/IeHNe TP TeMITEPATyPaX MUHU-
MaJibHOH ycToitunBoctu aycrenuta 600—500 °C ocyrie-
cTBIseTC ¢ wg, 5 = 10—17 °C/c. ComyTcrBytomuit
noziorpeB (aKesIoM MOBEPXHOCTH, OCYIIECTBJISIEMbII
no GoJiee MUPOKOH 30He, CAEPKIBAET OXJIAXKIEHUE

Ta6smua 2. Biusnue 3auTHOrO ra3a Ha TBEPJAOCTb METaJlIa 1IiBa

Konmecmou Ar o, N,
MIPOILIABJICHUI
1 HV 230— HV 240— HV 290—
310,270 340 /305 350,325
3 HV 200— HV 230— HV 380—
230,210 280 /265 460 /425

coeZimHenus ¢ JnieBoii croponbl. IIpu cBapke B CO»
u Ar co ckopoctbio 60 u 66 M,/4U cTasmM TOJITHON
3 MM vy > 1200 °C /¢, TpOJOJKUTENBHOCTD MPeObIBa-
HUS TIPU TeMIlepaTypax IeperpeBa COKpAIIaeTcs 10
1 ¢, awg s =60-80 °C/c. YkazanHble CKOPOCTH OX-
JIKJICHUS B TIPOIlecce JIa3ePHOI CBapKU SIBJISIIOTCS 3a-
KaJIOUHBIMU [IJIsT JAHHOW CPeTHEYTJIEPOINCTON JIeTHPO-
BaHHOH CTaJIH.

CorjlacHO  JIMJTATOMETPUYECKUM  HCCJIEIOBAHISAM
OBICTPBINT HAarpeB 70 TeMmmeparyp meperpesa 1330—
1350 °C crasm 30XT'CA BbI3biBaeT moBbIleHne Ha 50—
100 °C (mo cpaBHEHUIO C TEMIEpPaTypoil MEYHOTO Ha-
rpeBa) TeMIepaTyp ayCTEHUTHOTO MPEBPaIeHIsT (AC1 =
= 830-845 u A, = 920-945 °C). Iocrexyiomee oX-
JIAK/IEHVE COTTPOBOK/IAETCSI TIPEBPAIIIEHNEM ayCTEHUTA
u popmuposanueM B crpykrype 30—80 06. % MapTeH-
cura, 20—-70 06. % Geitnuta u 10 3—4 06. % deppura.
[Tomo6HO dopmupyercss cTpykTypa mBa. Hammume
CTPYKTYPbI 3aKaJIKu Ipejorpeenser cuuskenue (10
YPOBHS TIEYHOTO HATpPeBa) TEMIEPATyp ayCTEHUTHOTO
TIpeBpalleHus TIPU TTOCTEYIONIX CBAPOYHBIX Harpe-
BaX U YBeJHUYeHUE IPOJOLKUTENbHOCTU TTPeObIBAHMS
metanna mBa n 3TB B aycreantHoM coctogann. [lo-

BTOpHBIE HATPEBDBI /10 PA3HBIX TEMIEPATyp MOTYT TIpU-
BOJIUTH K YMEHBIIIEHUIO B CTPYKTYpe MeTasia 3TB mo-
JII MApTEHCUTHOH COCTaBJISIONIEH, KOTOpAas OCTAeTCs
60JIbIIIEl, UeM B MeTaJLle IIBa.

Puc. 6. IddekTuBHOCTD JTa3ePHOrO U3JIyueHUs s yJaydiieHHoro (popMupoBanust coeputenuss npu oano- (@) u tpexipoxoanoit (6)
cBapke (€3 MPHUCATOYHON MPOBOJIOKH, OAHOMPOXOMHON cBapke (¢) m 3amosnenun mepsoro (2) m Broporo (0) cmos 3a aBa Mpoxoaa ¢

IIpuMEHEHNEM HpHC&I[O‘IHOﬁ IIPOBOJIOKH
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Puc. 7. Tepmuueckue nukibl gaseproii ceapku craau 30XTCA tommuuoii 10 (a, 6) u 3 (8, 2) mm upu v, = 12 (a, 6) u 66 (6, 2) M/,
P = 4,4 xBr na nepsom npoxoze (@), P = 4 kBt na Bropom npoxoze (6), P = 2,8 kBt na nepsom npoxoze (¢) u P = 1,5 kBt na BTopom

npoxoze (2)

[llopameTpudecKkue uccaeIOBaHNS MMOKA3aIH, YTO B
COeTMTHEHNN JIETUPOBAHHOW CTaau TOJMHHON 10 MM,
CBApEHHOM 32 OJINH TIPOXO/I, IIPOUCXO/UT MOBBIIIEHNE
tBepaoctu g0 HV0,2-430 u HV0,2-450—460 wa mpu-
JIETAIONIUX KO MIBY YYaCTKaX BBICOKOTEMIIEPATYPHOTO

HV20
3TB : H_IOBE 3 1
- Illos , . 3TB
430 el .
2
_ I U s 2
400 p g
| x |
350 - 1 4
W 3
300 Py B %(
250 CY R e xew
Lot 1
200 1 1 1 1 | 1 x¥ 1 1
15 12 9 6 3 0 3 6 9 Wi, MM
1 2 3 4 5 6 7 8 9 H, MM
a
5 ITos | x3TB
400 i A
i SR T
350 |
P
300
I : .
250 F Vi ket o
ek
200 1 1 1 1 ! L1 § 1
5 12 9 6 3 0 3 6 Wi, MM
1 p 2 3 4 S5 6 7 8 9 H, mm

Puc. 8. Pacnpenenenne tBeppocti B coemmnennn craan 30XTCA
tonmunoit 10 My nocsie oxno- (@) u asyxupoxoanoii (6) nasepuoii
CBapKi

HarpeBa mupuHON 70 3,0 W 4,5 MM C JIMIIEBOIl W
o6patHoit croponbl. Ha paccrosiauu 0,4 u 0,5—1,0 Mmm
oT 1mBa oHo ocaabeBaer 1o HV0,2-380 u HV0,2-420—
430 BcaencTBUE TIEPEX0/IA YIJIepoia B CBAPOUHYTO BaH-
ny (puc. 8). B 3TB na paccrostaun 3,0-3,5 MM OT
mBa cTayb padynpounsiercs o HV0,2-205-235 mpo-
tuB HV0,2-245-260 ocHOBHOTO MeTaJljia B pe3yJbTate
006€e3yTIepOKUBAHNS HA YIACTKAX CPABHUTEIBHO MPO-
JIOJIKUTETHHOTO HATPEBA JI0 TEMIIEPATY P MPEBPAIIIEHUS
u npeanpespaiienusd. Tsepaocts HV0,2-220-230 n
HV0,2-310—320 MeTaJiia 11Ba ¢ JUIEBOH 1 06paTHOI
CTOPOHBI 3HAYUTEIBHO yCTyTIaeT MaKCUMaJbHOW TBEp-
noctu 3TB. 310 06ycI0BIEHO MEHBINEN MAPTEHCUTHON
COCTaBJIAIONIEN B CTPYKTYPE JIUTOTO METAJJIA C TIOBBI-
IIEHHOI XMMUYECKON HEOAHOPOIHOCTDIO, a TAKXKe IO-
HUKEHHDBIM BCJIE/ICTBYE UCTIAPEHUS ITPU CBapKe Coziep-
JKaHUEM JIETUPYIONINX 3JIEMEHTOB, B TIEPBYIO OUepe/ib,
XpoMa W Mapraniia. Ha MOrpaHWYHBIX y4YacTKax IIBa
JaJIbHelTee CHIKEHre KOJTMYeCTBA JIETUPYIONTIX 3J1e-
MEHTOB IPEKPAIIAeTCsI, HO TPOUCXOANUT HAYTJIEPOSKU-
BaHue myTeM MesK(hasHOTO mepepacrpeiesieHus yrJe-
po/a, MO3TOMY TYT HAGJIONAETCS PE3KOe MOBBIIIEHUE
TBEpJOCTH MeTaj1a IBa A0 ee ypoBHs B 3TB. B
yMeHbIIIeHUU TBEPAOCTU MeTaJslla Kak 1iBa, Tak u 3TB
CO CTOPOHBI JIA3€PHOTO M3JTyYeHUsI TPOSIBISIETCST Tep-
MITYecKoe BO3/elicTBre dakesa.

[Tono6HoeE pactipeesieHIe TBEPAOCTH HAGTIOAETCS
B COEJMHEHUSIX CcTaau TosuHoi 6 u 3 mm (puc. 9).
IIpu cBapke ¢ GoJiblieli CKOPOCTbIO 54 1 66 M,/ 4 oHa
nosbimaercsa 1o HV0,2-390-470 u HV0,2-430-470 B
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mBax u 10 HV0,2-515 B 0KOJIOIIOBHOI 30HE, HO CHU-
xkaercd 1o HV0,2-208 w HV0,2-194 ma paccrosHumn
1,5u 3,0 MM ot mBa npotus HV0,2-220-230 u HV0,2-
205—215 ocnoBHoro MetaJiia. [1pu moBsIieHUN CKOPO-
ctu JjiazepHoii cBapku ot 12 g0 150 M /4 TBepAOCTD HA
MTOBEPXHOCTH IIIBA HA CTAJIU TOJIIIMHON 3 MM BO3pacTaeT
or HV0,2-350 no HV0,2-450—470.

KpaTtkoBpeMeHHDBINT HarpeB MeTajiia Ha BTOPOM
MpoOXo/le JI0 TEMIIEPATyp AayCTEHUTH3AIUU SBJSIECTCS
MIPEATOCHLIKON 11 U3MeJIbUeHrs] 3epHa M BOCCTaHO-
BJIEHUS CTPYKTYPHI 3akaaku. Ha yuyacTkax HarpeBa HU-
JKe TeMIepatyp (a3oBOTO MpeBpalleHus 3aKaTUBIINN-
cs1 TIpU TIEPBOM TIPOXO/IE METAJL TIPeTepIrieBaeT Kpar-
KOBDEMEHHBII OTIYCK TPHW U3MEHSIONNXCS TeMIIepa-
typax. C ymenbierneM Ha 10 % MOITHOCTH U3JTyYeH ST
n ynajgerreM (HOKyca OT TIOBEPXHOCTH Ha BTOPOM
MTPOXO0/Ie TTPU CBApKe CTaJu TouHo# 10 MM 11108 ipu-
obGpeTtaeT TBepI0CTh, TOHKeHHy10 10 HV0,2-210-250
C JIMIIEBOI CTOPOHBI HA Try6une 10 4 MM, HV0,2-230—
240 na rayoune 5—7 mm u HV0,2-280—305 na rny6une
8 MM u Gosbme (cMm. puc. 8). Ilpu 5TOM TBEpAOCTH
HV0,2-420 0KOJIOIIOBHO! 30HbBI C JIMIIEBOW CTOPOHBI
U3MEHsIeTCST He3HAUUTEIBHO, a MUPUHA yYacTKa, MojI-
BEPrHYTOTO MOBTOPHOH 3akajike, Bo3pacraeT a0 5,0—
5,5 MM. C 06paTHOIl CTOPOHBI UMEET MECTO CHUKEHUE
TBEP/IOCTU B OKOJIONIOBHOI 30He 0 HV0,2-370. Bro-
POil TIPOXO/T TIPM CBApKe CTAJM TOJIIMHONW 3 MM, BbI-
TIOJTHSIEMBIN CcO CHUKeHMeM B 1,4 pa3a MOITHOCTH
naszepHoro usayuenus (2 kBr) u B 3,3 pasa ckopoctn
cBapkn (18 M,//4), BBI3BIBAET YMEHBIIEHUE TBEPIOCTH
MeTaJLJIa OKOJIOIIOBHOI 30HBI U 1mBa g0 HV0,2-480 u
HV0,2-405-450 coorBercTtBeHHO. OUYEBUHO, YTO J[O-
MOJTHUTEIbHBIE TTPOXO/IbI TIPU JIA3€PHOI CBapKe OKa-
3BIBAIOT CMSITYalollee JeiiCcTBHe HAa MeTaJll CBAPHOTO
COeMTHEH NS .

[Ipu orpaHuYeHHOM TIOBBINIEHUT MOIITHOCTH BBITIOJI-
HEHME CTBIKOBOTO COEJMHEHUSI CTAIN OOJIbIIEN TOJIIIH-
Hbl 63 CKOCa KPOMOK BO3MOKHO JBYXCTODOHHENl Jsa-
3epHOI CBAapKOIl ¢ TIepeKPBITHEM TpoILIaBaeHnii. [1pn
riy6uHe TIpOoIIaBJaeHus: 6 MM JiazepHasi CBapKa Jieru-
POBaHHOM cTtanm ToamuHoN 10 MM ocyTecTBJsIeTcsT CO
ckopocTbio 48 M/ 4 (P /ve = 331 [l /MM) € cOKpa-
nieHueM B 2—2,3 pa3a MAIlUHHOTO BPEMEHH W CYM-
MapHOTo pacxoja ajekrposneprun. [1loB popmupyer-
Cs1 He TOJIbKO 6e3 3aHMKEeHUH, HO U C HeGOJIbIIUM yCU-
jgerrieM. C o6edxX CTOPOH OH WUMeeT NIMPUHY OKOJIO
3,5 MM, a B cpeaneii yactu 1,5-2,0 mm (puc. 10, a).
B y3koit cpenneit vactn mBa HaOJIO1a€TCST BCTPEUHAS
HAIPaBJEHHOCTb OT OCHOBHOTO MeTaJsljia KPUCTAJLIU-
TOB, HAa PACHIMPEHHBIX MPUIOBEPXHOCTHBIX YYaCTKAX
MOSIBJISIETCSI BEPTUKAJbHAsI COCTABJISIONIAs X Hallpa-
BJIEHHOCTH.

YMeHbllleHHEe TIOTOHHON 3HEPTUU CBAPKH 00YCJIO-
BJIMBAET TIOBbINIeHNe TBepaocTy 1mBa g0 HV0,2-260—
380, HeMHOTO MeHbIllee B IEHTPAJbHON YacTw W 10
HV-0,2-460—470 B OKOJIOIIIOBHOI 30He, a TAKJKe ITOCJIE
nepBoro mnpoxoja nporuB HV0,2-220-320 mBa npu
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Puc. 9. Tepnocts coemuuenusi cragu 30XT'CA rtoumuuoi 3 MM,
BBITIOJIHEHHOTO JIa3ePHOH CBapKoii pu v, = 60 M /4 (a), u ee 3aBu-
cumoctb ot ckopoctu oo~ (1) u asyxnpoxoanoii (2) csapku (6)

1
130

Ten M4

OJTHOTIPOXO/THOM CBapKe CO CKBO3HBIM ITPOILIABIEHUEM.
Pasynpounenne po HV0,2-205—225 Ha paccTosHUH
0,7-1,0 MM OT mIBa 3TOW CTaJU, TEPMOYITPOYHEHHOI
no HVO0,2-260—-300, cooTBeTCTByeT MUHUMAJILHOMY
YPOBHIO TBEPIOCTU HA YYACTKe PA3yIPOTHEHHS CTAIH,
TEPMUYECKN He 06paGOTaHHOW W CBapeHHON IpHu
ckopoctu 11 M /4. [Tocsie BToporo rporiiaBjieHus CTbi-
Ka ¢ 06paTHOM CTOPOHBI MTOJTYYE€HbI 3HAUEHUS HA yPOBHE
3HAYEHNWH Yy TIOBEPXHOCTH W TIEPEKPBITHS CJIOEB
(HV0,2-280-380 ana mmBa u HV0,2-450-470 mns
OKOJIONIIOBHOM 30HBI). [Ipr 9TOM €O CTOPOHDI TIEPBOTO
MIpOX0/a MMPOUCXOAUT CHILKeHne TBepaoctu 1o HV0,2-
220-270 uw HV0,2-360 (puc. 11). Pacupenenenue
TBEPJOCTU B COEMHEHNHU IOCJIE IBYXCTOPOHHEN CBap-
KU Takoe e, KakK Tocje ofHocTOopoHHel. [loHsTHO,
YTO /IByXCTOPOHHSIS JIa3epHAsd CBAPKA IIPUeMJIeMa JIJIs
BBITIOJIHEHNS COEJIMHEHU JIETHPOBAHHOI CTAJN TOBbI-
IIEHHO TOJIITHHBI.

YBesmdenue TyOUHBI MPOTLIABIEHUS W CKOPOCTH
CBapKHU BO3MOXKHO TaK:Ke JJIs1 KOMOMHAIMH JIa3ePHOTO
U3JTy4eHuss U CBAPOYHOU IyTH HETLIABSIIErOCsS JJIEK-
TpoZa. 3a cueT o6pa3oBaHus OOIIell CBAPOYHOI BAHHBI
U COBMECTHOTO BO3/IEHCTBYS HA Hee IYTU U JIA3ePHOTo
Jy4a 06ecrieunBaeTcsi CKBO3HOE MPOTLJIABJIECHHE CTAJIH
tosuHoi 10 MM 11py v, = 38—40 M /u (cM. puc. 10,
6), B TO BPeMSI KaK ITPU BO3/JEHCTBUN 3TUX NCTOUHUKOB
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Puc. 10. Tlobiuenne aPeKTUBHOCTH ABYXCTOPOHHEH 1pH vy, = 48 M/u (@), BeprukanbHoil pu v, = 15,6 M/ u (6) nasepuoii cBapku

1 THOPUAHON CBapKu 1Ipu 0y, = 38—40 M,/ 4 ()

HV

450
400
350
300 |
250

200

9 H, mm

Wine MM

Puc. 11. Pacnpezesienne TBep/10CTH B COeMHEHNT TEPMOYITPOYHEH-
Hoii crasm 30XT'CA TosmuHoii 10 MM, BBIIIOJIHEHHOM /IByXCTOPOHHEI
JIa3epHOIl CBapKoOi

9HEPTUu OTEIHHO CyMMapHas TJIyOHHA TPOILIABIEHUS
cocrasaser (2,5-3,0) + (5,0-5,5) = 7,5-8,5 Mm.
[Tosryyenue KauecTBEHHOTO CTBIKOBOTO COETMTHEH ST
JIETHPOBAHHOI CTaJI MOBBINIEHHON TOJIINHBI IIPU OT-
pPaHWYEHHO!N MOIITHOCTH JIa3epPHOTO M3JIy4eHUus: 06Jrer-
YyaeTcsl P BBITTOJHEHNH BepTUKaAJbHON cBapku. [lpu
MepeMeIeHny Ja3ePHOTO JIy4a CHU3Y BBEPX BBICOKAS
IIJIOTHOCTH MOIIHOCTU TIPUXOAUTCA HEIMMOCPEACTBEHHO
HAa OCHOBHOH MeTaJslT, 0CBOOOKIAEMBI OT CTEKAEMOTO
paciuiaBa, 4to CIoco6CTBYyeT CKBO3HOMY IPOILIaBJIe-
Huto. [1pm aToM mocsiejoBaTeIbHOE 3aTBEpEBAaHNIE Me-
TaJIa HerJyGOKOW CBapOYHOI BaHHBI B YCJIOBHUSIX OC-
J1abJIEHHOT 0 JIA3€PHOT0 BO3/IEHCTBUST 00JIErYaeT eCTecT-

BenHoe (hopMUpOBamue 1MBa ¢ He6OABITIMU GOKOBBIMU
yeunerusmu. [Ipn v, =15,6 M/4 mmpuHa 1Ba cocT-
aByster 5,0—6,0; 2,5-3,0 u 2,0-2,2 MM CO CTOPOHBI
JIA3ePHOTO M3JIy4eHHs, 06paTHON CTOPOHBI M Ha pac-
crosanun 1,6-1,8 MM or smuesoit nosepxuoctu (cM.
puc. 10). Mdopma coeMHEHNS B 1IEJIOM TaKast JKe, KakK
P OJTHOCTOPOHHEN CBAapKe B HIDKHEM ITOJIOKEHUH, U
JIJIS €TO BBITIOJTHEHUS HE HY)KHO IIPUMEHSTh CBAPOYHYIO
MTPOBOJIOKY.

Takum o6pasoM, TpuUMeHEHUE JA3EPHOTO M3JIyde-
HUSI CYIIECTBEHHO TIOBBINIAET IIPOU3BOAUTETBHOCTD
CBapKH BBICOKOIIPOYHBIX CTAJIEH 110 CPABHEHUIO C JIYTO-
BbIMU Tiporteccamu. Ha MHTEHCHBHOCTD TIOBEPXHOCTHO-
rO HarpeBa IBOB MPHU CBapKe B PA3JMYHBIX 3aIIUTHBIX
razax OKa3bIBAeT BJIMSIHIE KOHBEKTUBHBIN TEMIO0OMEH
MekIy daxeroM u MeTasaoM. OTCYTCTBHE XOJIOAHBIX
TPEIIUH B CBAPHBIX COEMHEHUSIX, BBIITOJTHEHHDBIX Ja-
3ePHOI CBAapKO#, MOXKET 0OBSCHATHCS (POPMUPOBAHU-
€M MEeJIKO/IUCIIEPCHON GelHUTHO-MAPTEHCUTHON CTPYK-
TYPbI, YMEHbINIEHNEM MUPUHBI 1Ba 1 y4acTKoB 3TB ¢
3aKaJICHHbIM METAJIJIOM, CHIKEHIEM YPOBHS PACTSTH-
BaIOIUX CBAPOYHBIX HAMPSDKEHWNA M HEOOJIBIIUM Pas-
MepoM ayCTeHUTHOro 3epHa. CHIDKEHUIO CKJIOHHOCTH
K 06pa30BaHMIO TPEIIUH CIIOCOOCTBYET TaK}Ke YMEHb-
IIIeHIe YPOBHS JETHPOBAHNS MeTaJlIa 1IBa 3a CUeT HIC-
napenus. /{is ceapku craseit rosunoi 10 MM u 60.71ee
1eecoo6pasHo puMeHsaTh Momgaoe (Bbrme 4 kBT)
Jla3epHOe U3JIydeHue.
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DESIGN OF ATOMIZING NOZZLE
FOR LASER CLADDING SPECIAL POWDER

C.-H. LOU', H.-F. WU', Z.-H. LI, J.-H. YAO', Z.-J. CHEN', S.-R. GUO' and R. ZHUK"
1Zhejiang University of Technology, Hangzhou, China
NTUU «Kiev Polytechnic Institute», Kiev, Ukraine

In order to produce spherical alloy powders for laser cladding, a gas-atomizing nozzle with Laval outlet was designed.
The airflow of outlet was simulated and measured, and pressure of centreline was measured. Nickel-base alloys were
used for atomization experiments. The results show that the atomization process is very stable while airflow of outlet
reaches supersonic, and atomizing efficiency has improved dramatically. The powders are almost spherical with good

flowability and can be used in laser cladding.

It has been proved since 1980s that laser cladding
technology can improve the surface properties of metal
materials, especially used for components which must
bear abrasion, impact, denudation, oxidation or cor-
rosion [1, 2]. But powders for laser cladding are a
bottle-neck problem which restricts industrial appli-
cations of laser cladding. Nowadays thermal spray
powder is still used for laser cladding. For thermal
spraying, alloy powder with a wide solidification tem-
perature range is designed in case of liquid phase
transition caused by small changes in spraying tem-
perature. But for laser cladding, thermal spraying
powder has poor flowability and brings porosity prob-
lem [2, 3]. Thus, research on special laser cladding
powder will become important. Some researchers re-
ported about effects of powder chemical composition
and made some progress in improving the wettability
of the cladding layer and reducing the tendency of
cracks [3, 4]. In addition, there are special require-
ments on powder characteristics of good liquidity,
concentrated granularity, and excellent service per-
formance in laser cladding [5]. At present Fe-, Ni-,
Co-based alloy powder are frequently used in laser
cladding [6], most of them are produced by atomiza-
tion. However atomization process parameters vary
with material property and powder requirements [7].
And such research on preparation of powder special
for laser cladding has been reported rarely. In our
group, special laser cladding powder was made by
using two-phase flow atomization technology. But
the original nozzle brings many problems such as low
efficiency, nozzle clogging, and poor powder. So, a
new gas-atomizing nozzle with Laval outlet and ven-
tilation hole was designed to solve the problems dur-
ing the atomization process and achieve spherical pow-
der with good liquidity and proper granularity.
Theoretical analysis. The atomization principle is
that high-speed, high-pressure fluid medium produced
by atomizing nozzle shatters melt flow into very fine
droplets which will be then condensed into powder by
means of convective heat transfer. According to actual

cladding experiments and related literatures [8, 9],
the powder particle size used in laser cladding is gen-
erally required within —140—320 mesh. Lubanska
[10] proposed the following semi-empirical formula
to estimate powder particle size during atomization:

dﬂl [ M] Vﬂl 5
— = 1+—|—],
D A) vy,

where d,, is the diameter of droplet; D is the internal
diameter of guiding pipe; M, A is the flow rate of
melt and gas, respectively; ,v,, v, is the kinematic

o . v’D
viscosity of melt and gas, respectively; w, = p,, —

(1

is the surface tension of melt; p,, is the melt density;
v is the velocity of gas impacting melt; y is the surface
tension; and B is the empirical constant. The formula
reveals that the average droplet size is sensitive to
flow rate, melt and gas flow rate ratio, diameter of
guiding pipe etc. which means parameters above
should be well optimized during nozzle design.

Atomizing nozzle design. According to nozzle
structure, atomizing nozzle can be classified into two
types, namely the free-fall and confined nozzle. Con-
fined nozzle with the characteristic of higher atomi-
zation efficiency and complex structure is more ap-
plicative in low melting point alloy production. Free-
fall atomizing nozzle with lower atomization effi-
ciency and simple structure is more suitable to produce
high melting point alloy of 50—300 mesh [11]. Alloy
powder for laser cladding is always of high melting
point alloy and should own characteristics of proper
particle size, good sphericity, concentrated granular-
ity. Thus, the new designed nozzle should possess the
advantages of free-fall nozzle, and also improve at-
omization efficiency. The special nozzle for laser clad-
ding is designed on the basis of original free-fall noz-
zle, as shown in Figure 1. Compared with original
nozzle, the designed nozzle with Laval outlet and
ventilation hole improves atomization efficiency and
eliminates nozzle clogging [12].

© C.-H. LOU, H.-F. WU, Z.-H. LI, J.-H. YAO, Z.-J. CHEN, S.-R. GUO and R. ZHUK, 2011
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Figure 1. Scheme of designed nozzle: 7 — nozzle inner diameter;
2 — ventilation hole; 3 — gas inlet; 4 — throat wide; 5 — apex
angle

Nozzle outlet simulation and design. During pow-
der atomization process, high-pressure gas with small
characteristic scale with high velocity can be regarded
as ideal gas. Gas flow is assumed adiabatic, and the
specific heat is supposed to be constant.

Better atomization can be achieved by increasing gas
velocity. However the maximum velocity of atomizing
gas from pressure reducing valve is sound velocity,
namely M, = 1 [13]. Thus, nozzle with Laval outlet
was designed to gain supersonic airflow. According to
the principle of nozzle design, nozzle with a gap of 0.5
mm was selected, and inner diameter at distal nozzle is
30 mm. So, the distance between throat and centerline
is calculated to be 16 mm, which means throat area of
nozzle is 50 mm?. Assuming Mach number at the outlet
of nozzle to be 2, and taking specific heat ratio & of
nitrogen as 1.4, the nozzle exist area should be 84 mm?
calculated from isentropic area ratio formula [13]:

k k+1
A 1 -1 _ 2 k-1
AJWH” 2 M“jkﬂ} ’

where A is the cross-section area; A, is the throat
area; k is the specific heat ratio; and M, is the Mach
number at section A.

FLUENT was used to simulate designed and origi-
nal nozzle velocity through Splart—Allmaras turbu-
lence model [14], as shown in Figure 2, and a sim-
plified 2D horizontal gas flow field was used to model
actual gas flow. In the model, boundary condition is
no-slip adiabatic wall, inlet boundary pressure is
7 MPa, and inlet gas temperature is 300 K. Estimated

B 19002
5 a2
557av02
5 P
4 b2
4 Gae 02
4. Xla+02
4 (2e+2
3 T1ev2
3 A0e+ (2
30002
2 Thesi2
24Ter02
2.16e+02
1 B2
1.55e+02
1 2de+(2
9.28e+01
6.19e+01
300e+01
0.00u+00

(2)

a

Figure 2. Computational domain and boundary condition for de-
signed (a) and convergent (b) nozzle: 1 — pressure inlet; 2 —
wall; 3 — pressure outlet

from inlet conditions [14], outlet boundary pressure
of designed nozzle is set to be 1 MPa, and convergent
one is 101 kPa. The gas viscosity is calculated using
Sutherland formula [14].

From the simulation results shown in Figure 3 it
can be seen that the outlet gas velocity of designed
nozzle is 619 m /s, and the original one is 304 m /s,
which reveals that the designed nozzle with Laval
outlet can provide higher supersonic velocity. Outlet
pressure of designed nozzle (Figure 4) is 72.3 kPa
and less than the environmental pressure. While origi-
nal one is 3 MPa, it is much higher than environmental
pressure. Due to low pressure at Laval outlet, negative
pressure and even reflux emerge, which may result in
nozzle clogging. Temperature of designed nozzle out-
let (Figure 5) has decreased about 100 °C, while origi-
nal one is less than 50 °C. During atomization, the
greater temperature decrease, higher melt cooling rate
can be got and the more fine powder can be achieved.

From above simulations, Laval nozzle can improve
the atomization efficiency, but may cause clogging
problem. For the processing convenience and better
atomization, atomizing angle was designed as 44° (see
Figure 1).

Design of auxiliary ventilation hole. In consid-
eration of clogging problem in simulation results and
actual atomization experiments, solutions should be
found to solve the problem in nozzle design. During
atomization, excessive negative pressure will acceler-
ate melt flow. But the lower velocity ratio between
gas and melt, the better atomization can be gained.
It is believed that the nozzle clogging is caused by
turbulent flow, and excessive negative pressure re-
sults in the higher velocity ratio, finally leading to

304402
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2430402
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2.13e+02
167402
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Figure 3. Simulation of outlet gas velocity for designed (@) and convergent (b) nozzle
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Figure 4. Simulation of outlet gas pressure for designed () and convergent (b) nozzle
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Figure 5. Simulation of outlet gas temperature for designed (a) and convergent (b) nozzle

poor atomization. However, negative pressure is
formed at the designed Laval nozzle outlet. In order
to solve nozzle clogging problems and reduce velocity
ratio, two pairs of ventilation holes were added into
the nozzle (see Figure 1). Small amount of gas flow
through the holes can maintain the pressure balance
and reduce turbulence to prevent melt droplet reflux
and nozzle clogging.

Results and discussion. In order to verify nozzle
simulation results, outlet velocity and centerline pressure
were detected, and actual atomization tests were also
conducted to examine nozzle atomizing performance.

Nozzle outlet velocity was measured by Pitot total
pressure method. Stagnation pressure at nozzle outlet
is measured with Pitot tubes, and then Mach number
can be estimated from aerodynamic formula [13]

P k1) ko
» —[1+ 5 M“jk—l’
where p is the local atmospheric pressure, and p is
the stagnation pressure at nozzle outlet.

The results show that outlet velocity of designed
and original nozzle are 589 and 299 m /s, respectively,
which basically tallies with the simulation results. The
result show that compared with original nozzle, designed
nozzle can provide much higher nozzle outlet velocity.

In order to test the function of auxiliary ventila-
tion hole, centerline pressure distributions of nozzle
with and without auxiliary ventilation hole were
measured. Set air pressure was 7 MPa. A quartz glass
tube connected with U-shaped water manometer

3

measures pressure at nozzle centerline every 10 mm
from top to bottom without melt. The results obtained
are shown in Figure 6.

From Figure 6 it can be found that centerline
pressure of nozzle with auxiliary ventilation hole re-
mains negative, while centerline pressure of nozzle
without auxiliary ventilation hole becomes positive
in the middle (consistent with [15]), which may bring
reflux problem. Due to addition of auxiliary ventila-
tion hole, positive pressure area is eliminated and
negative pressure decreases steadily. Thus nozzle clog-
ging as a result of gas reflux can be avoided.

In order to test the stability and atomization effi-
ciency of designed nozzle, atomization experiments
with original and designed nozzle were carried out
5 times each. Atomization material is the specially
designed Ni-based alloys with high melting point and

Pressure, kPa

16 1 1 I I 1
] 2 | G o] 10
Dhistomee from the nozele inlet, cm

Figure 6. Pressure profiles along nozzle axis with (1) and without
(2) auxiliary ventilation hole
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Figure 7. SEM-morphology of Ni-base powder produced by original (a) and designed (b) nozzle

Comparison results of efficiency of designed and original nozzle

Granularity, mesh
—100~+140 | —140~+320 | —320~+500 | —100~+140
Powder mass, g
Traditional 561.17 361.67 77.16 36.17 %
nozzle
Designed 439.66 470.20 90.14 47.02 %
nozzle

high hardness. Melt was superheated to 100—150 °C
and then is poured into hopper preheated to 900 °C.
Gas pressure was set as 7 MPa. High-speed nitrogen
produced by atomizing nozzle shatters melt flow into
very fine droplets which will be then condensed into
powder. During the test, the blocking happened for
original nozzle, while designed nozzle sprayed stably.
1 kg powder of —140~+500 mesh produced by original
and designed nozzle respectively was taken in particle
size analysis. Powder of —140~+320 mesh from de-
signed nozzle is much more than that from original
nozzle, and alloy powder down to 100 mesh produced
by designed nozzle is nearly 30 % more than that of
original (Table).

With the help of auxiliary ventilation hole, the
centerline negative pressure decreases at the exit, and
the melt flow rate is relatively slow, which contributes
to better atomization. So, the designed nozzle with
Laval outlet and auxiliary ventilation hole can obtain
better atomization and higher efficiency.

Powder flowability was measured by Hall flow me-
ter. 50 g powder of —140~+320 mesh produced by the
original and designed nozzle, respectively, was ex-
tracted. Then the time required for the loss of all powder
was measured 5 times each, and the mean time was
calculated. The average time of traditional nozzle was
24.3 s, while it was 18.1 s for the designed nozzle.

SEM-morphology of Ni-based powder produced
by original and designed nozzle is shown in Figure 7.
The powder produced by original nozzle is not very
regular, while the powders produced by designed noz-
zle are almost spherical and have good flowability,
meeting the requirements of laser cladding. The reason
is that atomization in improved nozzle is much more
stable, and more uniform powder can be achieved by
atomizing gas with higher velocity.

CONCLUSION

Simulation and experiment results and comparison with
the contraction outlet show that nozzle with Laval
outlet can double the flow rate. The pressure in the
outlet is below atmospheric pressure, exit temperature
decreases 50 °C. Thus the Laval design can improve the
atomization efficiency. The function of auxiliary venti-
lation hole is to reduce the suction pressure and the
effect of air turbulence, which contributes to fully
atomization. Compared with original nozzle, nozzle
with Laval outlet sprays stably and increases atomiza-
tion efficiency by 30 %. And the high-temperature
Ni-based alloy powder produced by the nozzle has the
features such as proper particle size, good sphericity,
concentrated granularity, and good flowability, mee-
ting the requirements of laser cladding.
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BJINAHUE JJASEPHOTO N3JTYUYEHUSA
HA CTPYKTYPOOBPA3OBAHHUE KPUCTAJIJIOB

A.M. MAXKEIKA
Kuposorpaackuii HallMOHAIbHBIH TeXHIYeCKH yHuBepcuTeT, KupoBorpaza, Ykpanna

[Tpumenenne Y@ 1asepoB OTKPbIBAET HOBbIE BO3MOKHOCTH B YIPABJEHHN TIPOIECCOM Ta30BON AMUTAKCUU. JKCIIEPUMEH-
TaJIbHO MCCJIEJJOBAHO COBMECTHOE BJIMSHUE HA IIPOLIECC SIMTAKCUU KCEHOHOBOII JIaMIIbl, a TaKk)Ke KCEHOHOBOIl JlaMIIbI B
KOMOUHAIINY C HENPEepbIBHBIM U UMITYJIbCHbIM Y@ sazepom. IlosyuenHble pe3ysbTarbl OOCY’KAAIOTCS C TOYKH 3PEHUS
ONTHUMAJIBHOTO YIPABJICHUS CBOMCTBAMYU 06PA3YIONMXCS CTPYKTYP.

HoBble BO3MOXXHOCTH B yTIpaBJEHUHN MPOIECCOM Ta30-
BOH 3TMWTAKCUM OTKPBLINCH OJarofapsi MpUMEHEHUIO
uMITy TbcHBIX Y D nazepos. K orirunre sbHBIM 0CO6EH-
HOCTSIM UX BO3/ICHCTBUS HA KPUCTAJIIIBI MOJKHO OTHECTH
BBICOKOE KaveCcTBO TOBEPXHOCTH; yBeJWYEeHWE TIO-
CTOSTHHOI DEIIeTKH, XapaKTepusylollee yMeHbIIeHUe
YyyucJIa BaKaHCHIA; Pa3MUHYI0 KOHIIEHTparuio aedek-
TOB B 06JIACTH JIa3ePHOTO IISATHA U BHE €ro IPHU OHO-
BPEMEHHOM OOJIy9IeHIN KCEHOHOBOH JIaMTIOi Bcero 06-
pasla; pasIMYHyI0 CTeleHb JEeTUPOBAHU TIpU JeicCT-
BUM Jiazepa u Ge3 Hero. Y CTAaHOBJIEHO, YTO B 06J1aCTU
neiicTBus Jaszepa [1] yckopsercst poct u o6pazoBaHme
HeraHapueix crpykryp (6yropkos). Ilpu unrepnpe-
TAIlMW Pe3yJIbTAaTOB PACCMATPHUBAJICS MEXaHU3M BO3-
HUKHOBEHUS aKYCTUYECKUX BOJIH 34 CUET TEPMOOITHU-
yeckoro apderra. B obaactu morsonienus csera 6Ja-
roflapsg M3MeHEHWIO IJIOTHOCTH BO3HUKAET WMMIIYJIbC
Jassenud. [lag Y D snasepa ¢ LIUTENbHOCTBIO UMILY JIb-
ca 1078 ¢ u unrencusnoctbio 10°-10° Br-cM 2 JlaBJIeHIe
M0 TOPS/IKY TUMWUYHBIX 3HAUEHUN /I MCCJeyeMbIX
serects coctassier 107 aun-cm 2 [2]. Tosisasiomneecst
VILIOTHEHUE CPE/bl IPUBOJUT K YMEHBIIIEHUIO 06IIIEr0
YHCJIa BAKAHCHI, a TAaK)Ke Pa3JTMYHBIX 1e(hEeKTOB CTPYK-
TYpPbI 1 06YCJIOBJINBAET YBEJINUEHIE TAPAMETPA PeIlIeT-
KHU. YBeJW4YeHue >Ke CKOPOCTH POCTa TIJIEHKH, M0-BU-
JIUMOMY, CBSI3aHO C YMEHDIEHHEM YHEPTETUYECKOTrO
6apbepa pocta Ha Besmumnay PQ (P — ammuaryna
AKYCTHYECKON BOJIHBI; Q — aKTUBAI[MOHHBIH 06HEM)
[IPY BO3HUKHOBEHUU AKYCTHYECKON BOJIHBI.

B peasbHBIX YCIOBUAX MPUXOIUTCS UMETH JIEJI0 €
1IeJI0l  COBOKYITHOCTHIO MeXaHW3MOB, 3aIlyCKAaeMbIX
9JIEKTPOMATHUTHBIM M3Jy4eHNEM C Pa3JUYHBIMU MPO-
CTPAHCTBEHHBIMU, BPEMEHHBIMU U CIIEKTPATBHBIMU Xa-
pakrepuctukamu. [loaToMy B psijie cJiydaeB OKa3aioch
11eJ1eCO06Pa3HBIM MTPOBOINTD TTOA60D KOMOUHUPOBAH-
HBIX PEXUMOB [IJII ONTUMAJbHOTO YIIPaBJEHUS CBON-
cTBaMH 0Opa3dytonxcs cTpykryp. B padore [1] 6bL10
9KCIIEPUMEHTAIBHO MCCIEJOBAHO COBMECTHOE BJIUSIHUE
Ha nipornecc anutakcu PbTe u Pby—,Sn,Te Y ® usy-
yenns HenpepbiBuoro He-Cd nasepa (A = 0,43 MkM,
MomtHocTh 20 MBT), MMITyJIbCHOTO a30THOTO Jiasepa
() = 0,337 MKM, JJIUTEJIHOCTD MMITYJIbCA 1078 ¢, monr-
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HOCTb B WMITyJIbCE 10°-10° Br-cM 2) u KCceHOHOBOI
JIAMTIBI.

[Ipu o6ayyenun Ha6I01AJI0CH TTOBBIMIEHNE CKOPO-
CTH POCTa AMUTAKCHATBHBIX cjioeB PbTe: 2,5 MKM-MHH |
IIPH IENICTBUY TOJIbKO KCEHOHOBOW JIaMITbI, 3,9 MKM-MUH |
MIPU COBMECTHOM JIEUCTBUU JIAMIIBI ¥ HETIPEPHIBHOTO
Jasepa u 4,8 MKM-MUH | TIPA COBMECTHOM [IEUCTBUU
JIaMIIbl M MMITyJIbCHOTO a30THOTO Jasepa. B mecrax,
MO/IBEPITIINXCST JIA3ePHOMY BO3eicTBUIO, HaGJI01a-
Jinch GYTOPKHU, COOTBETCTBYIONIHUE TI0 TIJIONIA/IU Pa3Me-
pam nsiTHa. VX TOMIWHA W CTPYKTypa 3aBHCEIW OT
ycaoBuil o6ydyenusi. [Ipu cOBMECTHOM BO3EUCTBUU
JIAMTIbl U HEIIPEPBIBHOTO Jiazepa BbICOTa GYTOPKa HaJ
TTOBEPXHOCTHIO TIeHKH coctaBisiia 30 mxM. TosmmHa
IIJIEHKH, BBIPOCIIEN MO/ JaMIION U UMITYyJIbCHBIM JIa3e-
pa (c 3epKaJbHO TJIaJKON MOBEPXHOCTBIO), a TaKKe
TOJIBKO TIOJ] JIaMIIo# 6bLaa paBHa 60 MKM.

[omepeunbrii pasmep znetaneii peabeda HelIanap-
HBIX TIJIEHOYHBIX MATEPUAJIOB OIPEIeISIeTCs] BO3MOXK-
HOCTSIMU Jla3epHOIl (POKYCHPOBKHM, a BBICOTA — Bpe-
MEHEM BO3/IEHCTBUS JJa3epHOTro o6JrydeHus. Boiparu-
BaHUE T€X WJU WHBIX CTPYKTYP HOCHJO BOCIIPOU3BO-
JIUMBIII XapaKTep, YTO YKa3bIBa€T HAa BO3MOXKHOCTD
MIPUTOTOBJIEHNS HEILIAHAPHBIX 00PA30BAHMI CJOKHON
¢opMbI, TOTy4YeHus 3a/JaHHOTO pesbeda, a TakyKe HC-
[10JIb30BAHMS HEIlJIAHAPHBIX CTPYKTYP /1Sl PA3JIMUHbIX
¢opm 3anucu nHGOPMAIIH.

CrerieHb COBEpIIEHCTBA AMUTAKCUATIBHBIX CJIOEB,
BBIPOCIIIMX B yCJOBHUAX OOJydYeHUsI, OIEHUBAIACH 110
IJIOTHOCTSIM SIMOK TpaBJieHus. IlosydeHHbIe pe3yJib-
TaThl MIPUBE/IEHBI B Ta6GJIUIIE.

Kaxk BusiHO 13 TaGJIHIIbBI, IJIEHKH, BBIPATIEHHBIE TIOT
BO3/IefICTBHEM JIAMITbl ¥ UMILYJIbCHOTO Jia3epa, MMeJan
MUHMMaJIbHYIO ILJIOTHOCTL aucjokaruil. Mccaenosa-
HUS TIOPOroBoii Temneparypbl anutakcuu PbTe moka-
3aJ11, YTO TeMIepaTypa pocTa MOHOKPUCTATINIECKIX
CJI0EB TeJUTypujia CBMHIIA Ha To/I0xKKax BaF, (111)
B YCJIOBUSIX BO3/ICHCTBUS JIAMIIBI M UMITYJIbCHOTO JIa3epa
camkaercst ot 800 10 300 °C npakTiuecku 6e3 H3MeHeHMsT
BBICOKOIT ckopocTi pocta (4,5—4,8 MKM-MUH |), a [opo-
roBas TeMIlepaTypa Hadajaa pocTa MOHOKPHUCTAJLIA COC-
taBysier 380 °C. B cayuae melicTBUS JTaMITbl U HeTIpe-
poiBHOTO Y @ J1a3epa OpPOTOBast TeMIiepaTypa coCTaB-
astet 450 °C, a 1ipu BO3JEHCTBUU TOJBKO KCEHOHOBOII
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IToTHOCTD AUC/IOKAIHIT B MUTAKCHAJIBHBIX TIJIEHKAX, BBIPOCIIUX
01 BO3/IefiCTBUEM OGJTyYeHusT

Kcenonopas
Jammna u
UMITY JIbCHBIE

Kcenonosas
JlaMmma u
HelpepbIBHbII

Kcenonoast
JlamIma

InHUTaKCHaIbHasa
IIJIEHKa

Y@ nazep Y nazep
PbTe-Ba 5-10* 2.10* 810
(111)
PbTe-PbTe 3-10* 1-10* 5-10°

(100)

Jgammbl oHa pasHa 550 °C. Ilox aeiictBueM UMITYJIb-
CHOTO Jazepa HAOJIONAN0Ch TAaKXKe yBeJIWMYCHHE TIO-
CTOSTHHOW pEeNIeTKH, 4YTO, MO-BUUMOMY, CBSI3aHO C
yMeHbIIIeHneM 4ucJja BakaHcuil. [lusa obuacreii, moa-
BEPTaBIINXCS U He MMO/IBEPTaBIINXCS BO3/IEHCTBUIO Jia-
3epa, ObLIM YCTAHOBJIEHBI PA3JIMYUs B KOHIIEHTPAIUH
JeeKTOB, CTETIEHH COBEPIIEHCTBA KPUCTAJLIA, CTeTe-
HY JjerupoBanusa (4TO IPUBOAUT, B YACTHOCTH, K 06-
Pa30BaHUIO P—N-TIEPEXOJIOB), & TaKKe B PacIpejiesie-
HUU TIJIOTHOCTU 3apsi/ia.

N36uparebHblil XapaKTep Ja3epHOTO BO3/IENCTBUS
MPOSIBJISIETCS W TIPH 00PA30BAHUKM OKCHIHBIX IJIEHOK
Ha MOBEPXHOCTH METAJLIOB. JTa MpobemMa TpuBIeKIa
BHUMAaHWE B CBS3U C MOMBITKAMHU TTIOBBICUTD TIOTJIOTIA-
TEJIbHYIO CIIOCOGHOCTD METAJLIIOB, KOTOPAasi, KAK N3BECT-
HO, TAJIaeT C yBEeJWYEHWEM JIJTMHBI BOJHBI. Tak, MJIs
CO;-nazepa ¢ A = 10,6 MKM morJioniareabHast croco6-
HOCTD COCTABJISIET JIUIITb HECKOJIBKO MPOIEHTOB, HO IPH
HAJIMYUHU OKCUHBIX TJIEHOK OHA MOKET BO3PacTaTh /10
50-90 %.

B pa6orax [1, 2] 6bL10 1IOKa3aHO, YTO OKUCJIEHHE
METAJJIOB B BO3JyXe 0]l JIa3ePHBIM BO3/ICHCTBUEM
MPOTEKAaeT HAMHOTO ObICTpee, YeM TpPH TPOCTOM Ha-
rpeBe. Bblma ycraHoBsieHa [IBOSIKAS TIPUPOJIA ITOTO
apdexra. Bo-nepsouix, aTo doTOmpoIiecch, XapaKkTep-
HBI€ [IJIs JIa3€PHOI0 OKUCJIEHUS TIOJIYTIPOBOHUKOB UJIH
METAJIIOB, OKCHUBI KOTOPBIX 00JIaJai0T MOJIYIPOBO/I-
HUKOBBIMHU cBO¥cTBaMu. HIDKHSIS TpaHUIIa TAKOTO BO3-
JIeiCTBUS 3aBUCUT WJIN OT IIUPUHDBI 3aNIPEIIeHHON 30HbI
OKCHUJIa, UM OT SHEPTHH CBS3U NPUMECHBIX YPOBHEN.
Bo-BTOpBIX, 3TO TEPMOXUMUYECKUE IIPOILECCHI, 06Y-
CJIOBJIEHHBIE BBICOKUMH CKOPOCTSIMH M3MEHEHUS TeM-
1eparypbl ¥ BBICOKMMU IPAIMEHTaMHU B TOBEPXHOCTHOM
cjoe. 3HAUUTEJNbHOE BJIMSHUE Ha MEPEHOC PEareHToB
B TBep/O dhase M KNHETUKY OKUCJIUTESbHON peaKInu
OKAa3bIBAIOT 2JIEKTPUYECKUe TOJIsI, a TakKe Auddysus
0 TPAHUIAM 3ePeH W MUKPOTPENTNH U reHepaIs Ba-
KaHcuii. BepxHsist rpaHuIa TaKuX n36upaTebHbIX BO3-
JeficTBHiT 06yCIOBIeHA HEJMHETHOCTSIMI 1 BOBHUKHO-
BEHHUEM HeyCTOWYMBOCTEN.

Oripe/ieieHHbIA  TUANIa30H BPEMEHHBIX XapakTe-
PUCTUK M3JIyY€HUS CYNECTBYET JIJIsI TPOIECCOB Ja3ep-
HOTO OTKUTa. B MMKPO3JIEKTPOHUKE OCHOBHBIM METO-
JTOM BBEJIEHUS TIPUMECHBIX ATOMOB CJTYKUT NOHHAS UM-
TJIAHTAIMS, OCYIIECTBJsIEMAst C TIOMOIIBIO NOHOB BbI-
cokoii aneprun (okoso 200 kaB). IIpu sToM pemreTka
KPEMHUS MMOBPEKIAETCS U YaCTUYHO aMOp(U3UPyeETCs
[2]. JlasepHblil OTKHUTI OCYIIECTBJISETCS C ITOMOIIBIO
KOPOTKHX MMITY/IbCOB JINTENbHOCTBIO 0Koso 1077 ¢
WJIM CKAaHUPOBAaHUEM TTyYKa HENPEPBIBHOTO Jasepa. [1o
OKOHYAHUU UMITYJIbca 06paser] GbICTPO OXJIAMKIAETCS
U 3aTBEP/IEBAET, IPHUYEM ITPOCTPAHCTBEHHOE pacIipejie-
JieHe MOHOB He YCIieBaeT U3MEHUTHCS 3a cueT Auddy-
3un. MeXaHW3M OTKHTa TPAKTyeTCs HEOJHO3HAYHO:
paccMaTpUBAETCsl IPOIECC HATpeBa C MOCJeqyIomieit
PEKPUCTAILTH3AIUEN U HETETLIOBOH Tpotiecc 06pa3oBa-
HUS IJIOTHOI T1J1a3MbI CBOOOTHBIX HOCUTEJIEH , TP 3TOM
TeMITepaTypa 3JE€KTPOHOB IJIa3Mbl HAMHOTO BBITIIE TEM-
neparypsl pemrerku [3].

Ce/leKTUBHBIE JIa3epHbIE BO3/IEUCTBUS MUPOKO UC-
MOJIB3YIOTCS B MUKPO3JIEKTPOHUKE, B YACTHOCTH, LISt
XUMUYECKOTO OCAXK/IEHUST U3 ra30BOi (a3bl CJI0EB MO-
JIYTIPOBOJTHUKOB, METAJIJIOB, JUAJIEKTpUKoB [2, 3].
OKa3bIBAaeTCsI BO3MOXKHBIM —MOJIyYeHUe [OKPBITHIA
CJIOJKHOI KOH(UTYpAIlM 1 MUKPOHHBIX pa3MepoB. B
MPOIECCaX OCAKAEHUS TIPUMEHSIETCS JIa3ePHbBI HArpeB
MOJIJIOKKU U TIOJy4eHrue CBOOOHBIX aTOMOB IIPH Jia-
3epHOM BO3/IEICTBUM Ha ra3oByio ¢asy. V13 KoHKpert-
HBIX TEXHOJOTUI HEOOXOIUMO OTMETUTH IOJIyYeHue
KPEMHHUEBBIX TIEHOK, HaHeceHue TieHok SiO; [3] n
Mertaju3aimio. B pa6ore [3] mus doroauccormanun
coemmaennit SiH, u SiCl, mpuMeHSIINCH 9KCUTLIEKCHbBIE
mazeper ArF (L = 194 um) n KrF (A = 248 um). Ipu
OCUKJIEHNH METAITMYECKUX TIJIEHOK (hOTOAMCCOIINA-
1MUY TTO/IBEPTAIUCH METAJIOOPTAaHUYECKUE MOJIEKYJIbI.

JIoKaJIbHBII HATPEB TMOJOXKKHU B MPOIIECCE Ja3ep-
HOTO XUMHUYECKOTO OCAK/IEHHUS [IJIEHOK IIPUBOJIUT K ITH-
pOJIU3y COeIMHEHMI, CO/IePsKAIUXCs B Ta30BOH (a3e.
Haz moJnoXKoi pu 3TOM CO3/IAI0T MPOTOK Ta3000-
Pa3HBIX XUMHUUYECKUX COEAMHEHNIT, KOTOpbIE He pearu-
PYIOT ¢ Hell Tpi KOMHATHOH TeMmIiepaType, a Ipu Ha-
IPEBAHUU PA3JIATAlOTCS HA KOMITOHEHTBI, OCaK/alo-
necss Ha MOJJIOKKY. B pe3dyJsibTaTe MJIeHKH Ocask/a-
I0TCS B JIOKQJIBHOI 06Js1acTH, Harpumep, B hopme 1o-
JIOCOK WJIM HUTEH ¢ XapaKTePHBIMHU pa3Mepamiu, Ofpe-
JensieMbIMU (DOKYCUPOBKON JTa3€PHOTO JIyda.

1. Mamedos T.C., Mupsoes¢ @.X., Psaes C.I. u op. //
Ksanr. anekrponnka. — 1993. — Ne 20. — C. 714.

2. Wautelet M. // J. Appl. Phys. A. — 1990. — Ne 50. —
P. 131.

3. Blum S.E., Brown K.H., Srinivasan R. // J. Appl.
Phys. — 1983. — Ne 43. — P. 1026.
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OIIEHKA HANIPSKEHUI1 B IOBEPXHOCTHBIX CJI0IX
HUKEJNJIA TUTAHA TP KOMBUHUPOBAHHOI
JA3EPHOI1 OBPABOTKE

A.U. MAJKEVIKA
Kuposorpajickuil HallmoHa/IbHbBII TeXHUYecKuit yHuBepcurer, Kuposorpas, YkpanHa

ITokaszaHa HepCIIEKTUBHOCTb UCIIOJIb30BAHUS KOMOMHHPOBAHHOIO IPOIECcCa JA3ePHOI0 CBEPXCKOPOCTHOIO JIOKAJIBbHOTO
HarpeBa C PACIJIABJIEHHEM MOPOLIKOBOTO MaTepHaia 1 MEXaHMYECKOro IIACTHYECKOro ehOPMUPOBAHUS 1T 06paGOTKI
CIJIABOB Ha OCHOBe HHKeJuAa THTaHa ¢ apdexToM namsatu GopMbl, IPUMEHSIEMbIX B MeAUIMHE Oyarofapst 6JU30CTH UX
VIIPYTO-MEXaHNYECKUX XapaKTEPUCTUK U YIIPYTUX CBOICTB 6norkaHeil. [IpecTaBiieHbl pe3y ibTaTbl PEHTTEHOCTPYKTYPHBIX
WCCJIeIOBAHNIT HEPABHOBECHDBIX CTPYKTYPHBIX M YHPYTOHANPSIKEHHBIX COCTOSIHUN, C(OPMUPOBABHINXCS B HPUIOBEPX-
HOCTHBIX CJIOSIX HUKEJIM/A TUTaHA B pe3yJbTaTe KOMGHHUPOBAHHOI JlazepHOil 00paGOTKHU.

B nacrosiiee BpeMsi B MUPe aKTUBHO Pa3pabaThIBAIOTCST
MeTObI MOAU(MUKAINN TOBEPXHOCTH METAJLINYECKUX
MaTepPHUAJIOB C UCIIOJIb30BAHNEM KOHIIEHTPUPOBAHHBIX
MTOTOKOB SHEPTUH, KOTOPbIE TIO3BOJSIOT (DOPMUPOBATH
MOBEPXHOCTHBIE CJION C HOBBIMH (DU3MYECKIIMU CBOMCT-
BaMU U COXPAHEHNEM IIPH 3TOM MCXO/HBIX CBONCTB Ma-
Tepuasa B ero BHyTpeHHeM o6beme [1]. Kpucramm-
yeckue u aMmopdHbie (ha30BbIe COCTOSTHUS BHYTPU 3TUX
CJI0eB, KaK TMPABUJIO, SIBJISIOTCS METacTaGMIbHBIMH,
MOCKOJIBKY (DOPMUPYIOTCS B CHJIbHOHEPABHOBECHBIX
YCJIOBHUSX BBICOKUX TeMIIepaTyp, [aBJEHHUH W CBEPX-
BBICOKUX CKOpOCTeil HarpeBa u oxjaxaenus [2]. Ha-
KOILJIEHHbIE 3KCIIePUMEHTAJbHBIE JAHHbIE TTOKA3bIBA-
0T, YTO UMEHHO 3TU CHHTE3MPOBAHHbIE HEPABHOBECHDIE
COCTOSIHUS B IIPUTIOBEPXHOCTHBIX 00J1aCTSIX 06ecIedn-
BAIOT IOSIBJIEHUE HOBBIX HETUIMYHBIX CBOWCTB MaTe-
puaja, 4To MOXXHO 3(M(EKTHBHO WCIOJIb30BaTh Ha
mpaktuke. OfHAKO [JaHHBIE O CHHTE3NPOBAHHBIX
CTPYKTYPHO-(PA30BBIX COCTOSTHUSIX, UX B3AMMOCBSI3U C
U3MEHEHNEM [OBEPXHOCTHBIX CBOWCTB MAaTEPHAJIOB
KpaiiHe OTpaHIYEHbI, @ MEXaHU3MbI X (DOPMUPOBAHUS
JI0 CHX TIOp €J1a60 U3Y4EHBI.

W3BecTHO, 4TO aHEpreTHYECKIE BO3/IEHCTBIS HA IT0-
BEPXHOCTh MATEPHUAJIOB SIBJISIOTCS IPHYNHON BO3HUK-
HOBEHMsI 3HAYMTEIBHBIX 110 BeJWYHWHE IOJed BHYT-
PEHHUX HATIPSKEeHWI, IOKATU30BAHHBIX B IIPUIOBEPX-
HOCTHBIX oO6beMax [2]. Kpome manHbIX 06 W3MEHEHUN
MeXaHMYECKIX CBOICTB B 30HAX JIOKAJU3AIUN ITUX
noseit (ynpovHeHust, TIOBBINIEHUS XPYIMKOCTH, TBEP-
JIOCTH) UMEIOTCSI IaHHbIe 06 X OTPULIATENBHOM BJIUS-
HUW Ha XMMUYECKUEe CBOICTBA MATEPHAJIOB, HAIIPUMED,
HA KOPPO3MOHHYIO CTOUKOCTD.

CruiaBpl Ha OCHOBe HUKeJIHJa THTaHa ¢ 3ddeKkToMm
mamMsTi  (OPMBI  YCIIEIIHO 3aBOEBBIBAIOT TIPAaBO Ha
npuMeHeHue B MefuiuHe 6aarogapsi 6J1M30CTH UX YII-
PYrO-MeXaHUYECKHX  XaPaKTEPUCTUK U YIPYTUX
cBoiicTB 6uotkaneii. IIpoBeseHHbIe paHee mcce0Ba-
Hus [1] mpomeMOHCTpUPOBAIM TIEPCIIEKTUBHOCTD HC-
TIOJIb30BAHMS [IJIST ATUX IleJieil KOMOMHUPOBAHHOI Ja-
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3epHOil 06pa6oOTKHU. DBbLTO ycTaHOBIEHO, YTO B pe-
3yJIbTaTe ee BO3JAeiCTBHs (DOPMUPYIOTCS HEPABHOBEC-
HbIe CTPYKTYpPHO-(ha30Bble COCTOSHUS, JOKAJIM30BAH-
Hble B MPHUIIOBEPXHOCTHBIX 30HAX, C TPaIHeHTAMU
CTPYKTYPHBIX ITapaMeTpoB. VI3MeHeHWs TOHKOI aToM-
HO-KPHUCTAJIMIECKON CTPYKTYPbI B CHHTE3UPOBAHHDIX
CJIOSIX BO3MOSKHO HCCJIEIOBATH TOJBKO HEPa3pylIaio-
UMY PEHTTEHOCTPYKTYPHBIMU METO/IAMMU.

B pa6ore mpencTaBieHbl pe3yabTaTbl PEHTTEHOCT-
PYKTYPHBIX HCCJIEJOBAHUI HEPABHOBECHBIX CTPYKTYP-
HBIX W yTIPYTOHANIPSDKEHHBIX COCTOSIHUI, CO3/IaHHBIX B
MIPUIIOBEPXHOCTHBIX CJIOSX HUKEJN/a TUTAHA KOMOMHMU-
POBAHHBIM IIPOIECCOM JIA3EPHOTO  CBEPXCKOPOCTHOTO
JIOKAQJbHOTO HArpeBa C pACILIaBJEHHEM IIOPOIIKOBOTO
Marepraga U MEXaHMYECKOTO TIACTUYECKOTO Aedopmu-
posanus. Takas KoMOUHIpPOBaHHAS JTa3epHast 06paboTKa
(KJIO) nosBoJisieT B 3HAUNTEIbHOI Mepe PeluTh po6-
JIEMbI, XapaKTepHble KaK i YUCTO JiazepHoil oGpa-
6OTKHU, TaK U [JisI TIOBEPXHOCTHOIO TLIACTHYECKOTO [Ie-
dopmupoBanus. [IpyrumMu coBaMu, TIPUMEHSITD €€ /IS
opMIpOBaHNS YIIPOYHEHHBIX CJOEB CO CTPYKTYpaMH,
006/1IAIONIMMU BCEMU [IOCTOMHCTBAMU CTPYKTYD Jla3ep-
HOHM 3aKajJKi W WMEIONMMH XapaKTePUCTHKM, 6jaro-
[IPUSTHBIE C TOYKH 3PEHUST YCTAJIOCTHON MPOYHOCTH U
M3HOCOCTOWKOCTH, a TaK)Ke aHAIN3a XapaKTepa pac-
npenesenusi Mukpozedopmaiuu  pemerku  B2-asbr,
BBI3BAHHOH TaKNMU BO3/IEHCTBISMI.

O6pasibl crraBa TiNi umesnn qByxdasHyio cTpyK-
TYPY, COCTOSIIIYIO W3 OCHOBHOM (Pasbl cO CTpOEHHEM
B2 (o6bemHoIeHTpUpOBaHHAsA KyOHYecKas pelerka,
ynopsigouennasi mo turny CsCl; temmeparypa mavyasia
MpsIMOTO  MapTEHCUTHOTO TpeBpamieHunss B2 —
— B19' M, = 283 K; mapamerp pemieTku oggy =~
~ 0,30125 £ 0,00005 HM, COOTBETCTBYIOIIEN COCTABY
Tisg 5Niso5) u HeGoJbIoro koamuecrsa (< 5 06. %)
nHTepMeramyeckoit daspl TioNi.

UccnenoBanust cTpyKTYpHO-(A30BbIX COCTOSIHUIN,
CO3/IaHHBIX B IIPUIIOBEPXHOCTHBIX 00/1aCTSIX 06Pa3IoB
TiNi B peayabrare KJIO, mpoBoauam METOOM PEHT-
reHocTpyKrypHoro anaiausza (PCA) na andpaxromerpe
[ POH-7 ¢ ucnosb3oBanneM CUMMETPUYHON U acuM-
MeTpHYHOH (C M3MEHEHNEM YTJIa CKOJTbKEHHS OL) CXEM
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(110) g2

ISO HMII

IBCKOTO H3JIyHEeHHA

N (200) g

‘ 2 A,
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70 72 74 76

HCHBHOCTDL PEHTI

=46 48 50 52

1k
1k

(211)py (310) 13

50 mmn

90 92 94

96 132 135 138 141 20, rpaa

®parmentsl Audpaxrorpamm cinaba Tig sNisy 5 ¢ ToBepxHocTHBIM cioeM, MoandunnposannbiM KJI1O, nosyyennblie Ipyu MCIOJb30BaHUK
ACHUMMETPUYHBIX CXEM OTpaXkeHus ¢ yraamu ckosbkenus o = 0,15° (1) u 2° (2) (usnyuenne Co-K,,)

OTPasKeHUs U JJIUHBI BOJH PEHTTEHOBCKOTO U3y YeHUsT
Co-K, u Cu-K,. Beit6opom yria o B aCUMMETPUYHBIX
PEHTTeHOBCKUX CheMKaX OGECIeunBaIM OJUHAKOBYIO
5D GEKTUBHYIO TOJIIUHY OTPAKAIONIEro CJI0sT i Tpu
BCEX yTJaX OpPAITOBCKUX OTPAKEHWN 0 METOAUKE,
OIMCaHHOM B [2].

Besmuuny muxpogedopmaiun &y pemerku dasbi
B2 B npunosepxnoctHbix 061actsax (06yCI0BAEHHYIO
HAIPSKEHUSIMU TIEPBOTO POJIa BAOJIb HATIPABJIEHHUS, 3a-
BUCSAIIETO OT yria V) ompeaessim 110 n3MeHeHHIO T1a-
paMerpa penieTKu 3Toii ha3bl B 06/1yUeHHBIX 06pa3ax:

A )
o
Tlle @ U dy apaMeTpol pereTku (a3l B2 coorsetct-
BEHHO B MCXOJHOM U 06paGoTaHHOM 00pasiie.

[Tpu MCmoIb30BAHNE ACUMMETPHYHON CXEMBI OTpa-
sxKerns yroa o ymenbmamu g0 0,1° (6e3 pamenust 06-
pasia), T. €. MEHBINEro, YeM YIJIbI IIOJHOTO OTPAKEHMST
PEHTTEHOBCKUX JIydeil BbIOpAHHBIX JIJIMH BOJIH, TeOpe-
THYECKM PacCUMTAHHbIX /I HUKemaa Tutana (/s 060-
ux BujioB uaayuenns 0,3° < oy < 0,4°). Onnako gaxe
IIPU TAKOM MaJIOM YTJIe CKOJIbKEHUS YIaBaIOCh Ha0JTo-
JIaTh YeTKYT0 MU(PAKIIMOHHYIO KAPTUHY C HATTIUEM 4—5
JdpakimoHHbIX B2-pedsiekcoB ¢ moynmpuHaMu OKO-
Ji0 1°, OI06HBIX MTPUBEIEHHBIM HA pUCYHKe. OYeBUIIHO,
4To HabMOIeH e TUBPAKITMOHHON KAPTHHBI IO/ YTJIaMH,
MEHDBIIIUMU PACYETHOTO YIJIA TIPEJESHHOTO OTPANKEHUST
JUUISL TAHHOTO MaTepuasa, 00yCJOBJIEHO HAJTMYNEM HEHY-
JIEBOU IIEPOXOBATOCTH MOBEPXHOCTU 3KCIEPUMEHTAb-
HBIX 06pa3noB. [l/is1 yMEHbIIEHUST HHCTPYMEHTAIBHOTO
VIIUPEHHUS PEHTTEHOBCKUX TIPOMUIEH HUCIIOMb30BAN
yskue (0,05 MM) BBIXOHBIE IEIN, 2 TAKIKE YMEHbIIAIN
TJIONA/Ib TTOBEPXHOCTH 00pasila, OCBEIAEMON peHTTe-
HOBCKWM ITyYKOM. Bce 9T0 103BOJINIIO OIEHUTD BEJTMINHY
MUKpo/iedOpMaIIiii B MMOBEPXHOCTHOM CJIOE TOJIIMHON
10 50 HM.

Panee [1] 6bLi0 ycTaHoBJIeHO, 4TO HAa 06paboTaH-
Hoii cropone o6pasnioB TiNi Bcerma o6pasyercs To-
BEPXHOCTHBIN CJION, KOTOPBII OTJIMYAETCS 110 CBOUMHU
CTPYKTYPHbBIM TIApAMeTPaM OT MCXOJHOTO. JTOT CJIOI
XapakTepusyercs: 0HOMA3HBIM CTPYKTYPHBIM COCTOSI-
HUEM CO CTPYKTypoi B2, mmeronieli MeHbIMii mapa-
METpP PEIEeTKH, 4eM 10 OOJyUYeHus, U OCTPOU TEKCTY-
pOIi, YTO MpOsIBJsieTcs: HA AudpakTorpaMMax Kak MH-
TeHCUBHBbIE cBepXCTPYKTYpHbIe (100)py M CTPYKTYp-

ubie (200)py pedIeKchl, KOTOPBIE MOJHOCTHIO HCYE3a-
10T TIPU U3MEHEHWH YTJIOBOH opueHTarun o6pasia oT-
HOCHUTEBHO TIEPBUYHOTO PEHTTEHOBCKOTO TyYKa. Bbiro
MOKA3aHO, UTO ATOT CJION MMEET CTOJI6YATYIO CTPYKTY-
PY, COCTOSIIYIO U3 MOHOKPHUCTAJLIOB C pasMepaMu 06-
JIacTell KOTepeHTHOIO paccesHusd 110 HOPMaJHu K IIO-
BepxHOCTH o6pasia 6osee 150 HM, KOTOpble 3HAUU-
TEJIbHO MPEBOCXO/AT JUHEHHbIe pa3Mepbl OCHOBAHUS
OTJeIbHOTO KpucTaaauTa. OleHKa yIpyroHanpsiKeH-
HOTO COCTOSTHUSI CHHTE3MPOBAHHOH cToabuyaroii B2
CTPYKTYPbl IIOKazajia HaJu4yhe B Heill 3HauMTeJbHON
mukpoaedopmaruu pemnetkn g ~+ 1 %, o6ycaoBien-
HOW HAIMpPSDKEHUSIMU TIEPBOTO PO/la, W CPABHUTENBHO
Menbiueil Mukpogedopmanuu pemerkn g ~ 0,25 %,
00yCJIOBJIEHHON HANpsDKEHUIMU BTOpOro popa. Ha-
MIPSDKEHUS TIEPBOTO PO/Ia, BEPOSITHO, BO3HUKAIOT MPHU
M3MEHEHWY BHENTHUX YCJOBHI, COTPOBOKIAIOIIIX JIa-
3epHOe BosjedcTBre (pacIpocTpaHeHne TeMIepaTyp-
HOTO (DpOHTA W YIIPYTOil BOJHBI, CKOPOCTb OXJIAXKJIe-
HUS, JIIATENBHOCTD M KOJMYECTBO MMITYJIbCOB U JIP.),
U yPaBHOBEIINBAIOTCS BO BceM o6beme obpasma. [lo-
sIBJIeHMe HAIPSIXKEHUH BTOPOTO PoJia CBSA3aHO C MUKPO-
UCKKEHUAMU B CTPYKType, cpopMupoBaslieiics 10-
cJie 06JIydeHusl.

OueBu/HO, YIPYTOHANIPSKEHHDIN HAPY>KHbBIN 10l
SIBJIIETCST KOHIIEHTPATOPOM HAIPSIKEHWH [ HUKeJIe-
xarmux (IPOMEKYTOUHBIX MEXK/Y HAPY>KHBIM CJIOEM €
CHHTEe3UPOBAHHOI CTPYKTYPOI I BHYTPEHHNM 00BEMOM
MarepuaJa, OCTaBIUMCs Ge3 M3BMEHEHUsI) CJI0EB HUKe-
JIUJIa TUTAHA U JIOJDKEH OKA3bIBATh BJIUSHUE HA CTPYK-
TypHBIe cOocTOsTHUS (a3bl B2 B atux crosx. [eficTu-
TEJIbHO, aHAJTM3 KAPTUH PEHTT€HOBCKOW TNQPAKIUH OT
o6pasiioB mocsie KJIO mokasaJi, 94To B 05X, JeKAIIX
0/T HAPY>KHBIM TEPEKPUCTAIN30BAHHBIM CJIOEM, Ta-
pamerp peteTku (as3pr B2 3akoHOMEpHO M3MeHSeTCs
B 3aBUCUMOCTU KaK OT TOJIIIUHBI aHAJIU3UPYEMOIO
cJIod, TaK U OT B3aUMHOW OpHEHTAllUU IIePBUYHOTO
IyYKa U IJIOCKOCTH TIOBEPXHOCTH 06pasia, T. €. OT
HallpaBJIeHUs] U3MePeHus.

[Ipu nocTpoennn 3aBucuUMOCTel apameTpa oy OT
dynkimu sin® ¥, KoTopble MoIy4aloT Hp1 HCIOIb30Ba-
HUM METO/IA ACUMMETPUYHBIX CheMOK, OBLIIO BBISIBJIEHO,
4to mocJje obydenus B obpasuax TiNi nabmomaercs
JMHeltHoe Bo3pacTanue oy 110 Mepe pocta sin® ¥. Yr-
JIbI HAKJIOHA TIPAMBIX o (sin? W) 3aBuCAT OT TOJIIIH-
HBI 3(P(HEKTUBHO OTPaAKAIOIIETO CJIOS, OJHAKO BCETAA
nosoxuteabubl, Tak urto op(P = 0) < (apy)y <
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< ap(¥ = 90°). IlokazaHo, 9TO IPHUYMHON TAKOTO I10-
BEJICHUS OLg) SIBJISTIOTCS TOJIS YIIPYTUX HAMPSKEHUH,
JIOKQJIN30BAHHBIE B TIPUITOBEPXHOCTHBIX CJIOSX Mate-
puasa, HaxoamBImxcs B 30He BozzelictBug KJIO. o
HaKJIOHY TIPAMBIX opy(sin? W) ompesesena opuenra-
IIMOHHAsT 3aBUCUMOCTb U T (CKaThe / pacTsiKeHne)
YIPYTOHATIPSIZKEHHOTO COCTOSIHUSI, KOTOpoe (hOPMUPY-
eTcs1 B uccaeayemoii pase. [lokasano takske, 4To mocJie
KJIO B npurioBepxXHOCTHOM CJIO€ TOJIIUHOM /10 15 MKM
B/I0JIb HOPMAJIH K TIJIOCKOCTH [TOBEPXHOCTH UHYITHPO-
BaHbI HAIIPSIKEHUST CXKATHS, a B KacaTeJIbHbIX HAIIPaB-
JIEHUSIX K Heil — HamnpspKeHus pacTsbkenus. [Ipu atom
3HAUEHWS Olgy, M3MepeHHbIe 1o/ yriaoM V¥ = 45°, Haxo-
JIATCS HAa YPOBHE 3HAYEHUN B UCXOMHOM 06pasiie, T. €.
cpeqHee 3HaUEHNE MapamMeTpa perreTkn ¢asnpl B2 B yii-
PYTOHAIPSKEHHOM CJIOE OCTAJIOCh TIPESKHUM, a, CJIE0-
BaTeJbHO, W COOTHOIIEHWE MEXIYy KOHIIEHTPAIIsIMI
TUTaHA U HUKEJS B 9TOM CJIO€ HEe MU3MEHUJIOCH.

O1reHKa BeTMUNHBI MUKPOIePOPMAITNT €y PETTETKI
dasbl B2 (MUKpOHATIPSI)KEHWI TIEPBOTO PoOjia), TPoBe-
nennas cpady noce KJIO, mokasasna, 4To Bo BHEIITHEM
cJI0e TOJMIINHON 10 1—3 MKM oHa mocTuraer HamuboJib-
NIMX 3HAYEHU ¥ YMEHDIIIAETCS C YBEJIUIEHUEM TOJIIIN-
HBI OTpaKaioliero cjosi. He6osbilioe pacxoskieHue
3HAYeHUil ey - ( B AMANIA30HE TOJMMUH 1—4 MKM, TOJIy-
YeHHOe Yepe3 OTMEUEHHBI BpEeMEeHHON WHTEPBAaJI, Mo-
BUJMMOMY, OGYCJIOBJIEHO BKJIAJOM PETAKCUPYIOIIETO
cJ0g B UMD PAKITNOHHYIO KapTHHY.

Kak ormeuasioch, cijiaB, ¥3 KOTOPOTO ObLIU C/le-
JIAHBI OOpA3I[bl, UCIIBITHIBAET MApPTEHCUTHOE TIPEBpa-
menue B2 < B19’, Temneparypbl KOTOpOTo Tpu6Jim-
JKaloTCsl K KOMHATHOH. JTO 03HAYAeT, BO-TIEPBBIX, YTO
MPU BO3HUKHOBEHWW BHYTPEHHWX MOJIEH YIPYruX Ha-
MPSDKEHU B 00pasiiax MOKET MOSIBUTHCS MapTEHCHT-
Hasg ¢dasa B19' B pesysbrare nedopMalimoHHoro mpe-
Bpamienud B2 — B19', u, Bo-Bropbix, uto pazy B19’
MOKHO HaO6J/I0/IaTh HA PEHTTEHOrpaMMaXx, CHSATHIX He
B TEMIIEPATYPHBIX KaMepax, a IPU KOMHATHOMN TeMIe-
parype.

[eticTButenbho, Ha AudpaKkTorpaMMax, MOJTyYeH-
HBIX METOJIOM aCUMMETPUYHBIX CHEMOK, B [UATIA30HE
yraoB 38° < 20 < 44° (pusa usnydenus Cu-K,) Ha-
6JII0/1AI0TCS TOCTATOYHO YeTKe pedJIeKChl OT MapTeH-
cutHO# haspl B19' [2], vHTEHCHBHOCTD KOTOPBIX U3Me-
HSETCS B 3aBUCUMOCTU OT yTJa cKoJbkenus o. Ilo-
CKOJIbKY OTMEYEHHOMY YTJIOBOMY [IMAMa30Hy CHEMOK
COOTBETCTBYET TOJIIIMHA OTPAXKATIONIETO CJI0sT 6—7 MKM
(s manyuennii Co-K, u Cu-K,, COOTBETCTBEHHO), 9TO
O3HavaeT, yTo MapTeHcuTHas dasza B19' mosiisgercs B
coe, JexameM Hmke Hapy:kHoro (co cron6uaroit
cTpykTypoit). OTHOIIEHNE CYyMMapHBIX MHTEHCHUBHO-
cTeil BbIsBIeHHBIX pedaekcoB B19' u pediekca
(110) By, XapaKTEepU3YIOIIEro COOTHOIIIEHHE 0OBEMHBIX
Jlofiell MapTeHCUTHOW U BBICOKOTeMIlepaTypHou ¢as
vBig/ VB2 BHYTPHU BCETO CJIOSI, yY4aCTBYIOMIETO B OTpa-
JKEHUU PEHTTEHOBCKUX JIy4ell, 3aBUCUT OT TOJIIIHHBI
oTpaskaioniero cyios. V3 aToil 3aBUCUMOCTH CJIENYET,
4T0 O6beMHAsT J0JiT MapTeHCUTHOU (asbl, KoTOpas
BOJIM3U TOBEPXHOCTH MUHUMAJIbHA, U3MEHSIETCS B TIPHU-
MTOBEPXHOCTHOM O0BbeMe TI0 KPUBOH C MAaKCHUMYMOM,
IPUXOJAMHNMCS HA TJIyOnHY 4—6 MKM OT 00/Iy4eHHOI
MMOBEPXHOCTH, C TEH/IEHITNEH yMeHbIeHNs B 60JIee ITy-
OOKHX CJIOSX.

N3 comocraBieHust 3aBUCUMOCTEI CJIeIyeT, 9TO Ha-
6.JTI0/TaeTCS KOPPEJISINS B UBMEHEHUH MUKpoaedopMa-
AN PeneTKH £y (00yCIOBIEHHOI HATTPSIKEHUSAMU TIEp-
Boro poga) B ¢ase B2 m kosmdectBa MapTEHCHTHOM
daser B19' npu yBemmueHn TOMIUHBI AaHATU3UPYEMO-
ro cnos. Tak, Ha riay6uHe 3—6 MKM OT MOBEPXHOCTH
06e KOMIIOHEHTBI &y 3HAYUTETIHHO CHIDKAIOTCS MO ab-
COJIIOTHON BeJNYMHE, B TO BPeMsi KaK OTHOIIEHUE
Iy /I (110),, ~ VB19'/ VB2 OCTAETCH MAKCHUMAJILHBIM, T. €.

BeJieT cebst MoJ06GHO MOJIYJTII0 TTPOU3BOHON (DYHKITUN
VB1y/ VB2 ~ €p(h). VIHbIMU cJI0BaMM, 3HAYUTEJHHOE
cmskenne nedopmarus pemerku ¢aspl B2 nabiiona-
eTCcTs, KOrJla B CJIoe TPOUCXOMUT 4YacTuyHoe naedop-
MAaIlMOHHOe MapTeHCUTHOe IpeBpaiienne B2 — B19’,
KOTOpO€, OYEeBHU/IHO, ABJISETCS MPUUYMHON YACTUYHOTO
CHSITUS BHYTPEHHUX HANIPSKEHNU B OCHOBHOH (haze B2
BHYTPH MOAU(DUIINPOBAHHOTO cj0s. TommuHa c1os, B
KOTOPOM peJIaKCAIIMOHHBIE TTPOIIECCHI TIPOUCXOAT 110
MeXaHu3MaM, O00YCJIOBJIEHHBIM MapTEHCUTHBIME TIpe-
BpamerausMu B2 — B19’, mo peHTTeHOBCKUM JaHHBIM
cocrasysger 10—15 mM. Cremyer oTMETHTD, UTO, He-
CMOTPSI Ha CYyIIECTBEHHOE CHW)XEHWE WHTEHCUBHOCTHU
Bcex AUQPaKIMOHHBIX pedJIeKCOB TPH TMepexoie K
CKOJIb3SIIIMM CbeMKaM, Ha COOTBETCTBYIONMX A pak-
IIMOHHBIX KapTHHaX oT o6pasioB TiNi mocJie a1eKTpoH-
HO-TIYYKOBBIX Bo3eiicTBuii pedekco B19' e Ha-
6./1101a710Ch. JTO O3HAYAET, YTO B HAPYXKHOM CJIOE CO
crosibuaToii cTpykTypoii B2 nedopmarnuontoe mapre-
cuTHOe TipeBpainenne B2 — B19' He mporekaer.

Takum o6paszom, ycranoBJeno, uro mocae KJ10 o6-
pasuoB TiNi Ha ux o6sydyeHHoil cTopone o6pasyercs
MepeKPUCTAIIN30BAHHBIN TTOBEPXHOCTHDIN CJIOI C OCT-
poil TeKCTypoil, KOTOPbIf HAXOAUTCS B YIPYTOHAIPSI-
JKEHHOM COCTOSTHUW U XapakTepusyeTcs: MuKpoaedop-
Maiueii peretku ¢haspl B2, 06ycioBaeHHON HApsKe-
Husmu 1iepBoro u Broporo poga (e = + 1 %, &/l =
= 0,25 %). 3HauuTesbHad IO BeJUUYMHE KOMIIOHEHTA
Mukpoaedopmarun £ 1okasbiBaet, YTo CHHTE3UPOBaH-
HBIH CJIOH cO cTONIGUATOH CTPYKTYPOU SIBJSETCS KOH-
LIEHTPATOPOM BHYTPEHHUX HAIPSIXKEHUH [J1 HIDKeJle-
JKallIX CJI0eB MarepHaJa.

BbIsIBJIEHO, UTO B yIIPyrOHANPssKeHHOM (TIPOMeKy-
TOYHOM) CJIO€, PACIIOJNOKEHHOM IO/l HAPY>KHBIM Tepe-
KPHUCTAJJIN30BAHHBIM CJIOEM, PA3BUBAETCS IIPOIECC pe-
JIAKCAIlMM BHYTPEHHUX HANPSDKEHUN, WHAYIMPOBaH-
HBIX 06JIyyeHueM. Y CTAaHOBJIEHO, YTO OCHOBHBIM MeXa-
HU3MOM TaKOW PeJIaKCaIlluyl SIBJISETCS 4YaCcTUYHOE Jie-
¢opMaImoHHoe MapTeHCUTHOEe TpeBpaiienne B2 —
— B19'. Hammune maprercutHO# ¢aser B19' BHyTpH
MTPOMEKXYTOYHOTO CJIOST TIPUBOJNT K CHWKEHUIO MUK-
ponedopmariu pereTky B coceneit gase B2, kotopoe
OyleT TeM 3HaunTeIbHee, yeM 6oJbie Gy et o0 beMHast
JTOJIsT MapTeHcUTHOMH a3l B cioe. TommmHa ciost, B
KOTOPOM Pa3BUBAIOTCS PeJIAKCAIIIOHHBIE TIPOIECCHI TT0
MeXaHu3My 1e(OopMAIMOHHOTO MapTEHCUTHOTO TIpe-
pamienuss B2 — B19', cocraBisier 10—15 MKM.

1. Mazheika A.I. Application of combined laser treatment for
hardening of critical parts // Abstr. of 4th Int. Conf. on
Laser Technologies in Welding and Materials Processing
(26-29 May, 2009). Kiev: PWI, 2009. — P. 24-25.

2. Maxeiixa A.U., Cemenos A.Il., Kosw HU.B. u dp. Meropl n
CpeACTBa YIPOUYHEHUS IIOBEPXHOCTEH JeTaseil KOHIIEHTPHPO-
BaHHBIMHA MOTOKamMu aHeprin. — M.: Hayka, 1992. — 407 c.
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CHMREHUE N3HOCA IMUJIMH/APOB
JIBUTATEJIEM1 BHYTPEHHEI'O CTOPAHUA
IIOCJIE JIASBEPHOI1 TEPMOOBPABOTKU

B.C. MAVIOPOB, /I.B. MAIIOPOB
Wucrutyt npobueM JyazepHbix n nHpopmannonubix texHosoruit PAH, Ilartypa, Poccns

MHTeHCcMBHOCTD M3HANIMBAHUS OCHOBHBIX JeTajieil 1 y3J10B aBTOMOéI/lJIS{, K KOTOPbIM OTHOCATCA U A€TAJIA HUJUHIPO-
]'[OpIHHeBOI‘/’I TPpyHIibl, yMEHBIIAETCA C IIOBBINIECHUEM TBEPAOCTU ITIOBEPXHOCTHOTO CJI0A, KOTOPas IIpU 9TOM HE BCET/la ABJSACTCA
OTIpeIeJIAIOI M CpaKTOpOM COIIPOTUBJICHUA M3HOCY. Kak HU3BECTHO, 3¢)(136KTI/IBIIO NCIIOJIb30BaTb MaTepuaJibl C MSITKOM
ManI/ILICI‘/JI 1 BKJIOYECHUAMU TBEP/IbIX YaCTHUIL, c11ocoGHbIe paéOTaTb B YCJIOBUAX TPEHUA KaK IOAUIUITHUKN CKOJIb)KEHUS
COIVIaCHO IIpaBUJIy ]_Haplm, KOTOpOE B JIAaHHOM pa60Te IpeaaraeTca MCIoJab30BaTh Jid IIPOTHO3MPOBAHUA MaKPOHEO-
HOPOAHOCTU B pacHpeeIEHNN TBEPAOCTU Ha MMOBEPXHOCTU J€TaJId, prO‘-IHeHHOﬁ JIa3€pOM.

Pecypc aBToMo6usiss U ero mpoGer [0 KalHuTaJbHOTO
PEMOHTA OTPAHUYUBAETCS CPOKOM CJIYKOBI U U3HOCO-
CTOMKOCTBIO Psi/Ia OCHOBHBIX JleTaJieil U y3JI0B, B 4aCT-
HOCTH, JleTajell UJINHPO-TIOPITHEBOHN TPYTIIbI. Y Be-
JINYEeHNEe M3HOCOCTOMKOCTH IUJIMHIPOB SIBJISIETCS O[I-
HOIl 3 OCHOBHBIX 3a/ia4 B IIOBBIIIECHUH JOJITOBEYHOCTH
KaK CepUiTHbIX GEH3MHOBBIX J[BUTATEJIEH, TaK U Tepc-
NEeKTUBHBIX JU3eJbHBIX JBUTatesieil. Jlazepuas o6pa-
6OTKa OTKPBIBAET HOBBIE BO3MOKHOCTH B 3TOM HaIPaB-
JIEHUH.

Bbi60p reomMeTpu JazepHoii 00pabOTKH Iiiib3 IU-
JunpoB. [loucky 3aBucumocrteil Mek/1y U3HOCOCTOI-
KOCTbIO 1 (DU3UKO-MeXaHMYECKUMHU CBOUCTBAMU MaTe-
PHAJIOB MTOCBSIIEHO MHOTO HccaeqoBanmii. OIHAKO yc-
TONYUBOU KOPPEJISAIUY IIPU 3TOM He 00HAPYKEHO, XOTSI
B OT/EJNbHBIX CAyYasX KOI(PPUIMEHTbI KOPPEJSIUHT
jqocturasn 6osbinx 3HaveHnit. [lo maHHBIM paGOTHI
[1] mHTEHCHBHOCTD M3HATINBAHIS YMEHBINAETCS C yBE-
JIMYEHNUEM TBEPOCTH TTOBEPXHOCTHOTO cyiosi. OIHAKO,
KakK ToKa3aHo B paGotax [2, 3], TBepaocTh He Bceria
SIBJISIETCSL ONPEJEAIONUM (PaKTOPOM CONPOTUBJIEHUS
U3HOCY.

B pa6ore [4] B kKauecTBEe KPUTEPHST OIIEHKU CPDABHU-
TEJIbHOW M3HOCOCTONKOCTH TIpeJIaraeTcsl MCIOJIb30-
BaTh CTATUCTUYECKUN MapameTp

B=3+6v, (1
rje napamerp v = Sy /H% uCIo/b3yercs Kak OTHOILE-
HU€E CPeJHEKBAIPATUYHOIO OTKJIOHEHUSI MUKPOTBEP,I0-
cru Sy K ee cpeqanemy 3uauennio HP.

Mesxay B 1 MIBHOCOCTOMKOCTBIO (DEPPUTHO-TIEPJTHT-
HBIX YYI'YHOB CYILIECTBYET CBSA3b, SBJISIOIAAC MaTeMa-
THYECKMM BblpaskeHueM npasuia Hlapmu:

B
W=A4 (— - 1),

p
rae A m B — sMmmpudeckne Ko3(UIMEHTH, YIUTHI-
BAIOIIMEe XapaKTep HArpyKeHUsl M YCJIOBHS PaGOThI
Tpyuuxcs nap; W — XapaKTepHbIN U3HOC TIPH OIIpe-

2
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JIeJIEHHOM BPeMeHU HuchbITaiuii  (9KBUBAJIEHTHOMY
KOHKpeTHOMYy mpobery asromobmas). Mz (1) u (2)
BUJ/IHO, YTO U3HOC YMEHDIIIAETCS IIPU POCTE V.

[IpuBenenHble paccysKIeHNs CIIPABEIJINUBDI, €CJIU
MHKPOCTPYKTYPa PACCMATPUBAETCS KAK MeJIKIe BKParl-
JieHusi TBepAoi ha3bl B MATKOW MaTpuile, MpUYEM
BKJIIOYEHUST O/KHBI ObITh M30JIMPOBAHBI U PABHOMED-
HO pacCIpejieJieHbl B MaTpHIle, T. €. MeTaJInYecKast
CTPYKTypa J0JKHA 00Ja1aTh TIOJHON WHBepcueii da3
[5]. C momompio Jiadepa TakKe MOKHO TIOJYUUTH TBEP-
JIble 3aKaJIEHHbIE 30HbI HA 3HAYUTEIBHO 60OJIee MATKON
OCHOBE, OJJHAKO B 3TOM CJIiy4ae MbI OYIE€M UMETh YiKe
HEe MHKPO, a MAaKPOHEOTHOPOIAHOCTH B PACIIPEIeJIeHUN
TBEP/JIOCTU Ha TIOBEPXHOCTH JIeTain. XapaKTepHbIe pas-
Mepbl TAKMX 30H MOTYT HM3MEHSTHCS OT HECKOJIbKUX
MIJUTUMETPOB 10 HECKOJbKUX caHTuMeTpoB. Ciie-
IIUAJTbHbIE WCCJIEOBAHMS CIIPABEAJUBOCTH MPUHIINIIA
[Taprmu fJ1st TaKMX MAKPOCUCTEM He TIPOBOIUINCE. Tem
He MeHee, TIPE/INOJI0KUM, YTO 06IIe 3AKOHOMEPHOCTH
coxpanstiorest u dopmyant (1) u (2) ocraiorest cripa-
BEJIIUBbIMU.

PaccMoTpuM MOBEPXHOCTD, YACTHYHO 3aKAJEHHYIO
JaszepoM. Ee MUKPOTBEPAOCTh B MPOM3BOJIbHON TOUKE
SIBJISIETCST CTy4YaltHOM BesimdnHOW H ¢ HEKOTOPOH MJI0T-
HOCTBIO pacrpenesneHust BepositHoctH o{H}. Ilyctb
ILJIOMIA/h 3aKAJTEHHBIX JIA3EPOM YYACTKOB, OTHECEHHAS
K 06III€eil TJTONA/I TOBEPXHOCTH, PABHA &, a I3MepeHue
MUKPOTBEPOCTU UMEHHO B 3aKAJEHHOU 30HE €CTh CJIy-
qaitroe co6prtre 3. OUeBUIHO, YTO BEPOSITHOCTD 3TOTO
caydaiiHoro co6biTis cocraBiser y{3} = &; Beposrt-
HOCTb JKe TTOTaJaHusI Ha He3aKaJIeHHyIo 00/1acTh OyIer
y{3} =1 — &. TIpeamnosokum, HaMm u3BectHbl O{H / 3}
u o{H /3} — MJIOTHOCTU PACIpeeSeHnsT CIydaiiHON
BeJIMYMHDBI H TIpU YCJIOBUH, YTO U3MEPEHUS BBITIOJIHE-
Hbl B 3aKaJleHHOU U He3aKaseHHOHl 30He COOTBETCT-
BeHHo. Torma Bo3mMokHO onpeneants u O{H} :

ofHY = o{[(H/3) n 31U [(H/3) N3]} =
=o{(H/3) N3} +o{(H/3) N 3} =
= y{3}o{H /3} + y{3}e{H /3} =
= Eo{H /3} + (1 — &)o{H /3}

3
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(ucrnosib3oBanmbIe 0603HAYEHUS TIPUBEJACHBI B TJIABE
18 patGors! [6]).

Cpennsas mukporsepaocTb (cpeanee apudpmeTnyec-
KOe GOJIBIIOro YMCJ/Ia N3MEPEHNIi) JO/KHA ObITh GJIM3-
Ka K MaTeMaTHIeCcKOMY OXKuJaHmio M cryqaitHoi Besu-
yuHbl H':

H? ~ M{H} = | Ho{H}dH =

— 0

¢ [ o /3yl + (1 - ¢) [ HolH /ZyaH = @

— 0 — 0

=eM{H/3}+ (1 —&)M{H /3) ~ EH? + (1 — E)HY.

Takum o6pa3oM, CpeiHsisi MUKPOTBEPAOCTh BCEll TI0-
BEPXHOCTH OIPEEISeTCs] 3HAUEHNSIMI CPEIHUX MHK-
POTBEPAOCTEN 3aKaJeHHOI U He3aKaJeHHO# 30H U OT-
HOIIIEHHEeM WX TLIOMAIel.

Jlucriepcust cayuyaitHoil BeimuuHbl H mipeicTaBuMa
B Buje [6]

M{H - M(H)Y* = M{H?} - M*{H} (5)
JIH, YTO TO e, Kak
S? = M{H - M(H)}* =
= T H’o{H}dH — M*{H} =
" (6)

— & [ Ho{H /3)dH + (1 - ) x

—

x I H*o{H /3}dH — M*{H}.

— o

B npocreiimem ciayyae MOKHO CYMTATh TBEPAOCTH
B 3aKaJICHHbIX JIa3¢POM 30HaX U B HezaKaJeHHOU Mart-
pHUIIE TOCTOSTHHBIMY U paBHbIMU H, 1 H ,, COOTBETCTBEH-
HO, T. e. noaoxurb O{H /3} = 8{H,} u ¢{H/3} =
= 8(H,,). droro, HaBepHOE, U JOCTATOYHO /ISl OLEHOK
B paMKax JaHHOU MojenH, T. K. H, u H, paziuyaiorcs
3HAUMTEJbHO, a UX Auchepcuy Hesesuku. Torja us
(4) u (6) caemyer, 4TO CpeaHAA MUKPOTBEPAOCTD U €€
CpeHEeKBaIpaTHYHOE OTKJIOHEHHE OMICHIBAIOTCS (DOP-
MyJIaMu

Hy,=EH, +(1 - 9H,,

)
Sy =(H, = H)NE(1 —¢).

Orciofia osrydaeM TpoCTyTo OIEHOUYHYI0 (DOPMY.Iy
[T TIapaMeTpa 3, Onpe/esisioniero BeJuInHy U3HOCa
no npasuay [Maprm (2):

o UL~ H,)'E(1-¢)

(8)
[eH, + (1 — &)H, ]

B=3+

3 9KCHEPUMEHTOB M3BECTHO, YTO y MEPJUTHOTO
Ceporo 4yryHa ¢ MCXOAHON MUKpPOTBepAOCTbI0 H, ~
~ 200 Krc,/MM? yUaCTKH C JIa3ePHOI 3aKAJIKOi HMEIoT
H, ~ 800 xrc/MM°. B atom cayuae mo dopmyae (8)

napamerp B MakcumazieH (M COOTBETCTBEHHO H3HOC
JOJKeH ObITh MuHUManen), ecau & ~ 0,20—0,25. Crego-
BaTeJIbHO, TIIONIA/Ib 3aKAJEHHDIX JIA3ePOM 30H B THJIb3€
IIUJIAHPOB U3 3TOTO YyTyHA JIOJUKHA COCTaBJATH 20—
25 % TOJIHOI TIJIOIAAN TIOBEPXHOCTH TPEHHSL.

Ocraetcs BbI6paTh pa3Mepbl, TEOMETPUIO U PACIIO-
JIO’KEHUE 3aKAJEHHDIX JIA3€POM JOPOXKEK Ha 3epKaJie
musmnapa. Texuuvecku HanboJIee IPOCTO BECTH J1a3ep-
HyT0 06paGoTKy JINGO MO0 OKPYKHOCTSIM, JHOO cepueit
moJIoc BOJb IuuHapa. OmHaKo B mporiecce paboThI
nBuraresist Gy er HabII0JaThCsT HEPABHOMEPHDIT N3HOC
IUJIMHAPA B MEPBOM CJIy4ae U TIOPITHEBBIX KOJEIl C
HopinHeM BO BTopoM. [loaToMy onTuMasibHbIM OKa3bl-
BaeTcsl HAaHEeCEHWE CEPUH CITUPAJIbHBIX JOPOXKEK, KOTIa
W3HOC JleTajiell IINJIMHAPO-TIOPIIHEBON IPYIIIbl PaBHO-
MepeH. V3BecTHO, YTO OCHOBHOI M3HOC Y IUJIWMH/IPOB
nBurareseil Habrogaercs B obyactu Komnpeccun. [1s
TTOBBITIIEHUS TIPOM3BOAUTETHHOCTH TTPOIIEcca JTa3epHOe
VIIPOYHEHWE CJIeyeT BBITOJIHATD TOJbKO B 9TOM, HaW-
607ee TIOABEepKEHHON n3HOCY o6mactu. 'my6mHy 30H
JIa3epHOH 3aKAJKN HY)KHO BBIOMPATh U3 YCJIOBUI [J0-
MIyCTUMOTO M3HOCA JIeTaT B TIPOIECce IKCITyaTalun
U JaJbHeNTIell BO3MOKHOCTH MepPeNIndOBKA X MO
PEMOHTHbIE Pa3MePHI.

N3HOCOCTOIKOCTD IMJIb3 BUTATEJISI BHYTPEHHETO
cropanusi mocje JasepHoil o6paGorku. UyryHmbie
TIb3bI MUANHAPOB /[ BC nMeioT He CUTITKOM BBICOKUN
MOTOPECYPC, U Y3Ke JaBHO BeLyTCsI PA3HOOOpa3HbIE HC-
CJIe/IOBAHNUST BOBMOXKHOCTEI ero moBbiienus. Tak, 3a-
MEHSIJIA caM YyTyH, mpuMeHsiyin 3akanky TBY, azorn-
poBamue, BUOPOHAKATKY U Jpyrue crocobor [7, 8].
XO0Ts HEKOTOPbIE MOJOKUTENbHBIE PE3YIbTATDI 1 ObLITH
MOJTyYeHbI, BCE 9TH CIIOCOODI He OTBEYAIN WU 3a/IaH-
HBIM TEXHUYECKMM TPeOOBAaHUSAM, WJIU TPEOOBAHWSIM
MacCOBOTO MTPOU3BOICTBA. UacTo /151 MOBBINIEHUST MO-
Topecypca B 2—3 pa3a UCIOJb3yeTcs: KOMOMHUPOBAH-
Has Uab3a LUJIMHAPOB C HUPE3NCTOBON BCTaBKOM (B
BEPXHIOIO YaCTh TUJIb3bI 3AIIPECCOBBIBAETCST BCTABKA U3
CHEeNUAJBbHOTO YyTyHa <«HUPE3UCT», COJEPKAIIETO
16 % uukens u 6 % mean). Ho cTouMoCTh TaKUX TUJIb3
MOYTH B 2 pa3a BbINIE, YeM MOHOJIUTHDBIX.

JlazepHOMY YNPOYHEHWIO MOABEPTrajU TUIb3bI IIH-
JUHAPOB aBTOMOOGUJIEH ceMetictBa 3UJI u3 crenuasin-
HOTro ceporo nepautHoro uyryna CU-44. Bouio Bbi6pa-
HO [[BA PEXKUMA 3aKAJKU: TJyOUHA 3aKAJEHHBIX JJOPO-
skek 0,3 u 0,7 MM nipu mupuHe Joposkek 3,5 u 4,0 MM
coorserctenHo (aprum ruab3 Ne 1 u Ne 2). Ilepsbiii
PEKUM COOTBETCTBOBAJ pabOTe TUJIb3 /10 KATUTATHHOTO
PEMOHTa J[BUTATEJISI, BTOPOI BBIGUPAJIU C YUYETOM ABYX
PEMOHTHBIX pacTouek. JlazepHyto 06paboTKy 3epKaja
IIJINHAPA TPOBOJUIM TI0 MHOTO3aXO[HON CITHPAJIH
(puc. 1). IIpu mmamerpe rmib3bl okogo 100 MM B
ob6aacTu 5—45 MM OT ee BepxXHEro OypTHKa HAHOCUJIN
15 moposkek moxa yriom 45° k o6Gpasytoieit. Takum
0o6pa3oM, TIIIOAb 3aKaJeHHBIX JIa3ePOM 30H COCTaB-
ssier 22—27 % 1OJIHOM TLJIOIAAK TOBEPXHOCTH TPEHMS
30HBI MAaKCUMAJIbHOTO U3HOCA, YTO COOTBETCTBYET TIO-
JIydeHHOMY 13 ypaBHeHusi (8) TeopeTnyecKkoMy BbIBO-
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Puc. 1. I'myib3pl TUINHIPOB C JIAa3€PHON 3aKAJIKON 30HBI KOMIIPECCUT

ny. Tlocne nmazepHoii 06paGOTKU THJIB3bI TOIBEPTAIN
OKOHYATEJbHOMY XOHMHTOBAHUIO.

Ha ucnbliTare/ibHOM CTen/ie B ABUTaTe b Yepes3 Oy
yCTaHABJMBAJIU 4 CEPUUHDBIX T'MJIb3bl C HUPE3UCTOBON
BCTaBKOH 1 4 TUJIb3BI C Ja3epHBIM yrpouHeHneM. [[ms
IIPOBEPKU [TPOTUBO33/JUPHBIX CBONCTB OIIBITHBIX THJIb3
JBUTATEJNb TIPOXO/IIT TIOJIYIacOBYIO OOKATKY C TOCJIe-
nyiorieil paboToii B TEYEHNH 4aca Ha PEXKUMe MAKCH-
MaJibHON MoltHOCTH. 1Ipu ocMoTpe IUIMHPO-TIOPII-
HeBOU I'PYIIIbL ABUraTe I yCTAaHOBJIEHA XOPOollas [1puU-
pabaTbIBA€MOCTb ONBITHBIX T'MJIh3 U3 MEPBON U BTOPOIL
nmapTHil, a TakKe MOPITHeH W MOPITHEBBIX KoJelr, pado-
TAIONINX C HUIMU. 3aAUPbI, PUCKH U HATUPBI Ha pabodeit
MMOBEPXHOCTH T'MJIb3 OTCYTCTBOBAJIU.

L, MM

Wcnbitanust gBuratesisi B yCJAOBUSAX aGpasWBHOTO
usHoca (¢ 106aBKOIi KBApLeBOii 1IN BO BILyCKHOI
BO3/LyIIHDIH HanyéoK) npoBowsd B TeueHnu 150 u.
W3HoC rusib3 ¥ TOPITHEBBIX KOJIEI] OIIPEJIESETCS OT-
HOCHUTEJIBHO TIEPBUYHOTO MUKPOMETPaka. DIIOPbI W3-
HOCOB THJIb3 IIIJIMH/POB B IJIOCKOCTSIX MapaJiieIbHOI
U TIepIEHINKYISPHON OCH KOJIEHYATOTO BaJia MMOKa3a-
Hbl Ha puc. 2. Cpennne 3HaYEHWS] BEJUYMHBI U3HOCA
JleTasiell IUJIWH/PO-TIOPITHEBON TPYIIbI CBEJCHBI B
tabu. 1.

W3 npuBeeHHBIX AAHHBIX CJIEAYET, YTO abpas3uB-
Hasi U3HOCOCTOMKOCTb 06paGOTAHHBIX JIA3€POM OIIBIT-
HBIX TMJIb3 LIAJIMH/IPOB Beero Juiib Ha 10 % Hinke, yeM
Yy CEepUIHbBIX T'MJIb3 C HUPE3UCTOBON BCTaBKOM. M3HOC
MOPITHEBBIX KOJIEI] B OMBITHBIX THJIb3aX (DaKTUYeCKU
PaBeH M3HOCY KOJIEI] B CEPUIHBIX T'MJIh3aX.

Hcnprranng Ha 13HOCOCTOMKOCTD JIeTaJIel ITHJINH/T-
PO-TIOPITIHEBOIA TPYMIIBI B YCJIOBUSIX KOPPO3UOHHO-Me-
XaHUYECKOTO U3HAIIUBAHUS TPOBOIMIIU C TUJIb3aAMK U3
naptu Ne 1. CreHzmoBble UCHbITaHUS AMnch 150 4
€ MHOTOKPATHBIM TIOBTOPEHNEM ITUKJIA U3 4-X PEKUMOB:
X0JI0CTOH X0/1; Harpy3ka 50 %; Harpy3ska 75 %; OCTaHOB
U OCTBIBaHUWE JBUTATENS. JIMIOPHI M3HOCOB THJIB3 1U-
JIMHAPOB MOKa3aHbl Ha puc. 3. CpeaHne 3HAUEHUST W3-
HOCA JieTajiell TIUJIMH/[PO-TIOPITHEBON TPy JAHBI B
TabJ. 2.

WcnbiTanus 1mokasajiu, 4T0 KOPPO3UOHHAST U3HOCO-
CTONKOCTb OTIBITHBIX THJIb3 HUJUHAPOB, 06paboTaH-
HBIX JiazepoM, Ha 17 % HIKe, YeM y CepHUilHBIX C HU-
PE3UCTOBOI BCTAaBKOM, a M3HOC TIOPIITHEBBIX KOJIEI] B
OTIBITHBIX THJIb3aX HAMHOTO GOJIbIIE TT0 CPABHEHUIO C

0

20 +

100

120

100

120 1 { ! 1 1 !

0,03 0,09 0,15 0,21 0,27 0,33
6

0,03 0,09 0,150,21 0,27 0,33 W, Mm
e

Puc. 2. Cpexunii abpasusrbplii nsgoc W TH/Ib3 I[UJINHAPOB HA PA3JUYHBIX PACCTOSHHUSAX L OT BEPXHEro TOpIL IMJIb3bI: d, 6 — TapTus
b3 Ne 1; 6, 2 — Ne 2; @, 6 — W3HOC B IJIOCKOCTH, TIEPIEHNKYISPHOI OCH KOJleHBaJa; 6, 2 — NapaJuleJbHOI ocH KosieHBasa; 1 —

U3HOC CepUIHBIX I'MJIb3; 2 — OIBITHBIX IIOCJIE JIa3ePHON 3aKaJIKu
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120 1 1 1 1 |

002 0,04 0,06 0,08 0,10
o

0,02 0,04 0,06 0,08 0,10 W, xm

Puc. 3. Cpeauuit kopposuituplii n3Hoc W ruiib3 munHApoB u3 naptuu Ne 1 Ha pas/MYHBIX PAacCTOSHUAX L OT BEPXHEro TOpIA T'HJIb3bI:
@ — W3HOC B IUIOCKOCTH, HEPIEHINKYJ/ISIPHOI OCH KOJIEHBaJIa; 0 — TApaJJIeTbHON OCH KOJIEHBaJIa; | — M3HOC CEPUHHBIX TMib3; 2 —

OIIbITHBIX IIOCJIE nasepﬁoﬁ 3aKaJIK1u

Ta6mua 1. AGpasuBHBIA M3HOC JeTajell UJINHAPO-NOPIIHEBOIT
TPYIIIIbI

Ta6suma 2. KopposnonHo-MexaHMYeCcKnil N3HOC AeTajell ITIHH/I-
PO-TIOPILIHEBO} I'PYIIIBI

cepuiiHbIMU. pyruMu cjoBaMHM, JiazepHOe YIpOYHe-
HIe TIOPITHEBBIX KOJEI] s MOBBIMEHNS MX H3HOCO-
CTONKOCTH OKa3a10ch 3P PEKTUBHDBIM.

BbiBo1bI

JlazepHas 3akajKa paclipe/leJIeHHbIX IOBEpPXHOCTel,
paboTaIoNNX B YCJAOBUAX TPEHUS CKOJIbXKeHHS U ab-
Pa3UBHOTO M3HOCA, siBJjgercss BecbMa 3(h(HEKTUBHLIM
€1ioco60M, HO OKa3bIBAETCS, UTO TEJIMKOM 3aKATMBATh
paboUyIo MOBEPXHOCTH Helleeco06pas3Ho He TOJIBKO U3
9KOHOMHUYECKUX COOOpasKEHUi, HO M UCXOMASl M3 OCO-
6eHHOCTEll paboTHI map Tpeuus. BoiBemena gopmya
JUIA pacdeTa yacTu paGoueil MOBEPXHOCTH [IE€TaJH,
KOTOPYIO HY>KHO TIO/IBEPTATh JIa3ePHOMY YIIPOYHEHUTO.
[IpuBeieHbI 9KCTIEpUMEHTAJbHDIE JTAHHDBIE UCITBITAHWIT
Ha M3HOCOCTOWKOCTDH TUIb3 TuanHApoB JBC, ymnpou-

13HOC OIBITHBIX TUJb3, MKM N3sHoc THUJb3, MKM
IMapTus Ne 1 Taprus Ne 2 OGpaGorannbie CepuiiHbie
O6pabo- Cepuiiibie O6pabo- Cepuiitbic Tb3bl HUJIMHAPOB 66 56
TaHHbIE TaHHbIE
Kowmnpeccuonnbie
Tub3bl 260 240 295 262 KOJIbI[A:
HHTMHAPOB HepBbie 194 113
KOMHPECCHO.H_ BTOpPbIE 65 42
HbI€ KOJIbIla:
HepBbie 1625 1628 1705 1846 Tperbit 433 372
f— 872 824 995 617 MacsocbeMHbIE 132 11
KOJibIla
TpPeTbu 1410 1447 1259 1242
Jckn
MacCJIOCHhEMHbBIX HEHHBIX JIa3€pPOM B COOTBETCTBHU C BbIBEJEHHBIMU
Koze: 3aKOHOMEpHOCTSIMU. [ToJTydeHHBbIE Pe3yJIbTaThl MOKa-
BEpXHIC 820 815 582 679 3am a(PHEKTUBHOCTD JTa3epHOH 06PabOTKH.
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OIIEHKA PEKIIMOB
JIABEPHOMI TA30IIOPOIIKOBOM HAILJIABKHU

I1.B. MAIIOPOB

WucrutyTt npobsem Jnasepubix u uHpopMannonnbix TexxHosorunii PAH, Ilatypa, Poccus

[laHbl TIPOCTBIE TEOPeTWYecKHe OIeHKH OCHOBHBIX ITapaMeTPOB T'a30MOPOIIKOBOI JIAa3ePHON HalJIaBKH METAIMYECKIX
MarepuasoB ¢ NPUMEHEHHEM B OIEHOYHOI MOJeJIN 3HepreTMYecKoro noaxoja. Vcrosb3oBaHbl ycpeJHEHHble U HHTEr-
paJsibHbIe KPUTEPUH U XapaKTePUCTUKH 1poriecca. Takoil 1oXo/1 03BoJIsIeT aJleKBaTHO OIIMCATh OCHOBHbBIC 3aKOHOMEPHOCTH
U JIaeT OCHOBAHMS [IJISI PEKOMEH/IAINI 110 ONTUMHUSBAINH TEXHOJOTHYECKHX PEXKUMOB Ja3ePHOiT 06paGOTKH.

JlazepHas HallJIaBKa SBJISETCS €CTECTBEHHBIM I1POJOJI-
JKEHUEM U PA3BUTHEM 3JIEKTPOLYTOBOTO U TIJIA3MEHHOTO
croco6oB. TexXHOJIOTHN Jla3epHON HAILIABKU HAYaJIM
aKTHBHO pa3padaTbIiBaThes B Havase 80-X IT. MPOIILIOTo
BeKa, KOT/Jla MOSIBUJINCH TEXHOJOTHYECKUE JIa3ePhbl C
MOIITHOCTBIO B HECKOJbKO KujoBarT. [Ipm HamiaBke
MIPOIECC BEAYT C MUHUMAJLHBIM TIOATIIABJIEHUEM OC-
HOBBI, & COCTaB M CBOHCTBA MeTaJlJIa MOBEPXHOCTH
MPAKTUYECKN MOJTHOCTBIO OIPEAEJISIOTCS CBOWCTBAMME
IpUCA/IOYHOr0 MaTepuasa. /s ja3epHON HaIJIaBKU
MIPUCAIOYHDBIN MaTepUal MOKHO UM TIPEIBAPUTETBHO
HAHOCUTb Ha IIOBEPXHOCTb [JeTaji, WU I0JaBaTb B
30HY 06pabOTKU Tra30BOIl CTPYyell B BUJIE MTOPOIIKA O/
HOBPEMEHHO C BO3JIEHCTBUEM JIA3€PHOTO W3JyYEHUS.
O606111eHHbIE PE3YIBTATHI TAKMX UCCJIEOBAHUN U3JI0-
JKEHBI BO MHOTUX paboTax u MOHOTpadusxX, Hapumep,
[1-3].

HoBprit nMityibe J1azepHast HallJlaBKa MOJTYYNJIa B
koHIle XX BeKa U CTajla aKTUBHO PA3BUBAThHCS B HaYaJIe
XXI Bexka B CBF3M € MOSIBJIEHNEM HOBBIX MOIHBIX Jia-
3E€PHBIX UCTOYHUKOB n3aydenus (Hanpumep, BOJOKOH-
HBIX JIA3€POB), MHOTOKOOP/MHATHBIX TIPEIU3NOHHBIX
CTAaHOYHBIX MaHUMYJATOPOB M POOOTOB, CHUCTEM JIHC-
TAHITMOHHON JMATHOCTUKY U UH(POPMAITMOHHBIX TEXHO-
Joruit. O611ast njiest COCTOUT B BO3MOKHOCTH ITOJTy4aTh
C TIOMOIIBIO JIA3EPHOH HAIJIABKU OGbEMHBIE M3/IEJH.
K HUM OTHOCHTCSI, B YaCTHOCTH, TEXHOJIOTHUS CeJeK-
TUBHOI'O JIA3€PHOIO CHEKaHUS TIPEJBAPUTENbHO HaHe-
CEHHBIX TMOCJOHHO Ha OBEPXHOCTb TOHKUX CJIOEB TI0-
POIITKOB, KOTOpast MO3BOJISET U3TOTABINBATD U3/IEJUS
U3 Pa3JUYHBIX MaTepHUasoB, HAIPUMeEpP, MeTajia, Ke-
PaMWKHU, TIOPOITIKOOOPA3HBIX IJIACTHKOB. OTMETUM
pa3paboTaHHbIii aMepuKaHCKOi Kommanueii POM
MpoIlecc, P OCYTIECTBIEHUHT KOTOPOTO e ThHOMETaI-
JIM4eCcKas JleTaslb CO3/aeTcs MOCJIONHO IIyTeM IepemMe-
MIEHUs JIy4a Jiazepa M CTPYH MOPOINKaA TOJ] YIpaBJie-
HUEM KOMIIbIOTEPA B COOTBETCTBUU C TPAEKTOPUIMHU
JIBUKEHUSI MHCTPYMEHTA, CO3/JaHHBIMU 110 TPEXMEPHOI
CAD-moaenn. Takast TEXHOJIOTHS TIPSIMOTO HAHECEHUST
meta/nos (DMD or anrs. Direct Metal Deposition)
MO3BOJISIET U3TOTABIMBATh, PEMOHTUPOBATD U TIepeie-
JIBIBATb IPOMBINIJIEHHYIO OCHACTKY, HAHOCUTDb YIIPOY-

© JI.B. MAIIOPOB, 2011

HSTIOIIME MOKPBITUSI U CTPOUTD OIBITHBIE 06Pa3Ilbl W3-
JleJINii U3 CTAHJAQPTHBIX IPOMBIIIJIEHHBIX METAJJIOB.
Texnonorus DMD couetaer B cebe 0COGEHHOCTH CTe-
peoJuTorpaduu 1 JazepHoii HamaBku. Heo6xommmoe
060opyIOBaHNe y3Ke He OJINH TO/T BBIITYCKAETCS CEPUITHO
takumu bupmamu, kak Trumpf, Precitec, POM
Group, Electro Optical Systems, Phenix Systems u
JIPYTUMH.

Crioco6 J1a3epHOii HATIJIABKY MTPU ONJIABJIEHUU TIO-
KPBITHII OTHCBIBAETCS TEIJIOBOW 3ajlaueil HarpeBa u
TIJIABJIEHNST IBYXCJIOWHON CPe/ibl C yYeTOM IPOIIeCCOB
TETIJIOMACcCOTIepeHoca, KOT/a TJIaBJIeHue UJET OT To-
BEPXHOCTHOTO CJIOFI K Marepuajy OCHOBBI. JKCIEepH-
MEHTAJIbHBbIE U TEOPETHYECKNE OCHOBBI TAKON TEXHOJIO-
MK TOAPOGHO onmcanbl B auTepatype (Hampumep, B
[4]). TasonopomkoBas HalTaBKa UMeET APyToi Mexa-
Hu3M. TyT OCHOBHYIO POJIb UTPAIOT MTPOTIECCHI HAarpeBa
1 TIJIABJICHUS JIETANNX Yepe3 Ja3ePHDIH IMTyYOK 4acTUIl
MTOPOIITKA ¥ UX B3aUMO/IECTBUE C HATPETOH JIa3ePHBIM
M3JIy4eHUueM TTOJTOKKOM, 32 CYET Yero IMPOUCXOUT TIO-
CTereHHOe HapaluBaHue HATJIABJISIEMOTO CJIOST. 3/1eCh
OTMETHM TeopeTHueckue monenu [5, 6] m mporpam-
mubiid maker LaserCAD [7]. Omgrako nipu BceM MHO-
roo6pa3un U3BECTHBIX PaGOT OMIYIIAETCS OIpeesieH-
HBI 1eUIIT MPOCTBIX MozeJiel, HeOOXOAUMBIX I
HAYaJbHOTO OOYYEHUSI TEXHOJIOTOB U MPAKTUYECKOTO
MCTIOJb30BAHUS TEXHUYECKUM TIEPCOHAIOM, OOCITYKU-
BaIOIIMM JiazepHoe 060PY/I0BaHKEe Ha MPOU3BOJICTBE.

B macrosimieit pabote ciesaHbl IPOCTbIE TEOPETHU-
YecKue OIEHKN OCHOBHBIX MapaMeTPOB Ta30TOPOIIKO-
BOH Jla3epHOI HAIlJIaBKM METaJJINYeCKUX MaTepHuaJsioB.
B paMxax Hacrosieil OIEeHOYHOW MOJeNH TPUMEHS-
eTcs aHepreTuyeckuil moaxoxa. Vcnombayiored ycpen-
HEHHbIE U UHTErpaJibHble KPUTEPUH U XaPAKTEPUCTUKU
npoiecca, HeOOXOAMMBIE I/ PelleHrs] HayaabHbIE 1
TPAHUYHbBIE YCJOBHUS HOCAT OYEBUIHBIN XapakTep.
OkKa3ajoch, YTO TAaKOW MOJX0/] TIO3BOJISIET HE TOJBKO
aJIEKBATHO OTMCATh OCHOBHbIE 3aKOHOMEPHOCTH JIa3ep-
HOI Ta30TMOPOIITKOBOI HATIJIABKH, HO U IaTh IOCTAaTOYHO
IleHHbIE Y WHOT/[A HETPUBUAJIbHbIE PEKOMEH/IAIUN TI0
ONTUMUBAINU TEXHOJOTUYECKUX PEKUMOB JIa3epHOMN
06paboTKH.

Ocuosubie ¢popmyJbs. OGIasi cxemMa ra3omopoli-
KOBOW JIa3epHOW HAIlJIABKU MPUBe/leHa Ha puc. 1.
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3ajjaBaeMble ITapaMeTpbl [IPOIecca ra30loPOIIKOBOIl JIa3ePHON Ha-
IIJTABKH

ITpunsroe Jlnamason
ITapamerp XapaKkTepHoe | M3MeHeHHs
3HauyeHue TlapaMeTpa
Papuyc naseproro nyuka R, cm 0,5 0,2-1,2
Paccroganue ot comna go geramu L, cM 2,5 1-6
-3 4
Paauyc vacTuipl nopouka 7, cM 210 210 "—
-2
1-10
3
CKOpOCTb TMOJIeTa YACTHI[ TTOPOIIKA 200 1-10
(ckopocTb ra3oBoit cTpyu) v, cM,/'¢

B pacuerax wucroJib3yeM H3BeCTHbie TaGJUYHBIE
JIAHHDIE CJEAYIOMUX TEMI0(MUIUIECKUX MTOCTOSHHBIX
MaTepuaJia: MJIOTHOCTD BEIeCcTBa P, yAeJbHas TeIJo-
eMKocTb C, TENJIONPOBOAHOCTh K, TeMmepaTypoIpo-
soanocts a = K /(pC), temneparypa miasienust Ty,
yaenbHas Terota Tasjaerus H,, mocrosaHas Cre-
¢ana—bBonbiMana ¢, kK0ahUIMEHT TEIIOOTAAYN o,
morJiomnareabHast cnoco6HocTs A. Bynem ans ympo-
IEHUST CUMTATh, UTO TMOJJ0KKA U HAILJIABJSIEMBIN I10-
POIIOK UMEIOT OJMHAKOBbBIN COCTAB M JIJIsI YMCJIEHHBIX
OTIEHOK BO3bMEM TIapaMeTphl JKeJie3a.

Kak okasajoch, J0CTaATOYHO 3aJaTh BCEIO HECKOJIb-
KO TapameTpoB mpornecca (Ta6mia), 9robbl paccyu-
TaTh BCE OCTaJIbHbIE.

O6paTtuMcsi K pacyeTaM PEeXUMOB U OIIEHKe pe-
3yJIbTATOB Jla3epHON HamJaBKu. [IpuHnunmuasbHO Mc-
MOJIb3yeMbIi TIO/IX0/I OYCHb MOXO03K HAa MOJEJ]Ib IoTie-
PEYHOro JIa3epHOro 06JIydeH s Ta30II0POITKOBOI Ccpe-
nol [8]. IlpuBenennbie HIKEe (POPMYJIbI OUEBUHBI U
He HYK/IAI0TCS B TIOSICHEHUSIX.

3a eIMHNILY BpEMEHU BLyBAETCS 7 YACTHUI] Pajnyca
7 CO CKOPOCTBIO v (CKOPOCTBIO ra30Boi cTpyn). Macca
OJ/THOI YaCTHUI[bI

4
m=p 3 . 1)
[Tonepeunoe cevenne o{HOW YACTHITHI
s = (2)

anux oémee CyMMapHO€ CEY€HNE IKPAHUPOBKHU JIa3€PHOI'O
N3JIyqeHuA (CG‘IGHI/IE TIOTJIOIIEHKWA JTa3€PHOTIO I/ISJIyIIeHI/IH)
JJIA Caydad JOCTAaTOYHO Pa3peKE€HHOI'O IIOTOKa

S =N, 3
rae N — YWCJI0 YacTHIl IOPOIIKA B CTPYe.
Paccrostame L yacTHIIBI IPOJIETAIOT 32 BPeMs
L
=" (4)
OG6beM Ta30MoOPOIIKOBOI CTPyH
W =nR’L, ()
U ee TIONepeyHoe ceueHme
Sy =nR". (6)

H()p{)[ll()l(

Puc. 1. CxeMa razonopomkosoii iazepHoii Hariapku (0603HaueHust
CM. B TeKcTe)

Bsepem nonsrue KOS(p(I)I/II_[I/IeHTa IIpO3pPpavYHOCTU I'a~-
30HOPOIHKOBOIL/,I CTPYH KaK OTHOIIEHNE MOIITHOCTH I10I1a-
JaIOIero Ha JAeTaJjb (Hpomeamero CKBO3b CprIO) n3-
JIy4€HUA K TIOJTHOTT MOIITHOCTHU JIa3€PHOI'o U3JIy4Y€HUd,
YTO OIIpeAesIAETCA YeEpe3 CeUeHUA Swu S()Z

7

Jlnst 1oCTaTOuHO paspesKeHHoro motoka (pexedpe-
raeM B3aUMHOI SKPaHUPOBKOH YaCTHUI]) JOJKHO Bbl-

IIOJIHATHCA YCJIOBUE
ks> 0,75. (8)

B Ha]leefIHleM AJIAA YUCJIEHHBIX OIICEHOK IIpUMEM

1

ki=0,75,1.¢. §= 1 So, MoaTOMy

s 1

Nnr® = 1 TR*, 9
OTKy/la 1oJiydaeM ofIiee YUCJI0 YACTHI[ B CTPYE
2
1 [E] . (10)
4\ r

Ho, ¢ npyroii ctopounsl, B 06beme W Bcero Haxo-

JIATCS YaCTHI]
N = nr, (11)

nosromy u3 (9) u (10) HAXOAUM YMCJIO BAYBAEMbIX B
eIMHNIY BPEMEHM JaCTHI]
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2
ol [Ej 2 (12)
4\r) L’
MaccoBbIil pacxo MOpoIIKa COCTaBUT
M:nm:%prl?2 % (13)

CpeHsisgs MHTEHCUBHOCTD JIA3€PHOTO M3JIyYeHUs B
cTpye

1
ICI)ZE(IO+IOks)- (14)

3a BpeMd TIpoJieTa YaCTHUlla IMOTrJIoMaeT 9HEPTUIO

q = Al s, (15)

KOTOpas UAET Ha HarpeB A0 TEMIIEPATYPbI IIJIaBJIECHUA
1 Ha YaCTHYHOE IIJIaBJICHUE!:

q = CmTy, + Hy&m = m(CT,, + H,,8), (16)

rae & — oObeMHas J0JIST paciljiaBa.

s moJiHoro criaBienus (6e3 mop B HaTLJIABJICH-
HOM €J10€) 10151 06beMa JKuKoii aspl & 10/KHA GbITH
He MeHee

E>1-—— 20,4

3 17)

(1map, BIMCAHHDIA B IIECTUTPAHHYIO IPU3MY ), a JIy4Ilie

3 o047 (18)

(mmap, BrmcaHHbIi B Ky6).
Ha narpes wyacruil, HaxoJamuxcs B o6beMe CTPYyH,
pacxoyeTcsl sHepTus

0 =Ng (19)

1, COOTBETCTBEHHO, AJIA 3TOI'Oo TpeéyeTCH A0JI MOUIT-
HOCTH JIa3€pHOI0 I/ISJIy‘{eHI/IS{
Q _Ng

Pion=—"= .
110171 art AT

(20)
OcraBuiasicst MOIIHOCTD PACXO/YETCsI HA HArPeB Jie-
tamu. [[/19 KauecTBeHHON HAIJIAaBKM HA TTOBEPXHOCTU
JeTamy Jo/okeH ObiTh (MUKPO)CJIOH PacIlIaBJeHHOro
MeTaJjljia, T. €. Ha MOBEPXHOCTH JIETAJIN MHTEHCUBHOCTD
JIA3ePHOTO U3JIyYEHUsT JOJKHA ObITh GOJIbIE KPUTHU-
YeCKOU ILJIOTHOCTU MOI[HOCTH JIJISI ILIABJIEHUSI:

s
IZ[I‘[J‘[:KTHJI 4_Clt, (21)

2R
rae t= g — XapaKTepHOE BPEMA HarpeBa [Je€TaJjin

JIA3€PHBIM ITYYKOM.

A Py,

YuureiBasg, 4TO Im:?, Hali/IeM CKOPOCTb
T

TNepeMeniennAd mydka o AeTaan

(22)

2
o 8¢ [APuy L_&[Aqv j@
7I3 KTrm RS TCS KT]'[J'[L RS.

3a CANHUIY BDEMEHN 06beM HAILJIABJIEHHOTO MeTaJI-
Jla COCTaBJIA€T
V=

= hHan.HSHanﬂw- (23)

M
p

Cuutasi, 4TO MMPUHA HAIJIABJIEHHOW JTOPOXKKHU
Pyann PABHA JIMAMETPY JIa3epHOTO Ty4yKa 2R , Haiijem
TOJIUHY HAILJIABJIEHHOTO CJIOS:

|4 M

o :—:2Rpw'

Harut sz (24)

MO3KHO OIIeHUTD 3HAYEHUS W JPYTUX BTOPOCTEIIEH-
HBIX TIaPaMETPOB JIA3€PHOI Ta30TOPOIIKOBON HATIJIAB-
KU, HO B IAHHOM CJIy4ae 9TO BPSIJ JIU 11eJiecO06PasHo.

Yucennnle ouenku. [loronernas yactuiieii sHep-
rusg (16) ¢ yuerom (18) mo/KHa cOCTaBAATD

q= pg 1 (CTyy + EH ) = 7,9 % (0,45-1540 +

3 —3\3 —4 (25)
+0,47-250)° = 33,1-810(2-10°) = 2,15-10* [[x.

N3 (12) naxoaurest KommuecTBo yactuil N B cTpye

2 2
1(R 0,5 |
N:Z(7) =0,25 [2.104 _

=0,256,2510* = 1,56-10"

(26)

1 ITOJIHasA, IOIJVIOIIEHHAaA 9TUMU YaCTUI[aMU SHEPTUA (19)

0O =Ng=1,5610%2,1-10" = 3,3 ]I, (27)

a takxke ¢ yderoM (4) u (20) HaxomuTCs MONIHOCTD
JIa3epHOTO M3JIyYeHNs, 3aTpauylBaeMasi Ha Harpes IO-
poIIKa B cTpye,

(28)

YuuTpIBasg MOTJIOMATETHHYIO CIIOCOGHOCTL A, TIO-
JIyYUM 3HAYEHUE /1JI MOIIHOCTH JIa3€PHOTO IYYKa, 3a-
TpaueHHOW Ha HarpeB mopomka B crpye (pasHOCTb
MeXAY Puorn 1 Uy — 9TO OTPaskeHHOE YacTUIIAMU
U PacCcessHHOE JTa3ePHOE M3JTydeHre):

el (29)

U3 sroro ¢ yuerom (7), (8) ciemyer, uro moanas
MOII[HOCTb JIa3€PHOTO M3JIy4eHHs J0JKHA ObITh

P

Py =—""—=—""2-=5200 Br, (30)

a MOIIHOCTD JIa3€PHOT0 U3JIyYeHUs, MAJAIOIIEeTo Ha Jie-
Tajab, COCTABUT

Py = Py = Prora = 5200 — 1300 = 3900 Br.  (31)
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(3amernM, 4TO MBI UCIOJIB30BAIH 3HAYEHHE TTOTJIONIA-
TeJIbHOI croco6HoCcT A ~ 0,2, XapaKTepHOe AJs To-
TJIOIEHMST YePHBIMU METAJIJIAMU U3JIyYeHUsT TEXHOJIO-
rmaecknx COy-maszepos ¢ A~ 10 MxM). [l coBpeMen-
HBIX MOIIHBIX BOJOKOHHBIX JazepoB (A~ 1 MKM) 3Ha-
YeHHUe TIOTJIONIATENbHON crIoco6HOCTH Gy eT GJIM3KO K
A ~ 0,5 u, coorBercrBenno, KII/I npoiiecca jazepHoit
HAIIaBKU Oy/IeT 3HAYUTEbHO BbIllle, a HEOOXOMAast
MOJIHAST MOIHOCTb JIA3€PHOTO W3JIy4YEeHUS COCTaBUT
okoJio 2100 Br.
W3 (4) naxomuM BpeMs IIOJIETa YaCTHUIbL

(32)

U3 (22) nosydaeM CKOPOCTD HEPEMEIIEHHsT MyYKa
1o Jerasnu

80,21 (0,23900]2 .
=314 0,751540) 0,57

=0,054-0,46-8=0,2 cm/c.

(33)

Maccossrii pacxon nopomka no (13) cocrasager

—am=" o2 Y =
M—nm—3erL— G
34
_ 3,14 003 =2 200
=73 7,9:2:10 0,5 25 =0,331r/c,

06beM HAILJIABJEHHOIO B C€IVHUIY BPpEMEHU MeETaJljaa

1)

M 033 _ 3
V= P =79 ~ 0,042 cm” /c, (35)
HIMPUHA HATJIaBJECHHON JOPOXKKN
Py = 2R =1 cM, (36)
a TOJIIMHA HAILIAaBJIEHHOTo cJiost (24) Gyner
V 0,042
5Ham—2R—w=W~ 0,2 cm. (37)

Takum 06pa3oM, MbI TOTYIUIN CJACTYIONIUN PEKITM
JIa3ePHO¥ Ta30MOPOIIKOBON HAIJIABKU:

e II0JTHAST MOIIHOCTD JIa3epHOTO u3Jjaydenusi Py
= 5200 Br;

e pajuyc JaszepHoro myuka R = 0,5 cm;

® CKOpPOCTDb TEpeMeINeHNs MyyKa 110 JeTalu w =
=0,2 cM/c;

e MaccoBbiil pacxoj rnopomka M = 0,3 r/c;

® DaJMyC YaCTHIIbl TIOPONIKA ¥ = 21073 CcM;

® PACCTOsSIHUE OT coria Jo Aetanu L = 2,5 cm;

® CKOpOCTD Ta3oBoil ctpyn v = 200 cM/c.

Taxoil peskuM MOKeT J1aTh CJIeY oI 03K1/1aeMblil
TEXHOJIOTUIECKUI pe3yJIbTaT:

o [IUPUHA HATLIABAEHHOW MOPOKKN My = 1 cM;

e TOJI[MHA HAILIABAECHHOTO CJIOS Oy = 0,2 CM;

e 06beM HAIJTABJIEHHOTO B €IMHUIY BPEMEHH Me-
Tamma V = 0,04 cm®.

[ToHATHO, YTO MOJyYEHHbIE YNCIEHHBIE OIIEHKH XOPO-
110 KOPPEJIUPYIOT € 9KCIIEPUMEHTAIbHBIMU JIAHHBIMU.

O6ocHoBaHMe cleJaHHbIX NpUOJMKeHuil. Xors
(bopma gacTui MOPOIIKa TOCTATOYHO CAyUIAlHAS, IPH
MTOSIBJIEHWH JKUJKON (hasbl X opMa 3a c4eT CHJT TIo-
BEPXHOCTHOTO HATSIKEHUST Bce 6oJjiee PUOIMIKAETCS K
IMApOBUIHON. B ToJieTe YacTuIlhl XaOTHYECKH Bpala-
IOTCsI, PAcCTOSTHUE TIPOJIeTa TIPUMEPHO Ha 3 TOPSAKA
60JIbIlle MX pa3Mepa, eCTECTBEHHO, YNCJIO 0G0POTOB Yac-
THIIBI BO BPEMS [I0JIETA BECbMA BEJIUKO, IOITOMY MOXK-
HO CYUTATh, YTO B CPEAHEM HArpeB YaCTHUIIbI ITIPONCXO-
JIAT CO BCEX CTOPOH.

[171s1 yueta morIoneHus: CO3HATEIbHO B3Ta He TLI0-
mab ee chepruuecKoil MOBEPXHOCTH, a IO/l TIOTIe-
PEYHOT0 CEYEH U YACTHUIIBI, T. K. 3TO €CTh CEYeHre IKpa-
HUPOBKHU JIA3ePHOTO u3JjydeHus dactuieii. Kommdect-
BEHHDBIE PACXOK/EHUS YOUPAIOTCS TIPABUIBHBIM BbIOO-
pouM apexTruBHOI MoTI0MATEIbHON CHOCOOHOCTH, TIO-
TOMY 4TO 3TO SKCIEPUMEHTAJIBHO TPYAHO U3MepsieMast
BEJIMYMHA U B IIPUHIHITE CBOOGOIHBIN, T. €. OIpe/eisie-
MBIl JIMIIb U3 9KCIIEpUMeHTa, rnapamerp. U B jio6om
cJlydae IOTJIOIIeHUe IIPOIIOPUMOHAIBHO KBaApaTy pa-
anyca.

Cuntaercsi, 4To TeMIepaTypa BHYTPH YaCTHIIBI J0-
cTaTouHo paBHOMepHasa (agmabaTHIecKoe IPUO/IIKE-
Hue). JleficTBUTEIbHO, XapaKTepHast IIyOGrHA IIPOHUK-
HOBEHHs  Telsla B Marepuan = N2at =
=~2:0,21-0,0125 =~ 0,07 cm, uto ropasio 60Jibliie pas-
Mepa YacTHIlbl #. 3HAYMUT, YACTHUIIBI YCIIEBAIOT J0CTa-
TOYHO PAaBHOMEPHO ITpOTpeBaThbes. B pacuetax He yun-
TBIBAJIICDH TETLIOBBIE MTOTEPH HATPETHIX YACTHI] ITOPOIII-
ka. IlokaskeM, 4TO OHM OTHOCHTEJHHO HEBEJUKU U B
MPUBEIEHHBIX OIIEHKAX 3TUMHM MTOTEPSIMU MOKHO TIpe-
HeGpedb.

Temmoormaua 3a cueT KOHBEKTUBHOTO OXJIAXK/IEHHS
YacTULbI CTPyeH rasa cocrasJiger

AQKOHB = aSnoB(Tm - TO)‘t =
=10%(4-3,13-4-10%)1540-0,0125 = 9,7-10° I

(3ech o~ 1072 Br/(em*°C) — KoadurmenT Ter-
JIOOT/Ia4M Ha TPAaHMIE METaLA—ObICTPbII II0TOK rasa).
Temmootgaua 3a cyeT U3JIyUIEHHsT COCTABJISIET

AQule = SIIOHGTI/IIJIT = (43,1341076) X
x 5,67-102.1813%0,0125 = 38,3-10°° [Ix.

Utoro norepu

Ouor = Oxoms + Quan = 48'1076 Jix,

49TO cocTaBiisieT O0K0o 20 % TIOTJIOIIEHHOI SHEPTUH,
€CJIN CUUTATh YACTUIBI M3HAYAJIBHO UMEIOIIUMU TeM-
nepatypy 1I.,. Hawambnas temmepartypa Ty = 20 °C,
[03TOMY HOTEPHU CJIEAYET OIeHUTD Kak 1mouth 10 Y%-tbie
OT TIOTJIONEHHON aHepruu. KcraTi, moraonaTesbHyIo
C1II0COGHOCTD B 9TOI 3a/1a4e MbI 3HAeM C TOPa3/i0 MEHb-
el TOUHOCTBIO.
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P,-10% Br
40

20

10 |

a

V, em3/¢
0,3

0,1}

w, cM /¢
0,6

0,5

0,4

0,3

0,2

0,1

811.‘!, cM

0,1977

0,1976

0,1975

0,1974 |

0,1973 |

0,1972 ! ! 1 1
0,2 0,4 0,6 0,8 1,0 R, cM
4

Puc. 2. Bo3moxxHOCTH BapbUPOBAaHUS TTapaMeTPOB Ipoliecca PN N3MEHeHNN Pajnyca Jla3epHoro mydka R B amamasone ot 0,2 1o 1,2 cM

Bo3MoskHOCTH BapbUpPOBaHHSI MapaMeTpOB IPO-
mecca. [TokakeM, Kak Ha OCHOBAHUU C/I€JAHHBIX OTle-
HOK MOJKHO JaBaThb PEKOMEHAIUU TIO YIIPaBJIEHUIO
MIPOIIECCOM JIA3EPHOI ra30IIOPOITKOBON HATIJIABKH, OIl-
THUMU3ALUH TIPOIECCa W BBIOOPY ONTHMAJBHBIX PEXKU-
MoB. Pacuersl mpoBezenbl B mporpamme Mathcad u
npezcTaBieHbl B opMe TpaduKoB.

Byaem mo ouepeam BapbupoBaTh MapaMeTpbl U3
HpI/IBe,ZIeHHOIl/)I BBIIIIC T36JII/I]_[bI, IIpn 3TOM OJWH II1apa-
MeTp MeHSIeTCS B YKa3aHHOM B IPABOM CTOJIOIE Jra-
Ma3oHe, JAPyTUE CUUTAIOTCS MMOCTOSTHHBIMU U PABHBIMU
UX MPUHATOMY XapaKTePHOMY 3HAYEHHUIO.

ITocMoTpyM, Kak 11pH 3TOM GY/IyT MEHATHCS PEKUMBI
1 pe3yJbTaThl IIpoliecca Jia3epHOH TIa3oropONTKOBON
HaIlJTaBK!, W TIPOKOMMEHTUPYEM PE3YJAbTATbl pacueTa.

W3 mpeacraBieHHBIX I'PapUKOB MOXKHO CII€JIaTh
cJieTyToTe BBIBOJIDI:

® TEXHOJIOTUYECKWE Ja3epbl OObIYHO MMeIT P <
< 10 xkBt. OdueBuaHO, YTO TPU JTa3epPHOUM HaILTaBKe
paguyc myyka R He nosokeH ObiTh Gosibiie 0,7 cM
(puc. 2, a);

® CKOpOCTD TIepeMeIeH s JTa3ePHON HATJIaBOYHOMN
TOJIOBKU @ OTHOCUTEJIbHO /I€TAJIN HYKHO YBEJINYNBATD
nponopiuonanabio R (puc. 2, 6);

® MAacCOBBIIl PacXoji HAIJIABOYHOTO Mopomka M
HYXHO YBEJNYUBATDH ITPOMOPIIMOHAJIDBHO IMTOIEPEUYHOMY
cedenmio myuxa, T. e. R%. B pesysibrate ofbeM Ha-
IJIABJIEHHOTO B eIMHUILy BpeMeHH Mertajna V Oyuer

MPOIOPIIMOHAJIEH TIOTIEPEYHOMY CEYEHUIO MYYKa, T.e.
R? (puc. 2, 6);

® TOJIIIMHA HAIJIABJEHHOTO CJI0s 6yIET OCTaBAThCS
HOCTOAHHOI HezaBucuMo oT R (puc. 2, 2).

OueBUIHO, YTO:

® MOIIIHOCTb JIa3€PHOTO U3JIy4deHus Py cjaemyer us-
MEHATh O6PATHO MPOMOPIUOHAIBHO PACCTOSTHUIO L OT
coIljIa [0 JeTaad W OHO JOJKHO ObiTh L > 1,5 cMm
(puc. 3, a);

® CKOPOCTD TIepeMellleHUsl JIa3epHOU HAIlJIAaBOYHOMN
TOJIOBKH @ OTHOCHWTEJIbHO JIETaIW HYKHO YMEHBIIATh
npomnoprmonassao L? (puc. 3, 6);

® MacCOBBIIf pacxo/i HAIJIaBOYHOTO Topouika M
HYKHO u3MeHsTh Kak 1,/L. B pesyabrare 06beM Ha-
IJIABJIEHHOTO B €/IMHUITY BpeMeHu Metasnna V Oyner
noutu o6parno nponopiuonanen L (puc. 3, 6);

o TOJINIMHA HATLIABJIEHHOTO CJIOSI JIMHEHHO pacTer
[IPY yBeJnYeHnn L, 4TO Ha TIEPBBIN B3TJIsI HECKOJIBKO
neoxxuganno (puc. 3, 2).

[Tongarno, 4ro:

e u3 yciaoBusa Py < 10 kBt cnexnyer, yro paauyc
YaCTUIL TIOPOIIKA 7 HE JOJUKEeH ObITh OoJibiire 40 MKM,
T. €. IUCIEPCHOCTDH TIOPOIIKA HE JIOJIKHA MPEBBINIATH
80 mxm (puc. 4, a);

® XapakTepHble CKOPOCTH TepeMeleH s JTa3epHOi
HAIJIABOYHOU TOJIOBKH @ OTHOCUTEBHO JIETAJH JOJIK-
HbI ObITh MeHbIle 1 cM,/c. UeM Bblllle IUCTIEPCHOCTD
nopomka (MeHbIIEe 7), TeM HIKE JOJKHA ObITb CKO-
poctb @ (puc. 4, 6);
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Puc. 5. Boamosknoctn BapbUpPOBaHUA ITapaMeTPOB IIPpoIecCa NP NU3MEHECHNN CKOPOCTH ITI0JIETA YaCTUIL TIOPOIIKa (CKOpOCTVI Tra3oBON CTpyn

v) B auanasode or 1 10 10 em /¢

® MacCOBbBIIl pacxo/i HaIJIaBOYHOTO Topolka M
MOYTH TIPOTIOPITNOHATEH #. B pesynbraTe o6beM Ha-
IJIABJIEHHOTO B eIMHUILy BpeMeHU Mertajna V Oyuer
npornopiuonaser 7. [Ipu 3ToM Hy>KHO UMETb B BHAY,
YTO TIPU YBEJIUYEHUU ¥ CJEIyeT 3HAYUTETbHO YBEJIH-
quBath Py, a TaKkyKe U3MEHSITh HEKOTOPbIE APYTHE Ta-
pamerpor (puc. 4, 6);

e IS TIOJIydeHus: GOJIbIIEN TOJIIMHBI HATLIABJIEH-
HOTO CJIOSI CJIEAYeT WCIIOJb30BaTh MEJKOAMCIEePCHbIE
nopomku (puc. 4, 2).

B maHHOM ciryuae MOXKHO TaKKe CHeJIaTh CJeryto-
I1e BBIBOIBI:

e BBICOKIE CKOpocTH rasosoii crpyn (o> 10% em/¢)
U T0JIETA YACTHUI[ TOPOIIKA HelpHeMJIeMb, T. K. MPH
3TOM HY)KHO MPHUMEHSITH CJUIIKOM MOIIHbIE JIa3epPbl
(puc. 5, a);

® XapaKTepHbIe CKOPOCTHU TIEPEMENEHNUST JTa3ePHOI
HATLJIABOYHON TOJIOBKH @ OTHOCUTEJNBHO €T T0JIK-
HbI 6bITh Menbpire 1 cM /¢ (puc. 5, 6);

e MACCOBBII pPacxXoji HAIJIABOYHOTO mopomika M
mporopiuonaien v. B pesy/brate 06beM HaILJIABJIEH-
HOTO B €INHUITY BpeMeHH MeTajta V 6yaeT mporop-
1onasied v. [Ipu aToM HY>KHO UMETb B BUJLY, UTO MU
YBEJIMYEHNN 0 CJIeyeT 3HAUNTEJbHO YBEJUIUBATD Py,
a TaKXe W3MEHSATb HEKOTOpble APYTUE IapaMeTphI
(puc. 5, 6);

e yeM GOJIbIIlE CKOPOCTD TI0JIETA YACTHII MOPOIIIKA,
TeM ToHbIIe Oy/IeT HAMJIaBJAeHHbIH caoi (puc. 5, 2).

Utak, HECMOTPSA HA OYEBUHYIO MPOCTOTY U MHO-
JKECTBO YIIPOIIEHUI, IpesioykeHHas MoJiesIb aJleKBart-
HO OMHUCBIBAET MPOIIECC JIa3ePHON Ta30MOPOIITKOBOI Ha-
IIJIABKH, TT03BOJISIET C(POPMYIMPOBATH KPUTEPHUN ONTH-
MU3AIUU TEXHOJOTHYECKUX PEKUMOB U c/leIaTb HEKO-
TOpbIe KOJIMYecTBeHHbIe OlleHKH. [loryyennbie 3aBucn-
MOCTU MOTYT OBbITb HCIIOJIb30BAHDI [IJISI CPABHEHUS C
JIAaHHBIMU CITEIMAJIBHO ITOCTABJIEHHBIX 9KCTIEPUMEHTOB.
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EXPERIMENTAL PLANT FOR SELECTIVE LASER
SINTERING DEVELOPED IN RUSSIA.
PRODUCTION OF MATERIALS

V.Ya. PANCHENKO!, V.V. VASILTSOV', E.N. EGOROV!, I.N. ILYICHEV', V.S. MAYOROV',
A.I. MISYUROV?, V.G. NIZIEV' and M.N. PAVLOV'
Institute on Laser and Information Technologies, RAS, Shatura, Russia
’N.E. Bauman Moscow State University, Moscow, Russia

The domestic experimental technological plant has been developed to perform the processes of selective laser sintering
of metallic, metal-ceramic and composite powders for producing materials which feature high operational characteristics.
A specially designed high-power (up to 2 kW) waveguide technological CO,-laser of GIBRID series has two operating
modes. It can generate the mean power up to 1 kW with single-mode diffraction distribution of radiation and the mean
power up to 2 kW with multi-beam generation and uniform (super-Gaussian) distribution of power density over the
processing area. The samples of materials produced by the selective laser sintering from various powders and the results
of their examination, metallographic analysis in particular, are presented. Computational modeling has shown that if
the particles of different sizes are present in the powder, they will have different temperatures and aggregate states
when arriving at the substrate, which will undoubtedly affect the quality of surfacing, and physical, chemical and

functional properties of the built-up material.

In recent years the selective laser sintering (SLS)
technologies have been actively developed in the ad-
vanced countries. Despite the considerable experience
gained by Russia both in the theoretical research and
experimental activities nowadays the country actually
lacks industrial equipment and technologies in the
SLS field. The method of SLS presents a up-to-date
technique of producing 3D articles. There is good
reason to expect high efficiency of this method at the
cost of cheapness of the domestic powder materials,
as well as to hope for developing the models featuring
improved durability and high functionality [1—6]. Se-
lectivity implies a possibility of laser beam scanning
over the free surface of a powder material by a speci-
fied contour with regard to radiation dosing at each
point, or direct delivery of the powder material to
the beam coverage area. The wide choice of powder
materials permits the production of materials possess-
ing high operational characteristics. The SLS tech-
nologies can find wide use in metallurgy, airspace
engineering, automotive and other industries.
Experimental setup for selective laser sintering.
The plant has been built around a specially designed
high-power (to 2 kW) waveguide technological CO»-
laser of GIBRID series with working medium excita-
tion by sound-frequency ac discharge [7]. A three-axis
table with powder delivery through a coaxial nozzle,
a flying-optics plotter handler for layered loading of
powders and a three-axis handler based on the fac-
tory-made VISP 125A table for powder delivery
through the feeder and coaxial nozzle are used as the
manipulators. Experimental setup to perform the SLS
process is shown in Figure 1, in the centre of which —
the technological GIBRID COj-laser, on the left —

the plotter handler, and next — the VISP 125A table
based three-axis handler.

The GIBRID laser is the technological diffusion-
cooled waveguide CO,-laser excited by sound-fre-
quency ac discharge. It can be operated in the con-
tinuous-wave and periodically pulsed regimes. The
laser design permits generating single-mode diffrac-
tion limited radiation of the power up to 1 kW, and
radiation of about 2.5 kW with power density distri-
bution of «shelf» type (super-Gaussian) over the proc-
essing area. Shaping of laser radiation is realized in
the resonator with waveguide propagation of radia-
tion through the tubes (Figure 2), the resonator being
designed as a monolithic block comprising the dis-
charge tubes. The resonator incorporates the deflect-
ing mirrors, rear and output mirrors fastened in the
prismatic housings on the plates of the resonator. The
plates are connected by four invar bars being the car-
rier rods of the resonator.

Figure 1. Experimental setup for the SLS process

© V.Ya. PANCHENKO, V.V. VASILTSOV, EN. EGOROV, IN. ILYICHEV, V.S. MAYOROV, A.IL. MISYUROV, V.G. NIZIEV and M.N. PAVLOV, 2011

99



LTWMP'H

Figure 2. Optical scheme of the GIBRID laser head for single beam
generation: 7 — 20 discharge tubes; 2, 3 — deflecting mirrors;
4 — non-transmitting mirror; 5 — output mirror

Table 1. GIBRID laser technical data

For high power generating with parallel arrange-
ment of 44 discharge tubes, the use is made of the
Fabry—Perot resonator containing two plane mirrors.
The technical data of the laser are given in Table 1.

In accordance with the scheme in Figure 3, in the
single-beam variant the GIBRID laser radiation is
delivered to the technological table (Figure 4). The
parameters of the handlers are given in Table 2. Fi-
gure 5 presents the three-axis handler with the pow-
der material delivery through the feeder and coaxial
nozzle.

Production of laboratory samples. The laboratory
samples of materials were produced from the PG-
SR3.4 powders (%: 6.03 W, 28.57 Cr, 1.54 Fe,
30.56 Co, 33.29 Ni) with the additives of titanium
oxide, nickel oxide, carbon nanotubes, and from vari-
ous powders of metals (W, Mo, Ni, Ti, TiSiy, TiN)
and their compounds.

o

= <

Figure 3. Scheme of technological complex with plotter handler: 7 — beam focusing unit; 2 — feeder; 3 — powder processing zone;
4 — powder collection container; 5 — laser head

Design Single-beam Multi-beam
Wavelength, um 10.6 10.6 i .
Rated power, W 1000 2500 Figure 4. Appearance of plotter handler table (at the top, left —
. ) . deflecting mirrors of flying optics; in the centre — focusing head;

Radiation power instability, %, 2 2 at the bottom — device for powder loading and flattening)

not more than

Power control limits, W 400-1000 | 7002500 | Table 2. Parameters of the handlers

Aperture, mm 7 85 Parameter Three-axis handler | Plotter handler

Beam aperture (with 14 40 Number of coordinates 3 3

tel ,

clescope), mm Weight of product, kg, 30 10

Beam axis divergence (full <0.8 <4.5 up to

angle at telesc tput), mrad

angle at telescope output), mra Control system Computer Computer

P tion in rated <12 <25

OWEr COnSUMPpLIOn i rate Product dimensions, mm | 300 x 300 x 100 | 100 x 100 x 100

regime, kW
Processing speed, m /min 0.2-8.0 0.6-15.0
Weight of handler, kg 400 120

Operating area (X x Y x
x Z), mm

300 x 300 x 100

100 x 100 x 100

Idling speed, m /min,

20

30

=

up to

Range of lens focus 17 — +17 -7 -+7

position adjustment, mm

Figure 6 shows the sample faced with the PG-
SR3.4 powder containing carbon nanotubes. The
mean size of powder particles amounts to 100—150 pm.
The carbon nanotubes are the extended cylindrical
structures having the diameter of one to several tens
of nanometers. They are composed of one to several
piped hexagonal graphite planes (graphenes) and usu-
ally have a hemispherical head. The nanotubes possess
unique features, so we decided to examine how the
hardness of the faced layer will be changed after their
addition to the powder. The material of nanotubes is

T
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Figure 5. Appearance of the three-axis handler

uncommonly resistant both to tension and bending.
Moreover, when subjected to mechanical stresses ex-
ceeding the critical value the nanotubes become rear-
ranged rather than «brokens. This known property
is the subject of the experimental study.

The parameters of facing are as follows: p =
=510 W /mm?, distance to the processing area of
139 mm, speed v = 5 mm /s. The faced stripes are
observable, but they are not separated from each
other. The height of the built-up layer was about
0.5 mm. We failed to watch pronounced nanotubes
even with x60,000 magnification. The surface of the
built-up layer is as uniform and plane as in facing
with the conventional composition. Most probably,
the nanotubes have entered the structure of the metal,
so they are not seen even with large magnification.
Table 3 contains the results of measuring the hardness
of the produced samples.

It is seen from the Table that the composition
containing nanotubes possesses the highest hardness.
Thus, the obvious supposition that the nanotubes have
entered the metal structure is supported by the ex-
perimental results. It was the presence of nanotubes
that mostly affected the value of hardness of the faced
material.

The next series of experiments made use of the
powders from metals and their compounds: W, Mo,
Ni, Ti, TiSiy, TiN. Figure 7 demonstrates the samples
of different geometries produced from these powders.
The layer-by-layer growing of materials was per-
formed with the use of single-component powders.

Table 3. Measured hardness of produced samples

Figure 6. Workpiece of steel faced with the PG-SR3.4 powder
containing carbon nanotubes

Figure 7. Samples of materials obtained in the SLS process

This eliminates the possibility of formation of inter-
metallic substances and alloys. A probability of in-
teraction of the strongly heated powder or melted
particles with the environment may constitute a cer-
tain threat. In this case the built-up material can
considerably change both its composition and physical
and chemical properties as compared with the initial
powder. In all the experiments conducted a protective
gas was used in the interaction zone in order to isolate
it from the environment, the laboratory air with con-
siderable content of chemically active oxygen. So the
chemical composition of the faced material turned out
equivalent to that of the powder material. As for the
structure of the faced samples, they were not always

Hardness, HV
Number of measurements 1 2 3 4 5 Average
Initial material 198.2 203.4 201.1 199.5 197.3 199.90
PG-SR3.4 (Cr, Co, Ni, Fe, W) 529.2 537.1 534.3 538.8 535.4 534.96
PG-SR3.4 + titanium oxide 547.9 555.4 546.1 556.3 547.8 550.70
PG-SR3.4 + nickel oxide 569.4 564.1 570.1 565.7 559.1 565.68
PG-SR3.4 + carbon nanotubes 700.1 698.2 702.1 704.9 703.8 701.82
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B all pm
Figure 8. Molybdenum sample obtained at P = 2 kW,
v =0.3 m/min

absolutely uniform. The microanalysis of some sam-
ples revealed the cavities and microcracks in their
sections, which will be illustrated by several examples
in the description of the metallographic analysis re-
sults.

When facing with the molybdenum powder, a
comparatively uniform structure is produced (Fi-
gure 8). The reduced etch resistance of the cast metal
can suggest low chemical inhomogeneity, which, in
principle, is expected to ensure high structure-sensi-
tive properties. In passing from layer to layer, the
solid phase grows from the melted surface thus favor-
ing the formation of a close-packed structure.

With the nickel powder, a directed cellular-den-
dritic structure is generated that is uniform through
the whole volume. The reduced etch resistance is evi-
dence of low chemical inhomogeneity of the built-up
material (Figure 9) which could result in high struc-
ture-sensitive properties, corrosion stability, for ex-
ample. In passing from layer to layer, the growth of
the solid phase proceeds from the melted elements of
the primary structure. This offers high properties of

the transition zone. Some areas of the faced metal
reveal pores. This can be due to the filler powder
being poorly calcinated.

When the tungsten powder is used, the faced lay-
ers exhibit the structure typical of the cast tungsten
(Figure 10, a). The poorly pronounced orientation of
the structure shows up in the zones of fusion of indi-
vidual rolls (Figure 10, b). The examination of the
fusion line confirms that thermoconcentration over-
cooling offering successive solidification in the form
of flat front, cells, dendrites or polyhedrons is a de-
termining factor affecting the structure formation in
the process of solidification.

In facing with the TiN powder, the built-up layer
possesses a typically cast oriented structure that does
not considerably change in passing from layer to layer.
The deposited volume displays a directed growth of
the solid phase (Figure 11). A new layer starts from
the melted elements of the previous layer primary
structure. This material is expected to have high serv-
ice and strength properties. The variation of operating
conditions to an increase in heat input results in the
emergence of pores and shrinkage discontinuities.
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When facing with the TiSi, powder is carried out
in the optimal conditions chosen experimentally, a
typically eutectic structure is formed that is homoge-
neous through the whole volume (Figure 12). This
suggests a low participation of the basic metal in the
deposited material. The line of fusion of the individual
layers is homogeneous in its structure and differs in
the dimensions of the structural components. This
material is expected to have high structure-sensitive
properties. In some conditions the built-up layers
show a number of pores. This can be explained by
excess moisture accumulated in the powder on long-
term storage in an untight container or by non-optimal
conditions of powder calcination.

CONCLUSIONS

1. The samples of various materials have been obtained
which possess a reasonably homogeneous structure,
among them, the built-up layers of TiSi, display the
highest hardness, the molybdenum and TiN layers
contain no pores.

2. The samples of nickel and TiSi; powders show
the homogeneous structure through the volume and

Figure 12. TiSi, sample obtained at P = 1.5 kW, v = 0.5 m /min

have pores. The pores can be both small and rounded
and rather extended. In facing with the tungsten pow-
der the built-up lasers have the structure typical for
the cast tungsten.
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INVESTIGATION OF FACTORS
FOR DEFECT-FREE WELD FORMATION
BY NON-VACUUM ELECTRON BEAM WELDING

U. REISGEN!, M. SCHLESER!, A. ABDURAKHMANOV', G. TURICHIN?, E. VALDAITSEVA?,
F.-W. BACH®, T. HASSEL? and A. BENIYASH®
'"RWTH Aachen University, Welding and Joining Institute, Aachen, Germany
ZSt—Petersburg State Polytechnic University, Institute of Welding and Laser Technology, St-Petersburg, Russia
3Leibniz University of Hannover, Institute of Materials Science, Garbsen, Germany

In these investigations, the influence of welding parameters on dynamic defects formation such as humping and undercuts
is examined via non-vacuum electron beam welding (NV-EBW). To achieve this purpose, detailed practical experiments
with simultaneous examination of weld pool dynamic by means of the modern measuring techniques have been made.
The analysis of weld metal quality has been carried out which allowed investigating influence of single welding
parameters. At that, the welding speed, its threshold for humping formation, electron beam power and its distribution
were measured by means of the DIABEAM system. The Langmuir method had been used to built a volt-ampere
characteristic of the plasma induced by electron beam for measurement and calculation of the local electron density and
temperature, floating and plasma potential. This allowed calculating the plasma contribution as an additional thermal
source in thermal field formation. Weld pool dynamic was fixed by means of a high-speed video recording for estimation
of melt flow speed on the weld pool surface and humping growth rate.

Nowadays, modern technologies of electron beam
welding (EBW) are sufficiently good tool for mate-
rials processing. One of original methods of electron
beam use is non-vacuum electron beam welding (NV-
EBW) which possesses good potential for application
in mass production of lightweight constructions [1]
and has been developed already more than 40 years
ago. Now NV-EBW finds its application in the field
of the automobile industry for joining tailored blanks,
tailored tubes, exhaust systems, transmission and
other components [2], as well as in manufacture of
pipes and thick hot-rolled strips. The main advantages
of NV-EBW in comparison with usual EBW in vac-
uum are the absence of necessity of vacuum creation
in the working chamber, high welding speed, short
production cycle time, inexpensive, good overlapping
of weld gap, and high equipment efficiency. As dis-
advantage it is possible to name X-ray radiation and
ozone that demands work on the closed protected
chamber with exhaust system.

Thanks to available high reserve capacity it is theo-
retically possible to reach very high speed in NV-EBW
of sheet metal. However, preliminary works have

shown that the intensive weld pool dynamic at in-
creasing welding speed leads to the formation of weld
defects, in particular humping and undercuts (Fi-
gure 1, @ and b). That depends on the equipment
accelerating voltage in welding of steel sheet metals
at v, > 8 m/min, aluminum materials with o,, >
> 15 m/min and leads, depending on power, to de-
crease of the weld strength and to the deterioration
of its appearance. Therefore, the full power potential
of the NV-EBW technology and its economic effi-
ciency cannot be used

Experimental. For the experimental investiga-
tions in the Institute of Materials Science of the Hano-
ver University, the PTR-Precision Technology instal-
lation of NV-EBW 25-175 TU type was used. Maxi-
mum beam power of the system is 25 kW with an
acceleration voltage of 175 kV, maximum welding
speed is 20 m /min. Besides, the welding process can
be carried out with continuous as well as with pulsed
beam current. In addition, the EB gun can be tilted
stepless in an angle of 0—90°. In the ISF, for experi-
mental investigation the Steigerwald NV-EBW in-
stallation was used. Maximum beam power of this

Figure 1. Dependence of humping (@) and undercuts (b) formation on NV-EBW speed at o, = 10 and 12 m /min, respectively
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Figure 2. 3D (@) and 2D (b) representations of beam power density distribution at U, = 150 kV, I,, = 60 mA, A = 10 mm, and results
of beam measurement at various beam currents, U = 150 kV, A = 12 mm and helium flow rate of 40 1 /min (c)

system is about 30 kW with an acceleration voltage
of 150 kV, and maximum welding speed reaches
57 m /min.

Results and discussion. Electron beam charac-
teristics. The measurement of the electron beam char-
acteristic was carried out with the help of the method
of a rotation wire sensor. A signal from the sensor is
registered by a DIABEAM system [3] in the form of
electron beam power distribution in voltage. Detailed
experimental research on measurement of electron
beam characteristics are presented in work [4]. In
addition, the measurement of the electron beam was
carried out with the help of a measuring needle [5].
2D as well as 3D graphic representations of the power
density distribution of the electron beam is shown in
Figure 2, a and b.

The electron beam diameters measured with three
methods lie close together (0.9—1.1 mm at 10 mm
working distance). The measurements were carried
out in the free atmosphere as well as during the weld-
ing. Resulting from these measurements the phenome-
non of the double splitting of the measured signal by
80 mA beam current could be observed (Figure 2, ¢).
This can be explained by formation of a cylinder-
shaped area around the beam axis which is filled with
slow electrons from the atmospheric plasma. To check
this assumption the experiments with two earthed
steel rings placed under the outer nozzle (Figure 3,
a) is carried out. Through the orifice of these rings
the beam was transmitted. The sensor control regis-

tered a beam signal between these rings. At that the
double splitting of signals was not observed, because
the slow electrons were guarded by the ground rings
(Figure 3, b).

The Langmuir probe method was taken as a meas-
urement method for determination of plasma parame-
ters induced by electron beam. The key element of
the method is a rotating thin tungsten wire, which
intersects the beam transversely on its axis and col-
lects part of the current by itself. Bias voltages were
given to the wire in range from —12 up to +12 V. At
the same time signals, which are registered in the
DIABEAM system as a voltage, were taken in the
form of amplitude. As the material for welding was
the DCO5 steel, vy = 1.5 m/min was chosen. The
Langmuir probe, with respect to the specimen located
above the weld zone, has a distance 7 and 5 mm under
the outer nozzle of beam gun in order to reproduce
the welding conditions. The results of the measure-
ment are shown in Figure 4, a.

The conversion of the probe current (the distribu-
tion along the span) into the distribution along the
beam radius was realized using the Abel’s method
numerically. Figure 4, b represents the typical de-
pendence of the collected electron current on given
bias potential Uy,,s. Points of given curves correspond
to the height of obtained signal amplitude for electron
beam power distribution under different bias voltage
on the probe. The local electron density as well as
the electron temperature, the floating potential and

Signal, V

]

Iy
1200 mA
11

Figure 3. Installation of two steel rings under the outer nozzle of EB gun (a), and measured beam signal of power distribution at A =

=12 mm (b)
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Figure 4. Signal of electron beam power density distribution from DIABEAM system during welding at beam current of 60 mA (a),

and voltage-current characteristic (b)

the plasma potential were measured and calculated
by means of this characteristic [6]. After the calcu-
lations the electron temperature was T, = 16200 K,
electron and ion density are 1.01810' and
1.332:10” cm ™.

Investigation of dependence of weld defect for-
mation on critical process parameters. The basis of
the investigations about the process parameters con-
cerning appearing weld defects like humping, under-
cut, punch tape, root concavity is the determination
of the highest possible welding speeds at which no
weld defects are observed. This depends on the beam
current, working distance and welding atmosphere.
Also the material, its purity and the seam shapes play
an important role.

Identification of critical welding speed at differ-
ent welding parameters. The identification of critical
welding speed was carried out on steel plate DCO0S5.
The results show that the welding speed is the critical
factor for undercuts or humping formation. By the
increasing of the speed first originate the undercuts
and with achievement of the critical speed for the
given parameters the humping with at first irregular
distance between the bubbles is formed. At rising
welding speed there grows the number of the humps
per length unit of the seam and at the same time
periodicity of the effect increases, so that a nearly
steady droplet distance arises. The following impor-
tant parameter is the beam current. With its increas-
ing the weld pool instability grows and with the
achievement of the humping threshold the whole
structure expands. The third-most important factor
is the working distance which has influence particu-
larly on the beam power density. As results show, the
beam current must be reduced by reduction of the
working distance at the same time, so that the pene-
tration depth remains unchanged. Thereby, the pene-
tration profile becomes narrow, nevertheless, the
humping threshold changes only slightly.

Effect of materials on the critical welding speed
and weld defect formation. The definition of the
humping threshold for different materials was carried

out just like the methodology, which was mentioned
above for steel DC05. The investigations have proved
that a clear dependence of the critical welding speed
on the welded material exists. While the humping
threshold steels lies between 10 and 12 m /min and
hardly depends on its chemical composition, no humps
could be observed for aluminum and lead up to the
welding speed of 20 m/min. The definition of the
humping threshold for the alloy AIMg3 was carried
out with the help of rotary test cylinders with a di-
ameter of 220 mm, highest possible orbiting speed of
60 m /min and wall thickness of 3.2 mm showed be-
ginning humping with this maximum speed. On speci-
mens with a wall thickness of 1.7 mm no humping
could be observed. Obviously the humping threshold
depends on the physical properties of the welded ma-
terial, primarily, on the surface tension and the den-
sity of the materials. The evaluation of the described
weld experiments together with the material parame-
ters suggests that the surface tension is a prevailing
factor for the humping threshold.

Effect of material sheet thickness on weld defect
formation. The experimental results to the definition
of the metal thickness influence on the weld pool
dynamic are listed in the Table.

It was determined that the welding speed thresh-
old for humping falls with increasing material thick-
ness. This can be explained by the change of the heat
transfer mechanisms in the metal sheet during the
transition from 2D into 3D case how, for example,
Rykalin [7] defined it for the arc welding processes
in the form of the transitional metal sheet thickness,
that is dependent on the process and material parame-
ters.

Effect of process gas on weld defect formation.
Surface active substance matter as for example oxygen
during the welding of steels takes effect as surface
tension reductive element, whereby according to
Rayleigh’s theory the decay length increases and
humping can be avoided or its appearance shifted to
the side of higher speeds. The influence of shielding
gas on the humping formation on overlap joint is
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Effect of material sheet thickness on threshold of humping formation

Material | Thickness, mm | P chments | Workding - eliu flow rate, | Welding speed, Weld quality
DCO05 0.7 57 15 90 20 Good

DCO05 1.5 80 15 90 12 Undercuts, humping
DCO05 3.5 75 15 90 6 Undercuts, humping
AlMg3 1.5 40 15 90 20 Good, small undercuts
AlMg3 4.0 70 15 90 10 Undercuts, humping
Lead 1.0 12.5 15 90 Good, small undercuts
Lead 3.5 40 15 90 15 Undercuts, humping

determined. In the welding without secondary gas the
melt loses directly at the beginning of the weld the
binding to the upper metal, as soon as target welding
speed is reached, and sinks on the bottom plate. The
investigations showed that by application of secon-
dary gas an increasing of the welding speed is possible
about from 2 to 12 m /min before humping appears.
In comparison to overlap joint the application of sec-
ondary gas with blind seams has a lesser influence.
This is another evidence to the fact that the weld pool
shape is an essential factor.

Effect of beam slope angle on weld defect forma-
tion. During the welding experiments, the tilting an-
gle of the beam gun was also varied beside welding
speed, beam current and working distance. Because
the best results were achieved with a working distance
of 8 mm and with dragging beam, all other experi-
ments have been carried out with these parameters.
With the increasing of the welding speed, the insta-
bility of the process rises. During the welding this
appears as humping formation and root concavity.
Both defects are caused by the weld pool dynamic.
During the welding with inclined beam gun it was
found out that by an optimized angle setting (about
3°, dragging) the suppression of the humping forma-
tion is possible, however, at the same time with in-
creasing of the angle the grade of the root concavity
grows. Summing up, it can be held on that the incli-
nation of the beam gun is no effective means against
the defect.

Influence of beam pulse on weld bead formation.
The weld pool dynamic can be influenced by specific

<>

4.5 mm

0 ms

Figure 5. Bead on the DCO5 plate 1.5 mm thick at o, = 14 m /min,
A = 15 mm, constant beam current of 90 mA (a), pulsed-beam
current of 114 mA, f, = 100 Hz, ¢, = 70 % (b) and offset-pulsed
beam current of 98 mA, I, = 60 mA, f, =55 Hz, t, =50 % (c)

energy input in the workpiece substantially. This prin-
ciple is the base for the investigations to the avoidance
of humping by means of beam pulses. The decrease
of the humping effect by the welding with pulsed
beam current could be proved. By suitable choice of
the frequency f,, and the pulse control factor ¢, it is
possible to produce weld on steel DCO0S5 1.5 mm thick
without humping at welding speeds of up to
14 m /min (Figure 5).

Nevertheless, the addiction to the undercuts could
not be changed or suppressed. By pulse process it is
a disadvantage, that the limitation has an effect on
the frequency of pulse. If required of a continuous
weld at vy, = 14 m /min the minimum pulse frequency
lies at f,, = 100 Hz. With lower frequency one receives
a tack weld. Better results show the experiments at
the pulse handling with offset (Figure 5, ¢). By the

Figure 6. High-speed video recording of weld pool surface for evaluation of single hump formation
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Figure 7. Size of humping bubbles during their formation: 7 —
example of numerically fitted data laid on the first resulted data

lower frequency, compared with Figure 5, b, the rip-
ples on the toe becomes particularly clear. Also un-
dercuts are observable. The combination of pulsed-
beam current and offset-beam current offers an actual
possibility purposefully to influence the weld pool
and to avoid therefore weld defect on the basis of
humping.

Recordings of weld pool surface by means of high-
speed video camera. Within the framework of the
investigations video recordings of the weld pool were
made. A typical sequence of the video recordings is
shown in Figure 6.

The evaluation of the pictures contain first of all
the definition of typical parameters of the dynamic
processes in the weld pool in particular in the presence
of humping. It was observed that humping bubbles

have generally a relative speed to the workpiece if
they appear as a surface feature on the weld pool. The
speed was determined, while the position change of
a workpiece feature was put in relation to growing
humping bubbles. Humping growth speeds up to the
five-fold of welding speed were measured. This speed
is reduced in further developing of the humping
growth steadily up to the welding speed. To define
the speed of the melt flow in the weld pool, video
recordings were made at pulsed mode of the electron
beam. Besides, the weld pool surface shows areas with
slightly different brightness whose local change from
picture to picture provide a basis to the calculation
of the flow speed in the weld pool. The average speed
of the melt flow in the middle part of the weld pool
was of about 40 m /min relatively to the metal sheet
surface. Furthermore the diameter of single humps
was determined during their growth (Figure 7). It
appears that the humps grow during their formation
first very fast. With increasing size the growth rate
clearly decreases. The resulted data rows were fitted
numerically with the suitable exponential function
Ay = ae™". As a middle measure of the subdued growth
of the humping bubbles ensue under the observed
welding parameters y = 90 1,/s. Sporadically exist
recognizable early forms of the humping formation
on the weld pool surface which engage its growth and
lose again clearly to volumes. At the same time the

Figure 8. Longitudinal () and cross section (b) polish of the humping with nickel as indicator
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Figure 9. Concentration C of the indicator material in humping bubble horizontally (@) and vertically (b)
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second, originating hump finds out a clear growth
push, it is fed at the moment by the first, smaller
growing droplet. So a process is clear, for example to
pursue in the interval between 200 and 300 ms with
the help of the measuring curves in Figure 7.

Experimental determination of melt flow in weld
pool through indicator material. For the visualization
of the movement of the liquids in the weld pool the
welding experiments were carried out on the sheets
of composite workpiece. The test arrangement con-
sisted of two steel sheets and an interlaid nickel tape
100 pum thick. Similar experiments were carried out
earlier in thick-walled materials [8] and have proved
the presence of vertically arranged liquid flows in the
weld pool. During the investigations described these
flows cannot be observed. In the experiment only
parallel flows could be observed in horizontal direc-
tion (Figure 8).

It types another dynamic of the weld pool. Except
optical and metallographic investigations the distri-
bution of the indicator material (Figure 9) was ex-
amined with the help of the method of the microprobe
analysis which could not cover any areas of abnormal
fortified indicator material in the section plane of the
humping segments by which the absence of the ver-
tically arranged flows of the liquid could be confirmed
once again.

CONCLUSIONS

1. As a result of measurement of power density dis-
tribution at high beam currents the phenomenon of
double splitting of the measured signal was observed.
The investigations have shown that this splitting is
caused by action of secondary electrons as a result of
plasma ionization which has effect on results of meas-
urement and does not influence results of welding.

2. Experiments were performed to characterize EB-
generated plasmas in air during the welding. Using the
Langmuir probe method the plasma parameters such as
electron and ion densities and also electron temperatures
was measured. These results can be used, for example,
for further calculation of plasma contribution on tem-
perature distribution as additional heat source.

3. Threshold of welding speed in dependence on
beam current and working distance, at which there
is an humping effect and undercuts, have been de-
fined. It has been established that with increasing of
beam current the instability of weld pool grows. With
reduction of working distance, the beam intensity in-
creases and consequently the beam current must be
reduced. Thus the penetrations profile is narrowed,
also a speed threshold of humping formation changes
slightly.

4. Thresholds of humping formations for deferent
materials have been defined. Thereby the important
factor is the surface tension force.

5. With increasing of material sheet thickness the
speed threshold of humping formation decreases. The
reason for that is the change of a mode of heat con-
ductivity and hydrodynamics for fusion.

6. Use of shielding gas suppresses effect of hump-
ing formations by influence on surface tension coef-
ficient.

7. The tilting angle of the beam gun concerning a
metal plate allows humping at certain angle to be
suppressed, however, at the same time with increasing
of the angle the grade of the root concavity grows.
Summing up, it can be held on that the inclination
of the beam gun is no effective means against the weld
defect.

8. The combination of pulsed-beam current and
offset-beam current offers an actual possibility to pur-
posefully influence the weld pool and to avoid there-
fore weld defect on the basis of humping, but the
undercuts could not be changed or suppressed.

9. The high-speed video recording has allowed us
to estimate growth rates and the sizes of humping
bubbles.

10. Use of indicator material in the weld pool has
allowed a flow fusion to be revealed. Parallel flows
in a horizontal direction were observed, that proves
to be true by spectroscopic analysis of cross and lon-
gitudinal sections.
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The optimum selection of process parameters is essential for advanced machining processes as these processes incur high
initial investment, tooling cost, operating and maintenance costs. Laser beam machining is a widely accepted advanced
material removal process for various machining applications such as cutting of metallic and non-metallic sheets, drilling,
welding, turning, etc. In this paper, a new optimization hybrid ABC-SA algorithm (artificial bee colony (ABC) and
simulated annealing (SA) ones) is proposed and applied to find the optimal combination of process parameters of laser
beam machining. Three application examples are presented to illustrate the proposed algorithm and the results are

compared with the previously published results.

In recent years an increasing demand for machining
of complex shapes made of hard and difficult-to-ma-
chine materials with exact tolerances and surface fin-
ish resulted in the development of many advanced
machining processes based on thermal, electrother-
mal, chemical, electrochemical, mechanical and other
means of material removal. Laser beam machining
(LBM) is one of the advanced machining processes
used for shaping almost whole range of engineering
materials. The laser beams are widely used for cutting,
drilling, marking, welding, milling, turning, sinter-
ing and heat treatment. The schematic of LBM process
is shown in Figure 1 [1]. As shown, when a high
energy density laser beam is focused on work surface
the thermal energy is absorbed which heats and trans-
forms the work volume into a molten, vaporized or
chemically changed state that can easily be removed
by flow of high pressure assist gas jet. LBM has been
gaining wide acceptance in cutting of metallic and

non-metallic sheets, drilling, welding, and heat treat-
ment applications.

LBM users always want to achieve higher machin-
ing productivity with a desired accuracy and surface
finish. Performance of the LBM process, however, is
affected by many factors, such as air pressure, lamp
current, pulse frequency, pulse width, cutting speed,
and a single parameter change will influence the proc-
ess in a complex way. Because of many variables,
complex and stochastic nature of the process, achiev-
ing the optimal performance, even for a highly skilled
operator with a state-of-the-art laser cutting machine
is rarely possible. An effective way to solve this prob-
lem is to discover the relationship between the per-
formance of the process and its controllable input
parameters by modeling the process through suitable
mathematical techniques and optimization using suit-
able optimization algorithm. In the present work, re-
sponse surface methodology is used to model the proc-
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Figure 1. Schematic of LBM process [1]
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ess. A new evolutionary optimization algorithm,
known as hybrid ABC-SA algorithm, is proposed in
this work to achieve the optimum parameter setting
in LBM process.

Review of research work on optimization of proc-
ess parameters of LBM. The literature related to
modeling and optimization of LBM is mainly using
statistical design of experiments such as Taguchi
method and response surface method (TMRSM). Tam
et al. [2] applied the Taguchi method to study the
laser cutting process for 4.5 mm thick mild steel sheet.
The signal-to-noise ratio of overall figure-of-merit was
considered as quality function. This quality function
integrated the weighted effects of quality charac-
teristics (kerf width, surface roughness, microhard-
ness, slope of cut edge and HAZ) and cost components
(cutting speed, oxygen pressure and beam power).
Mathew et al. [3] performed parametric studies on
pulsed Nd:YAG laser cutting of fiber-reinforced plas-
tic composite sheet 2 mm thick. A central composite
design with uniform precision was used for experi-
mental design and a second-order response surface
model for HAZ zone and kerf taper was developed.
The input process parameters were the cutting speed,
pulse energy, pulse duration, pulse repetition rate and
gas pressure.

Lim et al. [4] applied the Taguchi method for the
study of the surface roughness obtained during high-
speed laser cutting of stainless steel sheets. Almeida
et al. [5] applied factorial design approach to deter-
mine the effects of pulse energy, overlapping rate and
type of assist gas on the surface roughness and dross
formation (edge irregularity) during Nd:YAG laser
cutting of pure titanium and titanium alloy. Li et al.
[6] also applied Taguchi robust design methodology
to study the width of cut and HAZ during laser cutting
using a diode-pumped solid-state laser system. The
cutting parameters considered were the laser current,
laser frequency and cutting speed.

Dubey and Yadava [7] used hybrid TMRSM for
the multi-response optimization of a laser beam cut-
ting process, in which Taguchi quality loss function
was used to find the optimum level of input cutting
parameters such as assist gas pressure, pulse width,
pulse frequency and cutting speed. Two quality char-
acteristics, kerf width and material removal rate, were
selected for simultaneous optimization. The results
showed considerable improvement in both the quality
characteristics when the hybrid approach was used,
as compared to the results of a single approach. How-
ever, the second-order response surface model devel-
oped in this work for kerf width is incomplete as it
does not include the interaction effects terms of cer-
tain input cutting parameters. As these interaction
effects are significant, the model presented in [7] pro-
vides wrong values of kerf width, and hence the op-
timum value of kerf width obtained by them is erro-
neous. In the next work [8], Dubey and Yadava ap-

plied a hybrid approach of Taguchi method and prin-
cipal component analysis for multi-objective optimi-
zation of pulsed Nd:YAG laser cutting of nickel-based
super alloy sheet to achieve better cut qualities within
existing resources. Three-quality characteristics,
namely: kerf width, kerf deviation and kerf taper,
were considered for simultaneous optimization.
Dubey and Yadava [9] optimized two kerf qualities
such as kerf deviation and kerf width using Taguchi
quality loss function during pulsed Nd:YAG laser cut-
ting of aluminium alloy sheet. Rao and Yadava [10]
presented a hybrid optimization approach for the de-
termination of the optimum laser cutting process pa-
rameters, such as oxygen pressure, pulse width, pulse
frequency and cutting speed, to minimize the kerf
width, kerf taper and kerf deviation together during
pulsed Nd:YAG laser cutting of thin sheet of nickel-
based super alloy using a hybrid approach of Taguchi
methodology and grey relational analysis. Li and Tsai
[11] used grey relational analysis for multi-objective
optimization of laser cutting for flash memory mod-
ules with special shapes.

Dhupal et al. [12] investigated the relationship of
processes parameters of pulsed Nd:YAG laser-turning
operation, such as lamp current, pulse frequency,
pulse width, assist air pressure and cutting speed of
workpiece, on upper deviation, lower deviation and
depth characteristics of laser-turned microgrooves
produced on the Al;Os cylindrical workpiece. This
work was extended further by the same authors by
developing a model using feed-forward artificial neu-
ral network and optimization by genetic algorithm
(GA) [13]. A few investigations on optimization of
laser welding process parameters for mechanical and
metallurgical properties of work material were also
reported [14—18].

The optimization of process variables is a major
area of research in LBM process. It is observed from
the literature that either Taguchi methods or hybrid
TMRSM approaches have been employed so far for
optimization of process parameters of LBM. However,
Taguchi proposes a short-term, one-time improvement
technique to reduce the number and cost of experi-
mentations, which may eventually lead to suboptimal
solutions. Very few researchers had tried GA for op-
timization of process parameters of LBM. However,
GA provides a near optimal solution for a complex
problem having large number of variables and con-
straints due to difficulty in determination of optimum
controlling parameters such as population size, cross-
over rate and mutation rate. Therefore, the efforts
must be continued to use more recent optimization
techniques, to modify the existing algorithms, and to
develop hybrid algorithms which are more powerful,
robust and able to provide accurate solutions. Hence,
in this work an effort is made to develop a new op-
timization algorithm, namely hybrid ABC-SA algo-

111



LTWMP'H

rithm. The proposed algorithm is applied for optimi-
zation of process parameters of LBM.

Hybrid ABC-SA algorithm. Hybrid ABC-SA al-
gorithm is developed by combining the good charac-
teristic of two existing non-traditional optimization
algorithms, namely artificial bee colony and simulated
annealing ones, which are briefly discussed below.

ABC algorithm is developed to model the intelli-
gent behaviors of honeybee swarm [19-22], which
consists of two essential components (food sources
and foragers) and defines two leading modes of the
behavior (recruitment to a nectar source and aban-
donment of a source). The value of food source de-
pends on different parameters such as its proximity
to the nest, richness of energy and ease of extracting
this energy. Foragers can be unemployed, employed
or experienced. There are two possibilities for an un-
employed forager: scout bee (if the bee starts search-
ing spontaneously without any knowledge), and re-
cruit (if the unemployed forager attends to a waggle
dance done by some other bee, the bee will start
searching by using the knowledge from waggle
dance). When the recruit bee finds and exploits the
food source, it will raise to be an employed forager
who memorizes the location of the food source. Ex-
perienced foragers use their historical memories for
the location and quality of food sources. It can be an
inspector, which controls the recent status of food
source already discovered. There is a greater prob-
ability of onlookers choosing more profitable sources
since more information is circulating about the more
profit able sources. Employed foragers share their in-
formation with a probability, which is proportional
to the profitability of the food source, and the sharing
of this information through waggle dancing is longer
in duration. Hence, the recruitment is proportional
to profitability of a food source.

SA algorithm is a probabilistic hill climbing soft
computing algorithm. According to this algorithm, if
¢ is the current configuration with cost E(i) then
using the Metropolis algorithm [23], the probability
of accepting j as next configuration depends on the
difference in the function value at these two points
or on AE = E(i + 1) — E(i) and is calculated using
the Boltzman probability distribution as

1if AE<O0
P =7 t=1i} =1 A5, .
r {new = j |current = i} L AE/KT othcrwisc} 1)

If AE <0, this probability is one and the solution
is always accepted. The interesting situation happens
when AFE is bigger than zero, which implies that the
new function value is worst than existing one. Ac-
cording to many traditional algorithms, the solution
should not be chosen. According to the Metropolis
algorithm, there is some finite probability of selecting
this worst solution. However the probability is not
same in all situations. This probability depends on

the magnitude of controlling temperature T and tem-
perature decrement factor AT.

As mentioned above, ABC and SA algorithms are
both independently valid approaches with certain
strengths and weaknesses. ABC algorithm combines
both the stochastic selection scheme carried out by
onlooker bees, and greedy selection scheme used by
onlookers and employed bees to update the source
position. Also the neighbor source production mecha-
nism in ABC is similar to the mutation process, which
is self-adapting. The random selection process carried
out by the scout bees maintains diversity in the solu-
tion. However, ABC algorithm suffers from drawback
of inferior local selection strategy and poor local con-
vergence speed [21].

SA algorithm has better convergence property if
starting temperature is sufficiently high and cooling rate
is low. Because of the discrete nature of the function
and construction evaluations, the convergence or tran-
sition characteristics are not affected by the continuity
of differentiability of the function. The convergence is
also not influenced by the convexity status of the feasible
space. This algorithm can be used to solve mixed-integer,
discrete, or continuous problems. However as SA algo-
rithm does not begin with the population of solutions,
parallelism can not be easily exploited in SA [24]. Rao
and Pawar [25] used ABC and SA algorithms for grind-
ing process parameter optimization and reported their
performance.

Hence an effort is made in this work to develop a
new hybrid ABC-SA algorithm to overcome the draw-
backs of existing ABC and SA algorithms and to com-
bine the benefits of both the ABC and SA algorithm.
The algorithm begins with allocation of the onlooker
bees to the employed bees based on the fitness values
of employed bees. In conventional ABC algorithm the
best onlooker bee will replace the employed bee only
if it has better fitness value. In hybrid ABC-SA al-
gorithm, a local selection strategy of SA algorithm is
applied to select the onlookers’ probability related to
current temperature. The hybrid ABC-SA algorithm
is shown in Figure 2.

In LBM process, improvement in material removal
rate, reduction in kerf width and dimensional accuracy
are the important objectives. The optimization aspects
related to these objectives are considered through the
following three examples to demonstrate and validate
the proposed hybrid ABC-SA algorithm.

Example 1 presents the multi-objective optimiza-
tion of process parameters of LBM such as gas pressure
GP, pulse width PW, pulse frequency PF, and cutting
speed CS so as to achieve minimum kerf width KW
and maximum material removal rate MRR. The op-
timization model in this example is formulated based
on the second-order response surface model (RSM)
developed by Dubey and Yadava [7] for KW and
MRR. The RSM equations developed by Dubey and
Yadava [7] for KW and MRR are given by
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KW = 0.1511 + 0.0746x, + 0.3736x, —

Figure 2. Flowchart for hybrid ABC-SA algorithm
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MRR = —97.6352 — 23.5623x, + 47.6419x, +

~0.019125 + 0.0021x4 + 0.0013x7 — 2) +9.0159x5 + 1.4135x, + 2.2470x° — 23.45604x2 —

—0.12742% + 0.0008x3 — 0.0126x 2, —
—0.0029xx5 + 0.0010x9x5;

—0.17212% = 0.0027x% + 11.2499x,x, +

+ 004173('13('5 - 01050X1X4 - 140633('23('5 +

+ 02750.%2.%4 + 0.01753('33('4,
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Table 1. Coded values of the LBM process variables for example 1

Coded level
Factor

-2 -1 0 +1 +2

Gas pressure, kg,/cm? 2.5 3.0 3.5 4.0 4.5

Pulse width, ms 0.6 0.8 1.0 1.2 1.4
Pulse frequency, Hz 20 22 24 26 28
Cutting speed, 25 50 75 100 125
mm /min

where xy, x3, x3, x4 are the values of the process
variables GP, PW, PF and CS, respectively (Ta-
ble 1).

It is observed from (2) that the RSM does not

contain the square term x7 as well the interaction

terms xyx; and x3xy. Therefore, (2) is reformulated
to include the terms &7, x1x4, X024 and x3x4 by

KW = 0.1511 + 0.0746x, + 0.3736x, —
—0.019125 + 0.0021x; + 0.0013x7 — 0.12743 +
+0.0008x2 + 4.526-10 %% — 0.0126x,2, —
= 0.0029xx5 + 0.003xx4 + 0.0010xx3 —
~0.0001720575 — 0.00012x5;.

(4)

It is observed from (4) that interaction effects
play a significant role for the present example. As
these interaction terms are ignored in the model pre-
sented by Dubey and Yadava [7], it provides wrong
values of KW and therefore the optimum value of
KW obtained by Dubey and Yadava in 2008 is erro-
neous.

Then let us formulate an optimization model. The
objective functions are the minimize KW (4) and
maximize MRR (3). Combined objective function Z
is then formulated as

0, KW  w,MRR
I<\x]min MRRmax ’

Minimize Z = ()
where KW i = 0.231 mm is the minimum value of
KW obtained when single objective optimization
problem considering only minimization of KW as an
objective; MRR;.x = 196 mg,/min is the maximum
value of MMR when single objective optimization

Table 2. Results of optimization of LBM process for example 1

problem considering only maximization of material
removal rate as an objective; w; and w; are the weigh-
tages assigned to the objective functions KW and
MRR, respectively. The values of weightages can be
decided by the user. However, in the present example,
same weightages, as considered by Dubey and Yadava
[9], wq = 0.8 and w, = 0.2 are used for comparison
purpose.

In this work the following bounding values are
considered for process variables:

2.5 <GP < 4.5 kg /cm?; (6)
0.6 < PW < 1.4 ms; @)
20 < PF < 28 Hz; €))

25 < CS £ 125 mm /min. 9

Optimization is then carried out using hybrid
ABC-SA algorithm for the following optimum pa-
rameter setting: number of iterations — 150; number
of employed bees — 5; number of onlookers bees —
11; number of scout bees — 1; initial temperature —
200; decrement factor — 0.01. This parameter setting
is arrived at after conducting a number of trials.

The results of optimization obtained by various
optimization methods are presented in Table 2. It is
observed that the improvement in MRR obtained by
using hybrid ABC-SA method over that obtained us-
ing Taguchi approach and hybrid TMRSM approach
is 43.48 and 5.32 %, respectively. The results obtained
by using hybrid ABC-SA algorithm also shows a sig-
nificant reduction in KW by 45.72 % over that ob-
tained by using Taguchi approach. The results ob-
tained by using of hybrid ABC-SA algorithm also
show better accuracy of solution than those obtained
by using ABC and SA algorithms when applied inde-
pendently.

The results of optimization using hybrid ABC-SA
algorithm can be confirmed from Figures 3-6. Fi-
gure 3 shows variation of KW and MRR with GP. Is
shown that as KW is slightly decreasing up to GP =
= 3 kg /cm? and thereafter increases with GP. MRR
also decreases with increase in GP. Hence, the value
of GP = 2.526 kg/cm? provided by hybrid ABC-SA
algorithm is appropriate. Figure 4 shows variation of

Method GP, kg/cm? PW, ms PF, Hz CS, mm /min KW, mm MRR, mg,/min
Taguchi [7] 3.5 1.0 24 75 0.3733 124.109
Taguchi [7] 3.5 1.0 24 75 0.341 124.109
Hybrid TMRSM [7] 3.5051 0.6 28 125 0.3267 169.166
Hybrid TMRSM [7] 3.5051 0.6 28 125 0.234 169.166
Hybrid ABC-SA 2.526 0.6 25.8 125 0.234 178.980
ABC 2.5 0.6 25.76 125 0.236 175.308
SA 2.516 0.6 25.69 125 0.236 174.975

114



LTWMP't]

KW, mm

0.2385

0.2375

0.2365

0. 2355 1 1 1 1 1 1 1
a
MRR, mg,/min

160 [

155 L

2.5 275 3.0
b

Figure 3. Variation of kerf width (¢) and material removal rate
(b) with gas pressure

KW and MRR with PW. KW and MRR both in-
creases with increase in PW. Thus from the KW point
of view lower bound value of PW is better whereas
from MRR point of view upper bound value of PW
is better. However, as higher weight is assigned to
KW (i.e. 0.8) than that of MRR (i.e. 0.2), more
priority is given to KW reduction. Hence selection
of lower bound value of PW is appropriate. Figure 5
shows variation of KW and MRR with PF. It is clearly
indicated that minimum KW and maximum possible
MRR occurs at PF = 25.8 Hz. Figure 6 shows vari-
ation of KW and MMR with CS. As shown, KW

Kw,

1 1 1 1 1

325 35 375 4.0

1
GP, kg‘/cm2

min

0.30

0.28

0.26

0.24
0.22 -
0.20 1 1 1 L ] 1 1 1 1

MRR, mg/min

180

175
170 1 1 1 1 1 1 1 1 1
0.60 1.24

PW, ms
b

Figure 4. Variation of kerf width (a) and material removal rate
(b) with pulse width

KW, mm

0.26 £

0.25F

0 . 23 1 1 1 1 1 1 1
a
MRR, mg,/min

178

158 1 I 1 1 ! ! !
20 21 22 23 24 25 26 27 PF, Hz

Figure 5. Variation of kerf width («) and material removal rate
(b) with pulse frequency

decreases and MRR increases with increase in the CS.
From this point of view the upper bound value of CS =
=125 mm /min provided by hybrid ABC-SA algorithm
is appropriate. The convergence of hybrid ABC-SA,
ABC and SA algorithms is shown in Figure 7.
Example 2 presents the multi-objective optimiza-
tion of process parameters of LBM, such as oxygen
pressure OP, PW, PF and CS so as to achieve mini-

KW, mm

0.32

0.28

0.24

0.20 1 1 1 1 1 1 1 1 1
a
MRR, mg,/min

180

120

80
40

O 1 1 1 1 1 1 1 1 1

25 35 45 55 65 75 85 95 CS, mm /min
b

Figure 6. Variation of kerf width («) and material removal rate
(b) with cutting speed
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Figure 7. Convergence of hybrid ABC-SA (7), ABC (2) and SA
(3) algorithms for example 1

mum KW at top (KWy,,) as well as minimum KW
at bottom (KW,.). The optimization model in this
example is formulated based on the second-order RSM
developed by Sharma and Yadava [26]. The RSM de-
veloped for KWy, and KW, are respectively given by

KW, = 0.41303 + 0.00285x; + 0.0177x, +
+0.00452x; — 0.0009x; — 0.000103%% —

—0.002103x3 — 0.002053x3 + 0.003297x7 +  (10)
+ 0.00035x1x5 + 0.000525x4x5 + 0.0012x 124 —
= 0.00575x5x3 — 0.002075x9x4 — 0.00065x3x,;
KW, = 0.408314 + 0.001325x; + 0.016742x, +
+0.004075x5 — 0.002008x4 + 0.000074x% —
0.001401x% — 0.001626x2 + 0.001749x2 = (11)

~ 0.001287x,x5, + 0.000387x,2¢5 + 0.000638xx4 —
~0.005312250¢5 — 0.002362:5¢5 + 0.000312x5x,

where xq, x9, x3, x4 are the coded values of OP, PW,
PF and CS, respectively (Table 3). Here, objective
functions are minimize KWy,, (10) and minimize
KWyt (11), and combined objective function Z is
then formulated as

wq I(me + w21<Wbot
KWtopA min I<Wb0t, min,

Minimize Z = (12)
where KW, min = 0.326 mm is the minimum value
of KW at the top obtained when single objective
optimization problem considering only minimization
of KW at the top as an objective; KWhet min =

Table 3. Coded values of the LBM process variables for example 2

= 0.327 mm is the minimum value of KW at the bot-
tom obtained when single objective optimization
problem considering only minimization of KW at the
bottom as an objective; w and w, are the weightages
assigned to the objective functions KW, and KWy,
respectively. The values of weightages can be decided
by the user. However, in the present example, equal
weightages are used.
The variables and their bounds are as follows:

1< OP <3 kg/cm?; (13)
0.8 < PW < 1.2 ms; (14)
21 < PF < 29 Hz; 15)
10 < CS < 30 mm /min. (16)

Optimization is then carried out using hybrid
ABC-SA algorithm for the optimum parameter setting
as decided in example 1. Table 4 shows the optimum
values of process variables for minimum KW. It is
observed that for the present example, the accuracy
of solution for hybrid ABC-SA and ABC algorithm
is the same. However, the convergence rate of the
hybrid ABC-SA is better than ABC algorithm. The
hybrid ABC-SA algorithm outperforms the SA algo-
rithm also in terms of both the accuracy of solution
and convergence rate. The result of optimization ob-
tained by using non-traditional algorithms (i.e. hy-
brid ABC-SA, ABC and SA) are compared with the
one of the traditional optimization method, namely
generalized reduced gradient (GRG) method. It is
observed from Table 4 that the significant improve-
ment of 24 % in combined objective functions Z is
obtained by using hybrid ABC-SA method than that
obtained by using GRG method. In fact, the solution
obtained by using GRG method is one the local op-
timum solution obtained by considering initial solu-
tion as 2y = 3, x» = 1.2, x3 = 29 and x4 = 30. This
clearly justifies the need of non-traditional optimiza-
tion for the present example due to multi-modal na-
ture of the presented model.

The results of optimization using hybrid ABC-SA
algorithm can be confirmed from Figures 8—11. Fi-
gures 8—10 show variation of top KW and bottom
KW with OP, PW and PF, respectively. As shown,
the top and bottom KW increase with increase in OP,
PW and PF. From this point of view lower bound

Fact Coded level Table 4. Results of optimization of LBM process for example 2
actor

) -1 0 +1 +2 Method | OP, | PW, | PF, | CS, KWy KWiq|

g/ cm ms Hz |mm/min| mm mm
Oxygen pressure, 1 1.5 2 2.5 3
kg /cm? Hybrid 1 0.8 | 21 19.60 |0.326|0.327 1
ABC-SA
Pulse width, ms 0.8 0.9 1.0 1.1 1.2 €S
Pulse frequency, Hz 21 23 25 27 29 ABC ! 08 | 21 18.57 10.32610.327] 1
A 1 . 21 271 .32 .328 | 1.002

Cutting speed, 10 15 20 25 30 S 0.8 7.13 10.32710.328 | 1.00
mm / min GRG 1 1.2 29 27.99 |0.402 | 0.410 | 1.240
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Figure 8. Variation of top () and bottom (b) kerf width with
oxygen pressure

values of OP =1 kg/cmz), PW = 0.8 ms and PF =
= 21 Hz obtained by using hybrid ABC-SA algorithm
are appropriate. Figure 11 shows variation of top and
bottom KW with CS. As shown, the top and bottom
KW reduce with increase in CS up to 19.6 mm /min,
but with further increase of CS the KWs again start
increasing. From this point of view the selection of
CS =19.6 mm /min is appropriate. The convergence
of hybrid ABC-SA, ABC and SA algorithms is shown
in Figure 12.
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Figure 9. Variation of top () and bottom (b) kerf width with
pulse width

KW, mm

top?

0.38 -

0.36

0.34

0.32 1 1 | L ) 1 1

KW, mm

0.38

0.36 -

0.34

0‘32 1 1 1 1 1 1
21 22 23 24 25 26 27

28 PF, Hz

Figure 10. Variation of top () and bottom (b) kerf width with
pulse frequency

Example 3 presents the multi-objective optimiza-
tion of process parameters of LBM such as air pressure
AP, lamp current LC, PF, PW and CS so as to achieve
minimum deviations of upper width Yy, lower width
Y, w and depth Y4 The optimization model in this
example is formulated based on the second-order RSM
developed by Dhupal et al. [13]. However it is ob-
served that the second-order RSMs developed by Dhu-
pal et al. [13] for deviations of Yy, Y|y and Y4 are

KW, mm
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0.344

0.340

0.336

0.332

0.328

0.324 L L L 1 1 1 1 L !

KW, mm

0.336 |-

0.334

0.332

0.330

0.328

0.326 1 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24
b

Figure 11. Variation of top () and bottom (b) kerf width with
cutting speed

CS, mm /min
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Figure 12. Convergence of hybrid ABC-SA (1), ABC (2) and SA
(3) algorithms for example 2

3 40

inappropriate as indicated by large deviation in the
calculated values and experimental data values for a
given combination of process variables. Hence in this
work new RSMs are developed for all the three re-
sponses, i.e. Y, Yiw and Yy considering the same
data as provided in [13]. The newly developed mathe-
matical models for Y, Y| and Y4 are given by
Y.w =—0.0006 + 0.0022x; — 0.0028x; —
—0.0017x5 + 0.0052x, — 0.0135x5 — 0.0016x% -
—0.0006x% + 0.0053x% + 0.0014x% + 0.0069x2 +
+ 00041.96'1.96'2 - 0.0021.9[1.9[3 - 0.0048.9C1X4 -
- 0.00269(19(5 - 0.0073.9[29[3 + 0.0068362364 +
+ 0.0050x5x5 + 0.0005x3x; — 0.0032x3x5 + 0.0036x,4x5;

Yy = 0.0206 + 0.0035x; + 0.0045x, — 0.0005x5 +
+0.0052x, — 0.0031x5 + 0.0037x7 +
+0.0001x7 — 0.0010x2 + 0.0011x2 — 0.0053x2 +
+ 0.0096x,x5 — 0.0002x1x3 — 0.0050x 124 + 18)
+ 0.0095x1x5 — 0.0065x5x3 + 0.0029x5x4 +
+ 0.0028x5x5 + 0.0035x3x; — 0.0078x3x5 — 0.0115x,4x5;

Y4 =0.0146 + 0.0005x; + 0.0079x, — 0.0007x5 +
+0.0107x4 + 0.0091x5 — 0.0038x% + 0.0032x5 +
+0.0028x2 + 0.0003x2 + 0.0078x% — 0.0199x 2, —
= 0.0009x4x3 — 0.0076xx4 — 0.0178x x5 +
+ 0.012425x3 — 0.0123x92x4 + 0.0088x5x5 —
= 0.0037x3x4 — 0.0146x3x5 + —0.0152x4x5,

(19)

where xq, x3, x3, x4, x5 are the coded values of AP,
LC, PF, PW and CS, respectively (Table 5).

As the values of standard error of estimates S of
the regression analysis for Y, v, Y|w and Yy are less

Table 6. Results of optimization of LBM process for example 3

Table 5. Coded values of the LBM process variables for example 3

Coded level
Factor

-2 -1 0 +1 +2
Air pressure, N/mm? 0.03 | 0.08 | 0.13 | 0.18 | 0.23
Lamp current, A 13 16 19 22 25
Pulse frequency, kHz 1 2 3 4 5
Pulse width, % 2 4 6 8 10
Cutting speed, rpm 7 12 17 22 27

than their standard deviations, it indicates that re-
gression models for all responses have merit. The ac-
tual extent of improvement, by using regression analy-
sis rather than describing data as an average value,
is quantified by coefficient of determination R?, which
varies from 0 to 1. Value of R? = 1 indicates perfect
fit, whereas R? = 0 indicates no improvement. For
Yuw, Yiw and Yy, R? values are calculated as 0.76,
0.99 and 0.99, respectively. The R? value is moder-
ately high for Y, and is very high for Y and Ygq.
Hence, the models developed for Y, Y and Yq4
fit the data well.

In this case objective function are the minimize
Y.w (17), minimize Y|, (18) and minimize Y4 (19),
and the variables and their bounds are as follows:

0.03 < AP < 0.23 N/mm?; (20)
13<LC <25 A; 21
1 < PF <5 kHz; (22)
2<PW <10 %; (23)
7 < CS <27 rpm. (24)

Optimization is then carried out using hybrid
ABC-SA algorithm for the optimum parameter setting
decided in example 1. Table 6 shows the optimum
values of process variables considering RSM equations
developed in this work. As shown, the result obtained
by using hybrid ABC-SA method outperformed those
obtained by using GA [13] showing significant reduc-
tion in Yy, Yw and Y. For the present example,
the results obtained by ABC and SA algorithms are
the same as those of ABC-SA algorithm. The results
of optimization using hybrid ABC-SA algorithm are
also confirmed. However, these details are not given
here for space reasons. Hence the optimum values of
these process variables obtained by using hybrid ABC-
SA algorithm are appropriate.

Method AP, N/mm? LC, A PF, kHz PW, % CS, rpm Yiw Yiw Yy
Hybrid ABC-SA 0.13 19 3.8 2 17 —-0.00417 0.00044 0.001552
GA [13] 0.13 19 3.2 6 22 —-0.0101 0.0098 —0.0069
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CONCLUSION

In the present work, multi-objective optimization
aspects of LBM process are considered using a hybrid
non-traditional optimization algorithm known as
hybrid ABC-SA one. The performance of the hybrid
ABC-SA algorithm is studied in terms of convergence
rate and accuracy of solution through three examples.
It is observed that the hybrid ABC-SA algorithm
outperformed the traditional methods of optimizati-
on, i.e. Taguchi approach and hybrid TMRSM appro-
ach as well as non-traditional methods of optimizati-
on like GA. It is also observed that the hybrid
ABC-SA algorithm is superior to ABC algorithm and
SA algorithm in terms of both the convergence rate
and accuracy of solution. This improvement is due to
the fact that the hybrid ABC-SA algorithm combines
the benefits of both ABC and SA algorithm including
parallelism aspect of ABC algorithm and the local
selection strategy of SA algorithm. The proposed
ABC-SA algorithm is flexible, simple to use and
robust optimization algorithm, which can be used
effectively in the optimization of multi-modal and
multi-variable problems. The algorithm can also be
easily modified to suit optimization of process para-
meters of other advanced machining processes such
as electrochemical machining, electric discharge ma-
chining, plasma arc machining etc.
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PASPABOTRKA U IIPUMEHEHUE AJAIITUBHBIX
OIITUYECKUX CUCTEM B JIASBEPHOI TEXHOJIOTUI

B.B. POMAHEHKO, B.JI. IYBHIOK

HTYY «Kuescknii nmosmTexHIYeCKil NHCTUTYT»>, Knes, Ykpanna

PaspaGoran opuruHasibHbI croco6 (OKYCHPOBKH, 3aKJjiodaioniuiicss B (HopMUpoBaHnE (OKYCHPYIOIIETO dJeMeHTa C
[OMOIIBIO JIBYX YHPYrHX MeMOpaH, IPO3PAuHbIX JJIsl JIA3€PHOTO H3JIydeHHs, [PU Mojade B MOJIOCTb MeXIy HUMHI
IIPEJIOMJISTIONIEH JKM/IKOCTHU TI0/L TpeGyeMbIM jiaBieHieM. [lokasano, 4To myTeM BapbHpPOBaHUS JABICHUS SKUIKOCTH MOXKHO
n3MeHATh (POKYCHOE PACCTOSIHUE JIMH3bI B TPeGyeMOM [HMalas3oHe. 3aMeHa 10 MPeIaraeMoMy CIoco0y IIHPOKO TIpH-
MEHSIEMbIX CTEeKJISTHHBIX JIMH3 U OOBEKTHUBOB, HCIOJb3YEeMbIX C Habope /I BapbHUPOBAHUS MX (POKYCHBIX PACCTOSHMUIA,
MI03BOJISIET 3HAUNTEJIBHO CHU3UTh CTOUMOCTb ONTHYECKHUX JIEMEHTOB JIa3€POB.

DokycupoBaHue JTa3epHOTO U3Iy4YeHUs B 30HE o6pa-
60tku haktuuecku popmMupyer TpeGyeMblil pesKyIIUil
WHCTPYMEHT [IJIST Peau3aliui HeoOXOMMOI TEXHOJIO-
ruy JasepHoil o6paborku (pe3ku, cBapku, TepMooGpa-
GOTKY, TPONIMBKY OTBEPCTHiT). TPauIIMOHHO UCTIONb-
3yeMble B Jla3epHOIl 06pabOTKe CTEKJISTHHbIE U MOHO-
KPUCTAJIMYECKUE JTMH3BI LI OOBEKTUBDI, C OTHOM CTO-
POHBI, O'PaHUYKUBAIOT IMANIA30H BapbUPOBaHUs X o-
KYCHBIX PAaCCTOSIHUH, C IpyTOi CTOPOHBI, TIPH UCIIOJIb-
30BaHMH I[€JI0T0 HA60PA 3TUX 3JIEMEHTOB CYIIECTBEHHO
MIOBBIIIAETCS CTOMMOCTb TaKOW TEXHOJOIMYecKOH oc-
HACTKU. JHAUNTeTbHO 3(p¢eKTuBHee IPUMEHEHNe
aJIalITUBHON OINTUKM, TO3BOJISIONIEN HE TOJbKO 3aMe-
HUTb AUCKPETHDbIH HAabop 3Havenuit (POKyCHBIX pac-
CTOSIHUN Ha HENPEpBbIBHbIA DS, HO U CHU3UTb CTOU-
MOCTb paccMaTpUBaeMON OCHACTKHU.

[TonbITKM IpUMeHeHUsT aJanTUBHOW ONTHUKHU B Jia-
3€pHOI TeXHOJIOTUY NPEINPUHUMAINUCD U PaHbliie. XO0-
POIITHii pe3yJIbTaT MOJKET JaTh IIpUMeHeHne MeToza (ho-
KYCHUPOBaHUS, KOTZIa TIpeJOMJEeHUEe HU3JIy4eHUs Ocy-
MIECTBJISIETCS KUAKON Cpeio, 3amOTHAIONIEH TT0I0CTD
MEX/Y [IBYMSI BBIITYKJIBIMU CTEKJISHHBIMU OCHOBAHMUSI-

¢

Puc. 1. Cxema MeToaa (pOKyCHPOBKH Jla3zepHOro na rydenus (06o3Ha-
UEHUS CM. B TEKCTE)

© B.B. POMAHEHKO, B.JI. IYBHIOK, 2011

mu [1]. B manHoM cayuae adpdekT namenenus Gokyc-
HOT'O PACCTOSIHUST OCHOBBIBAETCS HA U3MEHEHUH TOJIIIH-
HBI KUIKOI MTPEJIOMJISIIONIEN CPe/Ibl B pe3yJIbTare nepe-
MeIIeHNs OIHOTO U3 CTEKJISTHHBIX OCHOBaHU 6e3 1n3Me-
HEHUs KPUBU3HbI MpeJsioMJisioniell mopepxHocTu. s
ompesiesieHNs1 (POKYCHOTO PACCTOSTHUS TaKOH TOJICTOM
JIMH3BI MO’KHO HCIIOJIb30BaTh 3aBUCUMOCTD [2]

1 1 1

?=<"‘”[E‘EJ+
rae [ — ¢okychoe paccrosinue; Ry u Ry — coorBer-
CTBEHHO PA/IIyC KPUBU3HBI BEPXHETO U HIYKHETO OCHO-
BaHMs; d — TOKa3areJb IIPEJOMJIEHUS Ja3ePHOTO 13-
JIydeHUs JKUJIKOU cpejioil; n — ToJuHa (PoKycupyo-
IIETO KUAKOTO CJIOS.

HepocraTtkoM Takoro ycrpoiictsa sBJigercs y3Kuil
NaTa30H BapbupoBaHus (POKycHOTO paccTossans. /s
pacuIipeHus JMana3oHa peryJupoBaHusI (HOKYCHOTO
paccrostHusT Ipu (POKYCHPOBKE JIA3ePHOTO U3JTyUEHUS
HAMH MPEIJIOKEH CIIOCO06, BKJIIOUYAIOIIHIA TPEIOMJIEHTE
JIa3epHOTO JIyya *KUJKOW cpe/loil, 3aKJII0ueHHOH B TI0-
JIOCTH, C(pOPMUPOBAHHON IBYMS KECTKO 3aKpellIeH-
HBIMH TIO Tlepudepun yupyruMu MeM6paHamu. Takne
MeMOPaHbI TOJKHBI OBITh TPO3PAYHBIMH JIJIST JTa3€PHO-
ro n3aydeHus. Ilpesomsronas sKMIKOCTb TIOAAETCS B
MOJIOCTD TIO/I /1aBJieHHeM, obecriednBaouM Tpedye-
MBIl Tporué MeM6paH C 11eJbio 06pazoBaHus HOKYCH-
PYIOIIETO ONTHYECKOTO 3JIEMEHTa ¢ 3aJaHHBIM (hOKYC-
HBIM PACCTOSTHUEM.

Ha puc. 1 npeacraBiieHa cxeMa, TTOSICHSIONIAs CYIII-
HOCTD JJAaHHOTO MeTo/1a (hOKycupoBKH. Uepes matpy6ok
1 skuKas pesoMJIsAionas cpeja 2 1mojaercs moj Jas-
JIEHHEM p B TI0JIOCTb, 0OPA30BAHHYIO /IBYMS YIIPYTUMHI
MeMOpanamu 3 u 4, u popMupyet GOKyCHpYIONTHii aJ1e-
MEHT, IPEJIOMJISIONIHI JIa3ePHOe U3JIyueHue 5 JIJist ero
dorycupoBkr Ha feTanb 6. IloBblieHNe TaBJeHUS B
NpeJIOMJISTIONIEN cpejie 2 Bbiliie aTMOC(HEPHOro Croco6-
CTByeT TOMY, 4YTO ympyrue MeMOpaHbl 3 u 4 TIpOru-
Gatorcss 1 npuobperaior chepudeckyo dopmy (mpu
VCJOBUM IIOCTOSIHHOCTH YIPYTOCTH 3TUX MeMOpaH
B/IOJIb UX [[MaMeTpa) B Pe3yJibTaTe AEHCTBUS PaBHO-

din 1)

(D
nR1R2 ’
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MEepHO PpaclpeesIeHHOH Harpy3ku, 06ecIieqeHHOI
JKUJIKOCTBIO TIOJ] IABJIEHUEM.

Kaxk caenyer us teopun ymnpyroctu [3], Tekyuiuii
YTOJI TIOBOPOTA ( 3KECTKO 3aKPETTIEHHO 110 KPastM MeM-
6paHbl IPU PaBHOMEPHO PACIpeie/IeHHOM /IaBJIeHUN P
JUIs TeKymiero paauyca r (puc. 2) MoKeT GbITh HaiiieH

n3 CUCTEMbI ypaBHEHI/Iﬁ

d
¢=- d—‘i/; @)
¢=- 5Br f(rfrdr)dr + Cyr + g (3)

rae W — rtekyias BesmunHa mporn6a MmemM6pansl; B =
_ E®

12(1 V3
E — Mopmynb ympyroctu Matepuasia MeMOPaHbl; v —
koapdurment Ilyaccona; & — TommuHa MeMOPaHbI;
Cyu C) — TIOCTOSIHHBIE, XapaKTepU3YIOIIIe COCTOSTHIE
MeMOpaHbl COOTBETCTBEHHO B €€ IIEHTPE U 110 KPAsiM.

IIpu atom Cy = 0 (M3 yCI0BUS KOHEYHOCTH JTUHBI

3aKPEIIEHHON 10 KpasiM MeMOPaHbl), U U3 3aBUCHMO-
cru (3) B HameM coIydae moJydaem

— TUJIMH/IPUYECKAS KECTKOCTb MEMOPAHDI;

3

__pr
¢ = 1GB+C1r (4)
B cBoio ouepep, snauenue Cy [y MeMGPaHbI 1A~
metpom 27y B ee nentpe ((@),_,, = 0) pasno
prw 5)
©1=16B"

13 (4) ¢ yuerom (5) a0 TeKyIero 3HaUEHUs yrJia
IOBOPOTa MeMOPaHbI MOJTy4aeM COOTHONIEHHE

Ci= ‘1%(71\4 7)~

(6)

JList onpe/iesIeHust TEKYIero 3HAUeHUs] BeJUYNHbI
npornGa MeMOpaHbl BOCIONb3YEMCSl 3aBUCUMOCTSIMHU
(2) u (6) u noyunm

dW:_1GB( iy — 1dr. )
Orcrona
- _ (8)
W=- 163'[(er P)dr + Cs,
rne C3 — TMOCTOSHHAS, XapaKTepH3yionas Mporus
MeMOpaHbI B ee TIeHTpe.
Hust yenosus W, _, = 0 nosydaem
N 9
652 2)tC=0 ©

CaenoBaresibo, u3 (9) MOXKHO yCTaHOBUTb, YTO
BesinunHa Tporuba B 1eHTPe MeMOpaHbl PaBHA

RN

EONRS

Puc. 2. Pacuernas cxema /s olpe/e/ieHusl BEJMUMHbI 1poruéa
YIPYToit MeMOpaHb

P”M
64B°

=Cy= (10)

3uas BequunHy nporuba MeMOpaHbl B ee IeHTpe
Wi, MBI MOKEM OTIPEIEIUTD PANYC KPUBU3HBI TIpe-
JIOMJISAIONIEH MTOBEPXHOCTH, 0O6Pa30BaHHON ATOW MeM-
6panoii (puc. 3).

N3 npsAMOyTOIbHOTO TPEYTOJNbHIUKA, 00Pa30BaHHO-
ro croponamu 7y, (R — Wy) u R, npoussensa He-
CJIOJKHBIE TTPEe0OPA30BAHUST, TMEEM

2
™M Wy

11)
oW, 2

R =

Ucnonbays 3asucumoctb (10), B utore mosydaem

_32B | P (12)
R="2""1sp

B pesyabrate B3ammuOro nporuba JIByX MeMOpaH
(cM. puc. 1) obpasyercst pokycupyionias JuH3a ¢ pa-
JInycaMu KpUBU3HBI Ry, Ry 1 ¢ (DOKYCHBIM PACCTOSTHUEM,
KOTOPOE MOKHO OIIpeAeuTh 10 3apucumocti (1).

Oco06bIil MHTEpEC MPEICTABJSET CIydail puMeHe-
HUS JIAHHOTO c11oco6a [l TIOJTyYeHs] TOHKON JIMH3bI
C OCTPbIM Kpa€M, KOorJga MOKHO HE€ YUYMTbIBaTb p€aJib-
HYIO TOJIIUHY JHUH3bI. B manHoM ciydae ¢okycHOe
paccTosiHue TOHKOU JIMH3bI oTpejiesisieTcst Kak [2]

RiR,

/=G =R+ Ry 13

21y |

A
v

Puc. 3. PacuerHast cxema s onipesie/ieHnsT painyca KPUBU3HBI ITpe-
JIOMJISTIONIEH TTOBEPXHOCTH
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—d

a
Puc. 4. Koncrpykius agantusHoii 1BosAKOBbIyKI0H (@) u Bbinykiomiockoit (6) aunsbl (HosicHeHUst ¢M. B TEKCTe)

JlaByieHre TIPETOMIISIIONIEN Cpebl, HEOOXONMOE
JU1s1 GOPMUPOBAHNS JIMH3BI C OIMHAKOBOH YIIPYTOCTHIO
MaTepuaJia BepXHell U HIDKHEH MeMOpaHbl U ¢ 33/1aH-
HBIM 3HaYeHHeM (POKYCHOTO PACCTOSTHUS [, MOXKHO OII-
peneuts u3z (12) u (13):

p= "fTB 2/~ 1) =N — 17 = 2,1 (14)

Jlerko yctaHoBUTH HEO6XOVMbIE 3HAYEHUS PAUY-
COB KPHUBU3HBI TTPEJOMJISIONTNX TTOBEPXHOCTEN B JIBYX
HamboJsee PacpOCTPAHEHHBIX CAyYasiX.

Bo-miepBbIX, MpecTaBisieT HHTEPEC TBOSTKOBBITYK-
Jlast JINH3a, [MPOKO NMpHUMeHseMast [ paboThl C Jia-
3epaMu Ha HeOJMe W I'paHare ¢ JJUHOW BOJHBI W3-
ayuennst & = 1,06 mxm. Jlas sroro cayuas (R4 =
= R, = R,) uMeeM

R =2(n - 1)f. (15)

Bo-Broppix, A7 razoBoix COs-y1a3epoB ¢ A =
= 10,6 MKM TIpEMEHMMA BBITYKJIO-TIJIOCKAs JIUH3a, 06-
palieHHas BbIIYKJOH CTOPOHOH B CTOPOHY JIa3ePHOTO
ayua. B nannom cayuae (RO = Ri; Ry =) n

0.

Cucrema ypaBHEHUI 1 OIEHKH MaKCHMaJbHON
BEJIMYMHBI TPoru6a MeM6paH pu (POPMUPOBAHUY JIMH3
B PAacCMaTPUBAEMBIX CJydasgX UMeeT BU]L

R()B:(n7 (16)

2 2
™ ™

An - Df 2n - Vf

Hau6osee ipocTast KOHCTPYKITHS aJalITUBHDLIX JIMH3,
U3TOTOBJIEHHBIX MO MPEI0KEHHOMY IMPHUHIUITY, MO-
JKeT ObIThb caeayiomas. [IBOSKOBBITyKJIasg JUH3A
(puc. 4, a) ¢popMupyercs ¢ IOMOIIBIO HAPYKHOIO | 1
BBUHYEHHOTO B HETO BHYTPEHHETO 2 IMHUJIWHIpPA C TO-
MOINIBIO TEPMETHYHOIO Pe3bOOBOTO coenuHeHusi. Ha
HIDKHUX KOHI[AX KaK BHYTPEHHEro, Tak M HAPYKHOTO
UJIMHAPOB >KECTKO M TePMETHYHO 3aKperuienbl (Ha-
pUMep, MPUKJIEEHbI) OJNHAKOBbBIE YIIPyTHE MeMGpa-
HbI 3 1 4. Hapy XHbII TUIWH/P 3aMOTHSIETCS TIPEJOM-
JISTIONIEN SKM/IKOCTBIO 5 BBICOTO# 5,6 MM. [1pu 3aBunun-

WP = (17)

/B
WM =

N7 ' r

1 e — T

2/?1 al _:_=____—_____ N
N — == T —/H1] 1

6

BAHWU BHYTPEHHETO IUJIMH/IPA B HAPYKHBIH TTUJIUH/P
MIPEJIOMJISTIONIAST  SKUJIKOCTh /1ebOPMUDPYET yIpyTHUe
MeMOpaHbl 3 U 4, 06pa3ysl JBOSIKOBBIMYKJIYIO JITH3Y.
B namewm ciyyae nmpy BBUHUYMBAHUU BHYTPEHHETO ITHU-
JIMH]IPA JI0 YIIOPA C HAPY KHBIM Kpast MeMOPaH Kacaiot-
cs1 ApYT Apyra u o6pasyercs juH3a ¢ (GOKYCHBIM pac-
crosinueM f =20 mm. [Ipu BbIBUHYNBAHIY BHYTPEHHETO
IIJIAHAPA M3 HApy>KHOTO Iporn6é MeMOpaH yMeHbINa-
€TCsI U, COOTBETCTBEHHO, YMeHbIIaeTcss (OKyCHOe pac-
CTOSTHUE JIMH3DI.

s o6pa3oBaHUs  BBIMYKJO-TIIOCKON  JIMH3BI
(puc. 4, 6) Ha HapyKHBI TMIMHADP | 3aKpeILIseTcs
HEyTpyTas MJIOCKOoMapaJlielbHas TJIacTHHKA 6, Mpo-
3paunag A uanydenusi ¢ A = 10,6 mxm. K BuyTpen-
HEMY 3Ke [UJIUHAPY 2 JKECTKO KPETUTCS yIpyras MeM6-
pana 4, Tak)Ke IPO3pavyHas [Js U3JIYYEHUS C A =
= 10,6 MmxM. Hapy>kHblil TUIWH/IP 3aMOJTHIETCS TIpe-
JIOMJISTIONIEN JKUIKOCTBIO 5 BBICOTOM 32 MM, €CJIH II0-
KasaTeJib MpeJioMyieHns xKuakoctu n = 1,5. B paccemar-
pHUBaeMOIl KOHCTPYKIIUH ITPYU TePMETUYHOM CBUHYMBAHUI
NBYX [UJIAHIPOB JeopMUpYeTcs JIUIb BEPXHSIS MeM-
OpaHa M B KpallHeM TIOJIOKEHWH, KOT/Ia YIpyTas MeM-
6pamna 4 KpasMu KacaeTcst HIDKHEl TIacTuHKY 2, o6pa-
3yercst JMH3a ¢ (POKYCHBIM paccTosiaueM [ = 50 MM.

Takum o6pasoM, pazpaboTaH OPUTHHAJIBHBIN CIIOCO6
oKycnpoBKH, 3aKodaronmiicst B hopMupoBaHuy (hOKy-
CHPYIOIIIETO 3JIEMEHTA C TIOMOIIIBIO IBYX YIIPYTHX MeMO6-
paH, IPO3PAYHbIX JIJIS JIA3€PHOTO U3JIYYEeHNs, IPH TI0/1a-
4e B TIOJIOCTh MEXITYy MeMOpaHaMu O/ TpeOYyeMbIM JaB-
JieHueM TIpeIOMJISIoNTel JKuKocT. BapbupoBanue /1aB-
JIEHUST KUIKOCTH BeeT K WM3MEHeHWIo 3HaueHus ¢o-
KYCHOTO PACCTOSIHUS JIMH3BI B TpeOyeMOM JIMATa3oHe.
[Ipu aTOM 9KOHOMUYECKHE OIEHKH MTOKA3aJIH, YTO 3aMeHA
MO IIpeJIaraeMoMy Ccroco6y IIMPOKO TPUMEHSEMBIX
CTEKJITHHBIX JIMH3 1 00BEKTUBOB, KOTOPbIE /1JIST BADBIPO-
BaHMs MX (POKYCHBIX PACCTOSTHUI MCIIOIb3YIOTCS B HA60-
pe, T03BOJIsIeT CHU3UTh CTOMMOCTD OITHYECKUX JJIEMEH-
TOB JIa3epoB B 3—5 pas.

1. A.c. CCCP 13769. MK G02b 03,/12. Omy6. 1971 .

2. @edocos H.B. T'eomerpmueckast ontnka. — M.: Caresur,
2008.

3. Tumowenxo C.II., T'yovep [Jx. Teopus ymnpyrocru. — M.:
Hayxa, 1975.
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YCOBEPHIEHCTBOBAHHBII CIIOCOB YIIPOUYHEHHUA
BbIPYBbHbBIX HNITAMIIOB JIASEPHbBIM U3JYUYEHUEM

B.B. POMAHEHKO, A.C. KO3bIPEB, P.O. ) KYK
HTYY «Kuescknil nmosmTexHIYeCKii HHCTUTYT», Kues, Ykpanna

[Ipe/siosken yCOBEPIIEHCTBOBAHHDIH CIIOCO0 JIa3epHON TepMOOOPAOOTKN [T YIIPOUYHEHHsT Pab0YMX KPOMOK BBIPYGHBIX
HITAMIIOB, 3aKJIOYAIONMIACS B [PEIBAPUTEBHON BbIPYOKe MPOGHOI JeTayu IITAMIIOM U HOCJEIYyIOliell ee yCTaHOBKe B
[I0JIOCTb MATpHILpl mtamna. IIpu 3ToM noBbllIeHHe HHTEHCHBHOCTHU JIA3€PHOTO 06JIyYEHHS H03BOJISIET YBEJINYUTD IJTyOHHY
YIIPOYHEHHOTO C€JIOSI, & JOMOJHUTENbHBINH TEIIO0TBOJ OT OGJIydaeMbIX pabOYMX KPOMOK 00€eCIeYnBAeT YJIydllleHHe €ero

KayecTBa.

Tepmoo6paboTKa paGoUnX KPOMOK Pa3IETUTETHHBIX 1
BBIPYOHBIX MTAMITIOB C UCTIOJb30BAHUEM JIA3EPHOTO W3-
JIY4eHUsT ITHPOKO TPUMEHSIETCS B Pa3JUYHBIX OTpa-
CJISIX COBPEMEHHOT'O TIPOM3BOJICTBA. VI3BecTHbIE CIOCO-
6bl JIA3€PHOTO YIIPOYHEHUsT IITAMIIOB 3aKII0YAIOTCS B
o6syueHnn uxX pabovunx KPOMOK JIA3€PHBIM JIydoM 6e3
oTLJIaBJIeHUs BO n36eXKaHue MOPYU MITaMIia U HeoOXO-
JIMMOCTH €ro mocJjeayioineit meperouku. IIpoiecc tep-
M0OGPaGOTKN 06ECITEUNBAETCST, C OJTHOM CTOPOHbBI, KOH-
[EHTPUPOBAHHBIM HATPEBOM JIA3EPHBIM H3JIyUEHUEM U,
C JIpyroil, OBICTPBIM OXJIAXKJEHWEM OOJYYeHHOH TO-
BEPXHOCTH B Pe€3yJIbTaTe IOCIEAYIONIETO CaMOOTBO/A
TelJia B TEJIO IMTaMIIa 32 CYET MEXAHW3Ma TEILTONPO-
BogHoctu [1]. Ilpm atom BaskHO oGecrevunTh 3HAYHU-
TEJIbHYIO TJIyOUHY YIIPOYHEHUSI U TPEOYEMYIO CTPYKTY-
py pabouux KPOMOK, 4YTO, B CBOIO OuYepe/b, TpeOyeT
3HAYUTEIHBHOTO BBOJA TEILJIA U HAEIKHOTO MOCJIeIyI0-
IIEro TEMJI0OTBOAA. [{JIsT TOCTUKEH WS TIEPBOTO YCJIOBUS
MPUMEHSIOTCST PEKUMBI 0OJydeHUsT, TPU KOTOPBIX Ha-
I'PEB TIOUTH NMPUOIUIKAETCS K TEMITEpaTypaM OIljlaBJie-
uust. Bropoe yc/ioBue 06ecrieynBaioT JOTMOTHUTETbHBIM
TEIJIO0TBO/IOM.

BwMmecre ¢ TeM, KpOMKa IITaMIa IMOBEPTAeTCs Jia-
3epHOMY OOJIyYE€HHIO KaK C BEpPXHeEH, Tak U ¢ GOKOBOIL
MOBEPXHOCTH IITAMIIA, YTO BEJIET K ee TeperpeBy W,
KaK CcJeacTBue, TpeOyeT CMSATYeHrs PEKUMOB YIIPOU-
HeHUsI. JTO CHIDKAET IIyOUHY YIPOYHEHHOTO CJIOS, a
TETLTIOOTBO/ OGECTIEYNBAETCST TOJBKO B OJIHOM HAIIPaB-
JEHVWH — B TEJO MTaMIla. ITOTO HEJIOCTATOYHO JIJIST
noJyiyueHus: 6oJiee U3HOCOCTOMKUX CTPYKTYP, HE0OXO-
JIUMBIX [IJIsT TIOBBINIEHIST 9KCILTYaTAI[HOHHBIX XapaKTe-
PHUCTHK IITAMIIA.

W3Becten MeTo/ yNIPOYHEHUS IITAMIIOB, KOTOPBIH
BKJIIOUAET JIAa3epPHYI0 TepMOOGPAGOTKY pabovyMX Kpo-
MOK MATPHUI[ U IIyaHCOHOB, COCTABJISAIOIUX TAaKUe
HITaMIIbI, ¢ 06ecrieueHreM JO0MOJTHUTETBHOTO TETI00T-
BO/Ia C TOMOIIHIO MACCUBHOTO METAJIJIMYECKOTO TeJIa,
HAXOJSIIETOCS B TEIJIOBOM KOHTAaKTe € OO0JIy4aeMoii
Matpuiieil uian nyancornom [2]. O6pruHO TaKOE MACCUB-
HOE TeJIO YCTaHABJIMBAETCS 1MOJ 00pabaTbiBaeMoll jie-
TaJIbIO, TIPH 3TOM HEKOTOPOE YBeJNUEHNE CKOPOCTH OT-
BOJIA TEIIA B Pe3yJIbTaTe YBEJMYEHUST TEIJIOOTBO/IS-
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T1ei Macchl 06ecTIeYnBaEeT HE3HAUNTEIbHOE YTy UllieHue
3aKAJIOYHO CTPYKTYpBI paboyeit Kpomku. OmHAKO Ta-
KO€ YyCOBEpIIEHCTBOBAHUE HE PellaeT TJIaBHO mpobie-
MbI. YTIpOUHsiEMasi KDOMKA IITaMIa MO-TIPEKHEMY HC-
[bITBIBAET 3HAYUTEIbHBII TIEPErPeB U3-32 ABYXCTOPOH-
Hero (cBepxy u Cc60Ky) O6JIydeHHsI, TOTJIa KaK OTBOJ
Teria ot paboueil KPOMKU 0OeCIiednBaeTCsl TOJbKO B
OJHOCTOPOHHEM HalpabjieHun (4epe3 TeJo mramma).

Paspa6oran Tak:ke crioco6 Ja3epHOTO YIIPOYHEHS
NITAMIIOB, BKJIOYAIONIWN JTa3ePHYIO TepMOOGPAGOTKY
UX KPOMOK C JIOTIOJTHUTEIbHBIM TETLTOOTBOJIOM 32 CUET
MOJIaY B 30HY OOJYUEHUS OXJKIATONIEH KUAKOCTI
[3]. Takoe ycoBepllleHCTBOBaHME MO3BOJSIET 06ecTIe-
YUTh IBYXCTOPOHHUI OTBO/ TEILIA KAK B TEJIO IITAMIIA,
TaK M 3a CUYeT KOHTAKTA C OXJIAKIAIOIIEH JKIIKOCTHIO.
O[HaKO CKOPOCTh TAKOTO JIOTIOJTHUTETHHOTO TEILI00T-
BO/Ia HAMHOI'O HUKE CKOPOCTHU TEIJIOOTBO/A TPU KOH-
TaKTe C METAJJIOM, TIPU 3TOM He YCTPAHSETCS TaKKe
JIBYXCTOpPOHHEE 006JyY4eHne KPOMOK ImTamioB (Kuj-
KOCTb JIOJDKHA OBITH MIPO3pAvHA [JIsI JJA3€PHOTO M3JIy-
Jyenusi, uHade o0jydeHue OyJeT B MPUHIUIIE HEBO3-
MO3KHO), UTO TpeOyeT CHUKEHNS MHTEHCUBHOCTH 061y~
YeHusi, a, 3HAYUT, U TJAYOUHBI YIIPOUHEHHOTO CJIOS HA
KPOMKaX INTaMIIOB. JTO YCJIOXKHSET KaK caM MeTOJ
06pabOTKH, TaK U TPeOYyEMYIO TEXHOJOTMYECKYTO0 OCHA-
CTKY M3-32 HEOOXOAUMOCTH MTPUCYTCTBUS SKUIKOCTH B
30H€e 06PaBGOTKH.

ABTOpaMu TeopeTrueckr 060CHOBAH U TIPEJIJIOKEH
MPUHIUTIHAJIBHO HOBBIA METO JIA3€PHOTO TEPMOYTI-
POYHEHMS KPOMOK MATPUIL BLIPDYOHBIX IIITAMIIOB ITyTeM
o6uryuenns 6e3 OTIaBJIeHns NX Pabounx KPOMOK GoJree
9HEPrOeMKUM JIA3€PHBIM U3JIy4eHUeM C JOMNOJHUTEb-
HBIM OTBOJOM TeILJIa He TOJIbKO B INTAMII, HO U B aJib-
TEPHATUBHOM HAIIPABJIEHUH C TIOMOIIBIO BCIIOMOTaTe b~
HOTO METAJIJIMYECKOrO TeJia JJisd 0OeCIIeYeHNsT UAea Ib-
HOTO TEIJIOBOTO KOHTAKTa TAaKOTO Tesa ¢ 06/ Iy4aeMoil
KPOMKOI IITaMIIa.

g peanmsariuyl TIOCTABJIEHHOHN 3a/auu HY’KHO
MpeBapUTEIbHO, HEMOCPEJACTBEHHO Tepe/l Ja3epHOi
TePMOOOPAGOTKON BBITIOJHUTD CJIEYIONIIE OMEPATIHH.
BHOBB M3roTOBJIEHHBIM IITAMIIOM, ITPOIIE/IIIAM OOTYIO
TIPEIBAPUTETBHYIO TEPMOOGPAGOTKY, BBIPYGAIOT HECKOJTb-
KO JIeTasieil M3 3arOTOBKH, TOJIIUHA KOTOPOH yCTaHAB-
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JIMBaeTCs U3 TIPUBEIEHHBIX HIKe coobpakenuii. Ote-
HMBas Ka4eCTBO BhIPYGIeHHBIX eTasieli (Hagmdne 3ay-
CEHIIEB U TIP.), ONPEIENAIOT KaueCTBO U3TOTOBJIECHUS
MITAMIIA U TIPUHUMAIOT Pellienne 0 HeOOXOMMOCTH €0
JTOBOJIKH WJT BOBMOKHOCTH €T0 JaJTbHEeUIeld aKCIIya-
ranuu. [lajiee BbIpYGJIEHHYIO 3THM INTAMIIOM J€TAJb
YCTaHABJMBAIOT B TIOJIOCTH MATPUIIBI MTAMIIA, T/E OHA
yaepxkuBaercs: cuoi Tpenus. Ilpu ycranoBke co6.rio-
JAIOT 06sI3aTeIbHOE yCIoBUe — oO0JydaeMasi moBepX-
HOCTb MATPUIIBI 0KHA HAXOAUTHCS B OHON TLIIOCKO-
CTH C BEPXHel MOBEPXHOCTHIO PACIIOJI0KEHHON BHYTPU
BbIpy6JIeHHOH feTanbio. [Ipu atom masepHoe u3Jyde-
HUe Ha BepxHeil pabGoueil MOBEPXHOCTH KPOMKU Mart-
PUIIbI SKPAHUPYETCS OT TONaJaHus Ha ee GOKOBYIO
MOBEPXHOCTD, TIOTJIONIASICh YCTAHOBJIEHHOH JI€TAJIBIO.
ITO TPEISATCTBYET YPE3MEPHOMY IEperpeBy pabounx
KPOMOK U TI03BOJISIET MMOBBICUTH MHTEHCHUBHOCTD 06.Ty4e-
HUS TI0 KPOMKE M, CJIEZI0BATEIbHO, YBEJMYUTD TTyOUHY
VIIPOYHEHHOTO CJIOST Ha Hell. Taxum o6pasoM, TepMOyII-
POYHEHNE MATPUIIBI BO3MOKHO TIPOU3BOIUTL HA 3HEP-
TeTUIECKH TIOBBIIIIEHHBIX PEKNUMaxX, HO 6Ge3 OIJIaBIeHUS
MOBEPXHOCTH MaTepHasa ITaMIla HE3aBUCUMO OT MeCTa
o6.rydenus (TesIo MTaMna MM ero KpoMKa).

Vipounenne 1myancoHos (B oTimune ot 06ydeHnst
MaTpHIl) MPOUSBOANTCA MO GOKOBBIM MOBEPXHOCTSAM
pabounx KPOMOK, ¥ JIa3epHast TepMo06PA6OTKA BbITIOJ-
HSIETCS TI0 OOBIYHON cXeMe.

Heo6xomumo o6patuTb BHUMAaHUE, YTO HOBBII Me-
TOZ 00ecIeunBaeT MaKCUMAIbHO HAJIEXKHbINA TEIJIOBOI
KOHTAaKT JIOTIOJTHUTEIHbHOTO METAJIJITIECKOTO TeJIa C Y-
POYHSIEMBIME PA6OYNMU KPOMKAMU MATPUIIBI B JIIO6OM
Mecre o6aydenns (JeTasb MAeaTbHO MJIOTHO KOHTAK-
TUPYET ¢ KPOMKaMK MATPHIIbI), YTO BeJeT K BO3pacTa-
HUIO CKOPOCTH TEMJIO0TBO/IA. DTO CIOCOOCTBYET MOJTY-
4eHUI0 60JIee MEJTKOIUCIIEPCHON 3aKATOYHON CTPYKTY-
PBbI YIIPOUYHEHHOTO CJIOs, a, 3HAYUT, W GOJIbINEH N3HO-
coctoikocTu 1rramma. O6praHo a1t mosbimeHnss K11/
JIa3epHO# TepMOOGPaBGOTKH Ha paboure KPOMKH IITaM-
Ma MpeABapPUTEbHO HAHOCST TIOTJIONIAIOINIEE TTOKPbI-
THE, TOr/la KaK yCTAHOBJIEHHDIE JOIOJHUTENbHBIE Je-
Tasb u 3arotoBka (JI1s1 06ecriedeHnss MX BBICOKOH OT-
paskaTeJbHON CIIOCOGHOCTH) OCTAIOTCST G€3 MOKPBITHSL.
[Mocsie 3aBepineHUsT JTa3epHOTO YIPOYHEHUS [IE€TAJNb
VAQISIOT U3 MOJIOCTH MATPUIIBI, & C KPOMOK IITaMIIa U
MyaHCOHA YCTPAHSIIOT OCTATKU TTOTJIOIIAIONIETO TIOKPBI-
THUSI, ¥ IITAMII TOTOB K 9KCILJIyaTalluu.

Takum o6Gpas3oM, TpHUBEAEHHBIH HAGOP JEHCTBHI
TIO3BOJISIET, C OJHOH CTOPOHDI, YBEJMYHUTD TIIyOUHY YII-
POYHEHHOTO CJI0s1 paboYNX KPOMOK MATPHIL IITAMIIOB
3a CYeT YBEJUYEHUS WHTEHCUBHOCTH JIa3ePHOTO 00JTy-
YeHUsI U, C [PYTOil CTOPOHBI, OBLICUTH KAUECTBO YII-
POUYHEHHOTO cJios1 6yarosapsi 06ecreYeHnio JI0IOJHU-
TEJBHOTO TETIOOTBO/IA OT 06JydaeMbIX pabGounX Kpo-
MOK. 3a CYeT 9TOr0 B UTOT€ BO3PACTAET M3HOCOCTOM-
KOCTHh YIIPOYHEHHBIX TAaKUM CIIOCOOOM IITAMITOB.

OcranoBuMCs Tellepb HAa BbIOOPE MaTepPUAJIA U TOJ-
IIUHBI 3aTOTOBKH /17151 00€CIIEYeHNS [TPE/JIATAEMOTO Me-
ToZa TepMoynpouyHeHus. sKesaTesbHO, YTOGBI Takas

3aroToBKa ObLIa METAJJIMYECKOH U, K TOMY >Ke, U3
MeTaJjia, 001a1aloNIero BEICOKON CIIOCOOHOCTBIO K OT-
PaKEHUIO UCTIOIb3YEMOTO JIA3€PHOTO M3/IyYeHNS U BbI-
COKOM TETJIOTTPOBOTHOCTBIO. JTO MAKCUMATBLHO CHU3UT
MOCTYILIEHNE HEHY KHOTO TETIa U YCKOPUT €ro TEIIO-
OTBOJI.

Bb160p TOIIUHBI 3arOTOBKY JIJIST IOCTUKEHIS 11EJTT
HAIIIETO METO/Ia MOXKET GBITh 060CHOBAH CJIE/IYIONMMU
coobpakerusmu. C OfHON CTOPOHbBI, TOJIIUHA BHIPY6-
JIEHHOH M3 3arOTOBKH JIeTaJu JIOJIKHA OBITh JOCTATOY-
HOIl, uTOOBI BbIJIEJIEHHOTO BOJIM3U KPOMKHU IITaMIIA
Teria He XBaTUJIO Ha PACILIaBIeHe 06 Ty4aeMOro Kpast
3TOil JleTayau. B mpoTuBHOM ciyyae Ipou3oiiier npu-
BapUBaHWE JETATN K KPOMKE MATPHIIbI MITaMIIa, YTO
moBJieyeT 3a coboit ero nopuy. Kpome toro, yem 60Jib-
TI1e TOJIIAHA 3arOTOBKHU ¥ JIETAJIN, TEM JIyUllle YCIAOBUS
peanu3anuu JOMOJHUTETBHOTO TemnooTBoga. C mpy-
TOll CTOPOHBI, AJIS OOJIETYEHUS] YCTAHOBKU [JI€TATH B
MTOJIOCTH MATPHUIIbI ¥ JTAJbHENIIETO ee U3DATHS MOCJIE
00JIy4eHHs TOJIIMHY JleTaTi HelleaecooOpa3Ho BhIOU-
paTb CJUIIKOM GOJIBIION.

Paccemorpum 6oJiee IoApoOGHO yCJIOBUE, TIPH KOTO-
poM Ha 06Jy4aeMoil TTOBEPXHOCTU YCTAHOBJIEHHON B
[IOJIOCTH MATPUIIBI J€TATN HE JOCTUTAETCS TEMIIEPaTy-
pa miaBnenusi. [Ipn Bo3zzaeiicTBUM a3epHOTO M3Jyde-
HUS Ha METAJLJIbl OTPAaHMYEHHON TOJIIUHBI TeMITEpaTy-
pa Ha WX TOBEPXHOCTU 3aBUCHT KaK OT MapaMeTpPOB
06.JTy4€eH s, TAK U OT TOJIIIUHBI 06,Ty4aeMoii 3arOTOBKH.
Ecau BpeMst BO3JeHCTBUS JIa3epPHOTO W3JYUYEHUS HA
nacTury Matepuasa (3arotosky) ¢ Gyaer 6oJiblie Bpe-
MeHW TIpOTpeBa IJIACTHHBI, paBHoro h2/a, rae h —
TOJIMHA TIJIACTUHDBI, d — TEMIIEPATYPOIPOBOIHOCTD
MaTepuaJia MJIACTHHBI, TO TI0 MEXaHU3MY TETLIIOTIPOBO/I-
HOCTH TeMIIepaTypa o TOJIIUHE 3aTOTOBKH yCIIeeT BbI-
PaBHATHCS, W JIJIS pacyera TeMIeparyp Ha MOBEPXHO-
CTH TaKOU TLIACTUHBI MOXKHO GyJIeT IPUMEHUTb YIIPO-
IIeHHbIE 3aBUCUMOCTH. [Ipn nIpuMeHeHnu UMITy IbCHO-
TO JIa3¢PHOTO M3JIy4YEeHUs BPEMS €ro BO3AEUCTBUS Ha
MJIACTHHY PaBHO JJUTEJTHHOCTH JIA3€PHOTO MMITYJIbCa
Ty, T. €. t =1,. IIp¥ NCTIOJIb30BaHNN K€ HETIPEPLIBHOTO
U3JIyYeHUusI BpeMsl ¢ paBHO BPEMEHH, 3a KOTOPOe Jia-
3€PHBINl UCTOYHUK CO CKOPOCTBIO 06PAabOTKU ¥ TIPOXO-
JIUT PACCTOSTHUE, PABHOE JUaMETPy CPOKYCUPOBAHHOTO
JIA3epHOTO Jiyua 2rg, T. €. t = 2ry/ 0.

N3 s1tux paccyskaeHuil MOHATHO, YTO TIPU 06JIy4Ye-
HUW 3aTOTOBOK Ha PEKUMaX, XapaKTePHBIX [IJIS Ja3ep-
HOTO YIIPOYHEHUsI, TAKOE BIDABHUBAHUE TEMIIEPATYPbI
1O TOJIIMHE IIACTHHBI MMeeT MecTo (B 3aBUCMMOCTH
OT TEILIONPOBOAHOCTY MaTePUaJia) IIPY ee TOJIIIUHE He
6osee 1-3 mm. Taxoe orpanuuenue BrOJiHE HAC YCT-
paumBaer, U JajbHENIe pacueTbl 6y/1eM TPOU3BOIUTD
UCXOJST M3 YCJOBHS BBIPABHUBAHWS TEMIEPATyp IO
TOJITIIMHE TIJTACTUHDBI 32 BPeMs IEHCTBUS TEIJIOBOTO HC-
TOYHMKA. V13 TeOpUN TETIOBBIX NCTOYHUKOB U3BECTHO,
YTO TeMIepaTypa B IEHTPe 30HbI OOGJIyvYeHHs B pac-
CMaTpUBAaeMOM HAMU cjydae paBHa [4]:
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® /Ui UMITYJIbCHOI'O U3JTYyYCHUA

W2 1,13ar,
T=—2%n

= (1
2k 72

® /1JIs1 HEIIPEPDIBHOT'O U3Jy4YE€HUA

2
_ Wi

T 2,25a

2kh In 70

(2)

rjge W), — IJIOTHOCTb MOTJIONIEHHOI JIa3ePHOil MOII[-
HOCTH; B — TEIJIONPOBOIHOCTD MaTepHUaJIa.

B namem ciayuae TemmepaTypa Ha IOBEPXHOCTH
MaTepmaJa He J0JUKHA TPEBBbIATh TeMIIepaTypy ero
maBjaenus Ty,. IlosoxuB, 4To TemiepaTypa IeHTpa
nsaTHa o6ydennst pasHa T, u pemus ypasuenus (1)
1 (2) oTHOCHTENBHO /2, MOKHO YCTAHOBHUTH OrpaHude-
HUS HAa MUHUMAJbHO JIONTYCTUMYIO TOJIIUHY 3arOTOB-
KM, TPU KOTOPBIX TeMIileparypa Ha 06Jydaemoil 1o-
BEPXHOCTH He JocTurHer T,,. IIpu aToM yuuTbiBaeM,
YTO TIJIOTHOCTD TIOTJIOIEHHON TTOBEPXHOCTHIO 3aTOTOB-
KU JIa3epHOI MOIIHOCTH PaBHA:

JUUIS UMITYJIBCHOTO M3JIyYeHUs

AE

W,=—", (3)

4mryT,

JLI HETIPEPBIBHOTO M3JIYYCHUA

AW
= ’ 4
P Ay ()
rae E, — sHepruga MMIyJbCHOTO JIa3epPHOTO U3JIyde-

Hus; W — MOIIHOCTb HeTIPEePbIBHOTO U3ayyeHnsi; A —
K03 DUIIEHT MOTTOMEH NS U3TyYeHNS TOBEPXHOCTHIO
MaTepuaia 3aroTOBKU.

Wz (1) u (2) ¢ yuerom (3) u (4) momyqaem:

JUIST UMITYJIbCHOTO M3JIy4YeHust

AE, 1,13ar,
>
h - STETMTu ln 7'(2) ’ (5)
[JIA HENIPEPDBIBHOTO U3JIy4Y€HUA
AW 2,25a
> )
b= 8nT,, In 700 (®

Boimonnenne nepasencts (5) u (6) o6ecneunsaer
VIOPOYHEHNE MATPUIIbl ITaMa 6e3 MPUBAPUBAHUS K
Hell yCTaHOBJIEHHOUW JIETaJIM, UTO MO3BOJISIET N36€KaTh
MOPYM IITAMIIA.

[Ipennaraembrii croco6 MOSKHO TPUMEHSTD JJIS 110-
BBINIEHNST M3HOCOCTOWKOCTU BBIPYOHBIX IITAMIIOB U3
MHCTPYMeHTANbHBIX crateir Y8, 9XC, XBI, IIX15,
X12M u ap. Tak, naH#ubIl c1oco6 OGbLT IPUMEHEH TTPH
VIPOYHEHNN Pab0unX KPOMOK BBIPYOHBIX IITAMIIOB,
BBITIOJIHEHHBIX U3 cTaan X12M. [letaan pasjinyHOi
KOH(UTYpariu BeIpy6an TAKIMHY TIITaMIIaMU U3 JIaTy-
HU WJIU KOHCTPYKIIMOHHON CTAaJM, OHU UMeJU MAaKCHU-
MaJbHBIA gnaMerp (MM MakCHMaJbHOE CeYeHHe I10
nepumerpy) He 6osbire 10—20 mm. JlazepHoe 06iyye-

HUE MATPUI] TAKUX IITAMIIOB IO TIPE/IJIOKEHHOMY METO-
ny nposoanan (1ocse IpeaBapuTeIbHOTO YePHEHUST
XUMUUYECKUM TPABJIEHUEM JIJIsI TTOBBIIIEHUs] TIOTJIOIIA-
TEJBHON CHOCOGHOCTH) MMITYJIbCHBIM M3JTyYeHHEM Ha
pexnmax E, = 30 [Ix, 1, = 8 Mc, ry = 2,5 MM, Tmar
06paBbOTKU MEX/Y OTHeJbHBIMU JIA3€PHBIMU UMITY JIb-
camu S = 3,5 mM. Pacuer To/muHbI 3arOTOBKH, HEOO-
XOJUMON IS peasu3alvy JJAaHHOTO Crocoba, Ieaan
o 3aBucumoctu (5). OH TOKa3aJ, YTO ee TOJIIMHA
JUISL JIATYHU JOJDKHA ObITh £ > 0,65 MM, a mus cTanm
h > 2 mm. [Toaromy 11151 06paGOTKY TI0 HAIIIEMY METO/LY
B KauyecTBe 3aroTOBKM ObLT BBIOPAH JIUCT JATYHU TOJI-
mUHOoNi 2 = 1 MM.

[Tocsie BBIpYOKM M3 JIATYHHOI 3arOTOBKHW yKa3aH-
HO¥I TOJIIIMHBI IPOGHOM JIETaJIH TIOCJIEHIO0 BCTABJISLIN
B ITOJIOCTHh MATPWUIIBI TITaMITa HA OJHOM IIOCKOCTH C €€
pabounMy KPOMKAMU M OHA YJEP3KUBAIACH TaM 32 CUET
CUJI TpeHus. 3areM TPOBOJUJIN Jia3epHOE O0JIyvYeHne
KPOMOK MaTpHIIbI M IIyaHCOHA HA YKA3aHHBIX BBIIIE
pexxnmax. [IpuMeHeHme mpeasokeHHOTo crocoba yii-
POYHEHUS TI03BOJINJIO 6€3 OTLIAaBJIEHUST KDOMOK IITaMIia
MOJIYYNTDb TJIYOUHY YIIpouHeHus /10 250 MKM ¥ MUKPO-
TBEpPAOCTh KPoMOK mtamna H,, = 1200 krc/ mm?. TIpn
ATOM HKCILTyaTAIIMOHHAS CTOMKOCTb IITAMIIA MOBBICH-
Jlach B 3—4 pasa 1o CpaBHEHUIO C €r0 CTOMKOCTHIO TIOC e
TpauionHoi (06beMHoI) TepMoo6paboTku. [Tpu a-
3epHOI TepMoo6paboTKe 06braHbIM MeTogoM (6e3 ycTa-
HOBKHM JIeTaJaM) BO M36eKaHUe OILIABJIEHHS KPOMOK
MATPUIIbI SHEPTHIO 06IyUeHUsT MPUIILIOCHh YMEHDBIIUTh
B 1,5 paza. ITo MOBJIEKJIO 32 CO60I yMEHbBIIICHHE TJTy-
OMHBI yIIPOYHEHHOTO 105 10 150 MKM ¢ 0JfHOBpeMeH-
HbIM CHMJKEHHEM €ro MHUKpPOTBepAocTH a0 H,
= 1000 xrc/ MM2. CTOHKOCTD ImITaMIa B JIAaHHOM CJIy-
yae MOBBICHJIACH TOJIBKO B 2—3 pasa 10 CPaBHEHUIO C
MoJIy4aeMoil TIpu 0ObEMHON 3aKaJIKe.

TakuM 06pa3oM, Ha OCHOBE aHAJIN3a BO3MOKHBIX
TEXHOJIOTUIECKUX METO/IOB JIa3€PHOTO TEPMOYIIPOYHE-
HUST pa60YMX KPOMOK BBIPYGHBIX IITAMIIOB TIPE/IJIOKEH
YCOBEPIIEHCTBOBAHHBIH €MOCO6 TepMOOOPAOOTKH, 3a-
KJTIOYAIOIIUICS B IIPEBAPUTENBHON BEIPYOKe TIPOGHOIT
JleTay NITaMIIOM | noceayiomeii (1epes JasepHbIM
06JIydeHneM) yCTaHOBKe JIETald B TIOJOCTH MaTPHIIbI
mTaMna. JTO TO3BOJUJIO, C OJHOW CTOPOHBI, YBEJN-
YUTh TJYOMHY YIIPOYHEHHOTO CJIOST PaGodYmX KPOMOK
MaTPHUIL MITAMIIOB 32 CUET TTOBBIIIEHIST HHTEHCUBHOCTH
JIA3epHOTO OGJIyUeHUS U, C APYTOI CTOPOHBI, YIYUIIUTH
KauecTBO yIIPOYHEHHOTO CJI0st 61aroiapst 06ecrieyeHuio
JTOTIOJTHUTETBHOTO TETLIOOTBO/IA OT 06JIydaeMbIX pado-
YUX KPOMOK. B pesysibrare sKcIIyatallMOHHAs CTOM-
KOCTD IIITaMIOB BO3pocJa B 3—4 pasa 10 CPaBHEHUIO C
MOJTy4aeMoi 1mocJie TPAIUIIMOHHON TepMOO6PaGOTKY.

1. Tpuzopvsny A.I. Texuuueckue MpoIECcChl Ja3epHOil 00paGoT-
k. — M. MITY um. H.9. Baymana, 2006.

. A.c. CCCP 194130. MK B23k 26,/00. Omy6. 1965 r.

. Pat. 3894208 USA. Int. Cl. B23k 15,/00. Publ. 1975.

. Jasepor B texnonorun / Ilox obur. pex. M.d. Crenbma-
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NUMERICAL STUDY OF CONDENSED-PHASE NUCLEUS
GROWTH IN VAPOR-GAS JET UNDER LASER WELDING

I.L. SEMENOYV and I.V. KRIVTSUN
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Mathematical model of motion, growth and heating of condensed-phase nucleus in vapor-gas jet is proposed. Kinetics
of nucleus radius and temperature is examined for fixed surrounding conditions and during its motion along vapor-gas
jet. Final size of condensed-phase nucleus is obtained for different surrounding conditions, and distributions of metal
vapor concentration in vapor-gas jet are presented. In addition, influence of laser radiation absorption on condensation

process is discussed.

It is known that for deep penetration laser welding
there exists a narrow hole, called keyhole, filled with
metal vapor. Above this hole a vapor-gas jet is formed.
As reported in [1], the metal vapor, flowing out of
the keyhole, is substantially oversaturated. It results
in forming and growing of condensed-phase nuclei in
vapor-gas jet. According to theoretical estimations
[2] sizes of the nuclei can vary from 0.01 to 0.10 pm.
Volume condensation process exerts great influence
on gas-dynamic processes in vapor-gas jet and changes
its basic characteristics. On the other hand, formation
of condensed-phase nuclei affects propagation of laser
radiation through the vapor-gas jet. Absorption and
scattering of laser radiation by the nuclei attenuate
laser radiation intensity and decrease the power of
laser beam, directed into a metal surface. This is why
the investigation of condensed-phase nuclei growth
in vapor-gas jet is of great interest for further devel-
opment of laser welding technologies.

In the present work we propose a mathematical
model of motion, growth and heating of condensed-
phase nucleus in a vapor-gas jet. Distributions of gas-
dynamics parameters were taken from study [1]. The
proposed model consist of equations of motion along
axis of the jet, equations describing kinetics of nucleus
radius and temperature, and continuity equation for
metal vapor, taking into account process of volume
condensation. The initial radius of nucleus and con-
centration of nuclei are calculated in terms of Zel-
dovich theory [3]. Mass and energy fluxes through
the nucleus surface are found from the solution of
kinetic equations for metal vapor and gas particles.
As an example, Ar—Fe mixture is considered. Results
obtained in this work allow one to analyze dynamics
of nucleus growth and heating and provide quantita-
tive estimations of final condensed-phase nuclei sizes
in vapor-gas jet.

Mass and energy fluxes on the nucleus surface.
First, let us consider expressions for mass and energy
fluxes on the nucleus surface. For typlcal values of col-
lision cross-sections (o4, =4-107""m =210 m™)
and concentrations of vapor and gas pdrtlcles (NFe, Ar ®
~ 1072 m2), estimated value of mean free paths Ae, a
varies from 1 to 10 um. These values are much greater
than estimated sizes of condensed-phase nuclei. Thus,
a vapor-gas flow around the nucleus can be treated

© I.L. SEMENOV and I.V. KRIVTSUN, 2011

as collisionless and have to be examined on the basis
of kinetic equations for vapor and gas particles. As-
suming a spherical shape of the nucleus, the kinetic
equations can be considered in a spherically symmetric
form. These equations are not presented here for brev-
ity, because the steady-state collisionless solution of
these equations is quite simple and can be obtained
in a closed analytical form. According to this solution
the distribution function of particles falling onto the
surface is equal to the distribution function at infinity
(i.e. far from the nucleus). The distribution function
at infinity represents undisturbed state of vapor-gas
mixture at a certain point of the jet. This function is
assumed to equal to equilibrium Maxwell function
with zero velocities, temperature T, and concentra-
tions nj) ,, where g and v — gas and vapor particles,
respectively. The distribution function of outgoing
particles is also assumed to have Maxwell form with
zero velocities, temperature T, and concentrations
ny .. Here, T is the temperature of the nucleus, and
values of concentrations 7, , depend on the type of
boundary conditions. Finally, mass and energy fluxes
at the nucleus surface read as

qm = ‘ (ng v
NG )
qe= m (ng, 1>T§/ = ng, L'TOS/ z)y
g, v

where ¢, is the mass flux; ¢, is the energy flux; and
m,, , are the masses of gas and vapor particles.
Model of nucleus growth and heating. Further,
we present the model of nucleus growth and heating.
This model consists of two equations. The first one
describes kinetics of nucleus radius, and is written as

—ng NTy); (1)

(2)

\’25 (WNT, — nNTy), (3)

p“l dt

where p,, is the density of liquid phase (i.e. liquid
iron in our work), and 7, is the nucleus radius.

The second equation describes kinetics of nucleus
temperature, and is given as

~4nr(q. + G, + q.), (4)

d
E (C;)Ts) =
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Figure 1. Kinetics of nucleus temperature (a) and radius (b) for T = 2450 K, v, = 0.8, 6 = 0.2, initial radius of 0.43 (1), 0.45 (2), 0.50

(3), 0.60 (4), 0.80 (5) and 1 (6) nm: 7 — initial temperature; § —

where C, is the total heat capacity of the nucleus,
and heat fluxes g., g, and g, read as

ge=1\ fmﬁ (mNTs = nNTy), (52)
'\’ 2k S3/2 0 3/2

qg = an (ngTs/ - ngT()' ) (5b)

0= N2 iy - i, (50)

nm,

where A, is the specific evaporation heat. The heat
flux g, corresponds to condensation and evaporation
of vapor particles, and heat fluxes g, and ¢, corre-
spond to heat conduction between nucleus and sur-
rounding mixture. For the gas particles we use simple
impermeability condition 7y = ng\lTO/ T, and for the
vapor particles we assume that concentration 7} is
equal to concentration of saturated vapor at tempera-
ture T:

s Pa L_L 2Gmmv (6)
o= kTs xp kTO kTs xp kTspmrn ’
where P, is the atmospheric pressure, and o,, is the
surface tension of liquid metal. Equation (6) takes
T, K
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2390

100 200 300 400 500
a

critical radius, and the rest curves — same by Zeldovich theory

into account the influence of surface tension, since it
is important for micron sized nuclei. Equations (3)
and (4) can be solved numerically with appropriate
initial conditions.

We firstly demonstrate kinetics of nucleus growth
and heating with fixed ambient conditions. These con-
ditions can be defined by temperature Ty of the sur-
rounding mixture, mass fraction of metal vapor in the
mixture ype = My (Mpenpe + mana) and super-
cooling degree 0. The supercooling degree is defined
as 0 = (T* = Ty) /T, where T" is the temperature of
saturated vapor for given concentration of metal vapor

particles 7. Note that pressure is assumed to be equal

to one atmosphere.

In Figure 1 we show kinetics of nucleus tempera-
ture and radius for Ty = 2450 K, yg.= 0.8, and 6 = 0.2.
Curves for different initial nucleus radius are pre-
sented. In Figure 2 the same dependencies are shown
for Ty = 2400 K, yp. = 0.05, 6 = 0.05. One can observe
that nucleus temperature increases rapidly due to con-
densation during some period of time and then goes
asymptotically to temperature T°, corresponding to
given supercooling degree 0. Slowing down of tem-
perature kinetics can be explained by increasing of
evaporation heat losses when temperature becomes

7,, DM

200 300

0 100
b

Figure 2. Kinetics of nucleus temperature () and radius (b) for T, = 2400 K, y5, = 0.05, 8 = 0.05, initial radius of 1.8 (7), 1.9 (2),
2.0 (3), 2.5 (4), 3.0 (5) and 4.0 (6) nm: 7, 8, rest curves — the same as in Figure 1
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sufficiently high. Nucleus radius increases with con-
stant rate, because at this stage we do not take into
account loss of vapor in surrounding mixture due to
condensation. On the whole, qualitative picture of
radius and temperature kinetics does not depend on
supercooling degree and amount of vapor in the mix-
ture, but note the difference in time scales in Figures 1
and 2. For smaller mass fraction of metal vapor the
condensation process is much slower due to small
amount of vapor.

Nucleus growth and heating during its motion
in the vapor-gas jet. Further, let us consider nucleus
growth and heating during its motion in the vapor-gas
jet. Firstly, we write additional equations of nucleus
motion along jet axis in the following form:

dz

qi- o(t); (6a)

m 38— —onr2C 0 - u, (6b)
where v is the velocity of nucleus; p is the density;
u is the velocity of vapor-gas mixture at current spatial
point z; m, is the nucleus mass; ¢, is the drag coeffi-
cient, which for collisionless flows equals 2. The in-
itial conditions for equations (6) read as z(0) = z,
0(0) = u(zy). Here z, is the injection point, i.e. point,
where condensed phase nuclei initially arise. The dis-
tributions of gas-dynamic parameters in vapor-gas jet
were taken from work [1]. In addition, we write the

%,, M

16
14
12
10

8
6
4
2

continuity equation taking into account condensation
of metal vapor:

d .
E (mvnvu) = _4nrirnpmNny

)

where N, is the concentration of injected nuclei. Ac-
cording to Zeldovich theory of condensation [3], this
concentration can be assumed to remain constant
along jet axis after the injection point. The reason is
the supercooling degree decreases rapidly after the
injection point and consequently the probability of
new nuclei appearing is very low. The concentration
N, and initial radius of injected nucleus can also be
calculated by means of Zeldovich theory [3]. The
initial (or critical) radius is given as
26,0

T =79 (8
where ® =m,/ p,,. The concentration of injected nuclei
is calculated by the following integral:

20

N, =] v(2)/u(z)dz, (9

where v is the probability of nucleus injection, and
point z. corresponds to that point of jet axis where
supercooling degree becomes greater than zero. The
probability v is defined as

T, 1
v =k, exp —7§,

(10)
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Figure 3. Kinetics of nucleus radius (@), temperature (b), difference be‘%veep nucleus and mixture velocities (¢) and distribution of
metal vapor concentration (d) for z; = 2 mm, 7, = 0.31 nm, N, = 1.68:10 " m " and 6 = 0.3
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2 3.2

where k, =4 % Vﬁ and T, = M. ome
m WM kA2
more details and related physical discussions can be
found in work [4]. The position of injection point z,
can not be defined explicitly within the framework
of Zeldovich theory, but estimated value of super-
cooling degree at this point approximately equals 0.3
([4]). Equations (6), (7) were solved along with
equations (3), (4) for different positions of initial
injection point.

Let us show results for the first set of parameters:
distance from the metal surface zo =2 mm, 7y = 31 nm,
N, =1.6810"® m™, 6 =0.3. In Figure 3, @ and b, we
demonstrate kinetics of nucleus radius and tempera-
ture along axis of the jet. The difference between
nucleus velocity v and mixture velocity u is shown
in Figure 3, ¢, and, finally, the distribution of metal
vapor concentration is shown in Figure 3, d. One can
observe that the nucleus radius grows rapidly and
then remains constant. The explanation of such be-
havior is that growth of nuclei causes metal vapor
concentration to decrease and after a certain point on
the axis the vapor concentration becomes negligibly
small (see Figure 3, d). Hence, after this point the
condensation process and subsequent nucleus growth
stop due to insufficient amount of metal vapor in the
mixture. The nucleus temperature is quite high (near
the boiling temperature) in the region where conden-
sation process takes place, and drops rapidly after

7, M

90
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60
50
40
30
20
10

3000

2500

2000

decreasing of condensation rate. The subsequent nu-
cleus cooling is related to heat conduction between
hot nucleus and cold atmosphere. The difference be-
tween nucleus velocity and mixture velocity is not
noticeable because the nucleus is not large enough,
i.e. its inertia is comparable with drag force.

Further, in Figure 4, a—d we demonstrate the same
dependencies for another set of parameters. In this
case the concentration of injected nucleus is smaller
due to smaller value of initial supercooling degree.
In result the condensation process becomes slower and
injected nucleus might grow during longer period of
time. Thus, the final nucleus size is larger than in
previous case and the point, where sharp decrease in
metal vapor concentration takes place, goes down-
stream. In addition one can observe that the nucleus
velocity differs visibly from the mixture velocity,
since nucleus inertia prevails over drag force due to
greater nucleus size.

In Figure 5, a—d, we also demonstrate the influence
of laser radiation absorption on nucleus growth and
heating during its motion along the jet axis. The laser
radiation is assumed to have Gaussian distribution
1(2) = Iy(r3/7?), where v? = 131 + 2% /23); r, = nrid /2,
A is the laser radiation wave length; 7y is the focus
radius; and I is the total intensity of laser radiation.
In order to examine the influence of laser radiation
absorption we add the term describing absorption
heating in equation (4). This term reads as ¢g; =

T,, K

mm

12 14 16 18 2z, mm

Figure 4. Kinetics of nucleus radius (@), temperature (b), difference bet})geer} nucleus and mixture velocities (¢) and distribution of
metal vapor concentration (d) for z; = 1.5 mm, 7, = 0.34 nm, N, =7.9-10" m ~, 6 = 0.26
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Figure 5. Kinetics of nucleus radius (a), temperature (), distribution of nucleus velocity (¢) and distribution of metal vapor concentration
(d) for zy=2 mm, r,=0.31 nm, N, = 1.6810 " m °, 6 = 0.3: solid and dashed line — results obtained without and with laser radiation,

respectively

= Inr?Q s, where Qg is the absorption coefficient
calculated by means of Mie scattering theory for small
particles. The laser radiation wave length was chosen
to be equal to 1 um, and total intensity of laser ra-
diation was 105 W /cm?. The parameters of injection
point were the same as for Figure 4. One can observe
from Figure 5 that absorption of laser radiation makes
condensation process slower. Additional heating leads
to intensive evaporation and related mass losses but,
at the same time, depletion of metal vapor also be-
comes weaker. In result, the absorption of laser ra-
diation has such a self-consistent influence, so the
final size of injected nucleus does not change (in com-
parison with condensation without laser radiation).
Thus, we can conclude that absorption of laser radia-
tion does not influence final radius of condensed nu-
clei, but increases size of the region where condensa-
tion process takes place.

CONCLUSION

To sum up, growth and heating of condensed phase
nucleus during its motion in vapor-gas jet was inves-
tigated on the basis of developed mathematical
model. The model consists of equations for nucleus
radius and temperature kinetics, equations of nucleus
motion and continuity equation taking into account
loss of metal vapor due to condensation. The mass

and energy fluxes on the nucleus surface are calcula-
ted by means of formulae obtained from the collisi-
onless solution of kinetic equations. Kinetics of nuc-
leus radius and temperature with fixed surrounding
conditions is demonstrated for different values of
supercooling degree and mass fraction of metal vapor.
Kinetics of nucleus radius and temperature during its
motion along vapor-gas jet axis is shown along with
distribution of metal vapor concentration. The influ-
ence of initial injected nuclei concentration is demon-
strated. The final size of injected nucleus is obtained.
In addition, the influence of laser radiation absorpti-
on on the condensation process and final nucleus size
is examined. Results obtained in this work allow
analyzing dynamics of nucleus growth and heating
during its motion in vapor-gas jet and providing
quantitative estimations of final condensed-phase
nuclei sizes.
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JJASEPHOE INIOBEPXHOCTHOE YIIPOYHEHUE
TUTAHOBOTI'O CIIJIABA T110

|B.®. TONOJIbCKUI1

, B.J. LIEJIATUH, C.B. AXOHHH, B.I0. XACKHH,

UK. IIETPUYEHKO, A.B. BEPHAIIKUIA, A.B. CHUOPA
WNuctutyt anexrpocBapku uM. E.O. [latona HAHY, Kues, Ykpanna

[lanHas pa6oTa MOCBSIIEHA U3YYEHUIO BO3MOKHOCTH IIPUMEHEHUs JIA3€PHOTO a30THPOBAHMS /IS HOJIYYEHUS! [OBEPXHO-
CTHBIX TTIOKPBITHII C BBICOKOI ITPOYHOCTBIO. Y TPOYHEHHE THTAHOBOTO cyiaBa 1110 mpoBoansIN 10 MOBEPXHOCTH € OKAJIIMHOM
B COCTOSIHUH HEMOCPEJACTBEHHO IMOCJIE MPOKATa U M0 3aYHIIEHHON TOBEPXHOCTH B PA3JIMYHBIX ra3000pas3HbIX cpenax 6e3
JIOTIOJTHUTEJIbHON MOJJauU MIPUCAJOYHOTO MEeTa/JIa. Y CTAHOBJIEHO, YTO HAJHYNE OKAJIMHBI HA TMOBEPXHOCTH o6pasiia obe-
CIIeYnBaeT JIydlliee TIOTJIONIEHIE JIA3ePHOTO M3JIyYeHNsI ¢ OJHOBPEMEHHDBIM TOBbIeHneM TBepaoctu B 1,5-3 pasa, 4ro
MOKET UCII0JIb30BATbCA JIJIsI YIIPOUHEHHS JleTaslell MalllMH 1 MEXaHU3MOB, a TaK)Ke OPOHEBBIX 3JIEMCHTOB.

B nacrosiiee BpeMs cyIecTByer He06X0JUMOCTh yCTa-
HABJUBATh OPOHEBBIE 3JIEMEHTHI B JIETKOBBIX aBTOMO-
6UJISIX, caMOJIeTaX, BePTOJIeTaX, a TaKyKe U3TOTaBJIU-
BaTh OPOHMPOBAHHbBIE JKUJIEThI. Bo BCeX aTHX curyyasx
Tpe6yeTcst IPOYHAs U BMECTe ¢ TeM Jierkast 6pons. [l
3TON I1eJM TPUMEHSTM BBICOKOTIPOYHBIE THUTAHOBBIE
CIJIaBbl, HO ¥ MX IIPOYHOCTH CO BPEMEHEM OKa3aJsloCh
HEIOCTATOYHO B CBS3U C TIOBBINIEHWEM MOITHOCTH W
KauecTBa OPYXKUsS, B IIEPBYIO O4Yepe/lb, CTPEJIKOBOIO.
CeroiHsi Takue TMOAXO/Abl K yBEJIHMYEHHUIO TPOYHOCTH
OPOHEIIEMEHTOB, KaK pa3pab0oTKa HOBBIX TUTAHOBBIX
CILTaBOB M WX TepMuyeckas oOpaGorka (mednas u
TBU) B OCHOBHOM HMCYEPIANU CBOM BO3MOKHOCTH M
yKe HY»KHbI HOBble TexHosoruu. OHOI U3 TaKUX TeX-
HOJIOTUI MOKeT OBbITh JIa3epHOE a30THPOBAHUE.

[lannas pa6oTta TOCBSIIEHA TPUMEHEHHIO JTA3€PHO-
IO a30TUPOBAHMS [IJIS TIOJYYEHHST BBICOKOTIPOYHBIX TI0-
BEPXHOCTHBIX MOKPBITHI, B YACTHOCTH, BOBMOKHOCTSIM
[IPUMEHEHMS JIA3ePHOTO U3JIyYeHUs JIJ1s1 HaHeCeHus 10-
KPBITHIT BBICOKOH TBEPAOCTU HA BBICOKOTIPOYHBII THTA-
HoBbiii crtaB T110 ¢ 1esbio yrnpouneHusi GPOHEBbIX
3JIEMEHTOB.

[ToBepxHOCTHOE J1a3epHOE JIErMPOBAHUE TUTAHO-
BBIX CIIJIABOB MOJKET BBITIOJHATHCS TaKUMHU MaTepua-
JIaMH, KaK Ta3000pa3HbIi a30T, MOPOIMKO0Opa3HbIE
Kap6uIpl, 60pu/bl. BBOIUTH MaTepuasbl B 30HY JeHCT-
BUsI JIA3€PHOTO WM3JIyYeHHS BO3MOXKHO Pa3JMIHBIMU
cnioco6aMu: B BUJIE 3aIIUTHOTO ra3a, MyTeM HaHeCeHUs
MOpOoIKa Ha 06pabaThIBAEMYIO MOBEPXHOCTHh WU MO-
Jlayy MaTepyaa B CBAPOYHYIO BAHHY HEIIOCPEICTBEHHO
BO BpeMs Jia3epHoil o6paboTku. JlernpoBanue razo006-
Pa3HbIM a30TOM II03BOJIIET B IIMPOKUX IIpejesax He
TOJIbKO BapbUPOBATH €0 KOJUYECTBO B IIE€PEILIaBJIEH-
HBIX CJIOSIX, HO M M3MEHSTHh CIOoco0 TOBEIEeHUs, Ha-
MIpUMeEp, OCYIIECTBJATD TO/LYB M0/l HEKOTOPBIM YTJIOM
K OCH JIa3epPHOTO U3JIy4YeHUs, KOAKCUAJbHBIH ¢ HUM,
MOJIYB B OCTBIBAIOIYIO 4aCTh CBApPHOIO IIBA.

[TpoBenieHHbIE paHee MCCAETOBAHUS TOKA3AJHT, YTO
MaKCHUMAaJIbHYIO TBepJIOCTb IIPU JIETMPOBAaHUH [TOBEPX-
HOCTHBIX CJIOEB TUTAHA M €TO CILJTABOB OOECTIEYNBAIOT

coemunenust TiN. Heznocratok atoro mnpoiiecca COCTOUT
B (DOPMHUPOBAHWUH CETKW MUKPOTPEIINH Ha 06paboTaH-
HOW ToBepxHOCTH. V3BecTHO, 4TO OOpa3oBaHue Tpe-
IIMH MOKHO MPEIOTBPATUTD JIUIID TIPU 3HAYUTETTHHOM
cHIDKeHun KosmdecTBa TiN B HallJIaBJIEHHBIX CJIOSIX.

B nannbIX 1ccaeqoBaHUSAX MCIOJb30BAJIN Jasep-
uyio ycranoky JIT-104 (CO,-nasep, pjmHa BOJIHBI
usayuenuss 10,6 mxm). Yupounenme cmiaasa T110
MIPOBOIMJIA B Cpejie Ta3006pa3HOTO a30Ta MO CXeMe,
NpuBeIeHHON Ha puc. 1, 63 AOMOJHUTENbHOM MOAaYN
npucasoyHoro Metasa. [lpuMeHsv Tpu Tuma Tas3o-
BBIX Cpe/l: a30THYIO, C Iojauell a3oTa K CBapO4YHON
BaHHE W €€ XBOCTOBOW YacTH; a30THO-BO3AYIIHYIO, C
nojaveil a30Ta TOJbKO K TOJIOBHOHM YaCTH CBAapOYHOIL
BaHHbI (B MapOrasoBbIi KaHas1); a30THO-apPrOHOBYIO, C
nojlavyeil a3oTa K CBApOYHOI BaHHE M aproHa K XBOC-
TOBOI yacTu. KpoMe TOro, A1 OIeHKU BJIUSHUS COC-
TOSTHUS TIOBEPXHOCTU 0OPA3IOB HA PE3YJIbTAThI YIIPOU-
HEHUS BCE MCCJIeIOBAaHMS TPOBOMIN [/ ABYX TUIIOB
TTOBEPXHOCTHU: C OKAJWHOM B COCTOSIHUW HETOCPECT-
BEHHO II0CJIe ITPOKATa U OYHIIEHHOM.

1
i
i
1
i
i
i
i
1
i
i
i
1
1

¥

/%

i

Puc. 1. Texnosorndyeckas cxeMa JIa3epHOTO a30THPOBAHUS TIJIACTHH
tutaHoBoro citasa T110: 1 — sa3eproe nsiyuenue; 2 — Qoky-
cupylomas JuH3a; 3 — cucTeMa 110Jiaun ra3oo6pasHoro azora Ny;
4 — o6pasel]; v — CKOPOCTb IlePeMelleHNUs CUCTEMbI Aa30THPOBAHMUS
OTHOCHTEJIbHO 06pasia; i — riIy6HHa a30THPOBAHHOIO CJIOS; & —
ToJIuHa 06pasia

© [B.®. TONOJIbCKUI], B./I. IIEJATUH, C.B. AXOHUH, B.I0. XACKUH, W.K. IETPUYEHKO, A.B. BEPHAIIKIIA, A.B. CUOPA, 2011
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PesxuMbl J1a3epHOTo a30THPOBAHUS TUTAHOBOrO ciaBa 1110

Ne Ty6una mporuiaBieHns, MM
pexu- | P, xBr | V, M/t | AF, MM

Ma Maxkcumanbnas | MunnMaibHas

1 2,5 60 +21 0,86 0,10-0,12

2 2,5 60 +26 0,86 0

3 2,5 60 +31 1,26 0

4 3,0 30 +31 1,30 0

5 2,5 30 +31 0,80—1,24 0,50

6 2,5 40 0 0,72 0

7 2,8 40 0 0,92 0

8 2,5 30 0 0,70 0

9 2,8 30 0 0,90 0

10 3,0 30 0 0,60-0,76 0,30-0,50

B pesysbTare mpoBeleHHBIX UCCJAEAOBAHUI ObLIO
YCTAaHOBJIEHO, UTO JIYYIlle BCETO TIOTJIOIIEHNE JTa3ePHO-
T'O U3JIyY€EHUS C OJJTHOBPEMEHHBIM [IOTIOJTHUTETHHBIM TI0-
BbIIIIEHNEM TBEPJOCTU O6ecreyrBaeT HAJINYUe OKAJIU-
HbI Ha MOBEPXHOCTH 06pasiia.

B Tabamie mpuBeeHbI 1eCSITh PEXXIIMOB a30THPO-
Banug. VccsemoBanus MPOBOAWIN TIPU MOITHOCTH W3-
ayuerns 2—3 kBT m ckopoctu cBapku 30—60 M ,/4.
AsorupoBanue 10 pexxnmaM Ne 1-5 mpoBoguiu 6e3
MpeIBAPUTETHHON 3aYNCTKN OKAJIWHBI C TTOBEPXHOCTH
MeTasna, no pexxumam Ne 6—10 — c¢ 3auncTkoOl TO-
BEPXHOCTH.

[l 06pasIoB ¢ OKaJIWHOM TIyOUHA JOPOXKEK YII-
pounenus cocrapysiia 1,0—1,2 MM, B TO BpeMs Kak JIJist
OUMINEHHON moBepXHOCTH Jumih 0,5—0,6 MM. Jlyumue
Pe3yJIbTaThl C TOUYKHM 3PEHUST OJJHOPOTHOCTH pacipesie-
JICHWS] HUTPU/IOB B HATLJIABJIEHHBIX JOPOXKKAX OBLIN
MOJIYYeHbI TIPU HCIOJIb30BAHUU ITOJHOCTBIO Aa30THOI
3aNTUTHON cpeabl. A30THPOBAHHLIN CJION HAa BCeX Jie-
caTi 06pasiiax UMeeT B CeYeHUN HePABHOMEPHYIO TJIy-
6uny. MakcumasbHas riyOHHA MIPOILIABIEHIS TOJIY-
YeHa TI0 OCH JOPOKKHM, MUHUMAaJbHAsI — B Y4acTKax
MEPEKPBITUST COCEHUX JJOPOXKeK. B GosbiuHCTBE CaIy-
JaeB IepPeKPBLITHH MeXAYy COCeTHUMHU TOPOKKaMU He
6BLTO.

Puc. 2. Buennuil Buji a30THPOBAHHOTO 06pasiia GpOHedIEMEHTa

[Tpumenenue azepa B a3oTcozeprKanieii atmocdepe
MIPUBO/IUT K HACBHINEHUIO OILJIABJEHHOTO METAJIA A30TOM
BILTIOTb JI0 06pa3oBaHusl Ha moBepxHoctH a-TiN 3osm0-
TUCTOI'O IIBETa, KOTOprfI MNMEET OY€Hb BBICOKYIO TBEP-
JTOCTD. XapaKTePHbIN BHENTHWI BU/] a30THPOBAHHON T1J1a-
CTUHBI TIOKa3aH Ha puc. 2. JlazepHoe a30THpOBaHUS He-
3QUUITIEHHON TIOBEPXHOCTH MeTaJljia, Ha KOTOPOW TpH-
CYTCTBYET OKAJIMHA, IPUBOJUT K HACHIIIEHUIO PACILIAB-
JIEHHOTO MeTaslia KucjaopogoM. Ilo Mepe ynaieHusi ot
MOBEPXHOCTH (Ha30BbIil COCTAB HAILJIABJIEHHOTO METAJLIA
MOKET U3MEHSThCS B TaKoil mocjenoBaregbHOCTH: TiN,
o-Ti + TiN, TBepapblil pactBop asora B o-Ti, KoHIleHTpa-
IS KOTOPOTO YMEHBIIIAETCS C OTAAJeHHEM OT MOBepX-
noctu, (o + B)-Ti. Bo3MOKHO Tak:ke B3amMoJelicTBUe
a30Ta U KUCJIOPO/Ia C JIETUPYIOMIUMHU KOMIIOHEHTaMHU, KO-
TOpbIe BXOAAT B cocTaB civiaBa 1110.

Haub6osee xapakrepHbIM J1e(heKTOM JIETHPOBAHHON
MOBEpXHOCTH 06pa3noB ciaBa T110 saBisercs namu-
Yre BOJIOCSIHBIX MUKDPOTPENIMH C pacKkpbitieM 10—
20 MKM B IOPOKKax yIpOYHEHMs, a TAK:Ke Topoobpa-
30BaHue. TpemuHbl He PacCIPOCTPAHSIOTCS B OCHOBHOMN
MEeTaJIT U PACIOJIOXKEHDI MOTEPeK HAIlJIaBJIeHHBIM J10-
poxkkaM. /[l MUHMMHU3aIMn aToro JedeKTa K XBOC-
TOBOW YaCTH 30HbI HAILJIABJIEHHOTO OCTBIBAIOIIETO Me-
TaJIa 11e1eco00pa3Ho TOAaBaTh aproH BMECTO a30Ta,
OJTHAKO TAKOU MPUEM OTPUIIATETBHO BJIHSIET HA TIOBBI-
NIeHUE TBEPAOCTH.

[losryyenHbie 3HAUEHWS TBEPAOCTH COCTABJISLIN
HV0,05-6000—7000 MIla B caiyyae mpruMeHEHHS a30Ta
u HV0,05-5000—-6000 MIIa B ciayuae mpuMeHEHUS ap-
rona (mpu TBepAOCTH OcHOBHOTO Metasia HV0,05-
3500-4500 MIIa).

OnTuMa bHbBIN PEKUM YIIPOUHEHUS O3BOJISET T10-
JIYYUTh MEJKO3EPHUCTBIE PABHOBECHBIE CTPYKTYPHI,
IIPH ATOM CKOPOCTH CBAPKU 11eJ1ec006pas3Ho oAGHPATh
TakuM 06pa3oM, 4ToObl TJyOMHA YIPOYHEHHON 30HbBI
cocTapJsta npubansuteabHo 1 mm. s mydmrero Ha-
CBINIEHUS JIOPOXKEK YIPOYHEHUS HUTPUIOM THUTaHA
azor noj pasaennem 0,1—0,2 MIla \y>xHO TIOHaBATH
pa3lieIbHO B 30HY JENCTBUS JIa3ePHOTO M3JIYUYEeHUSI U
B XBOCTOBYIO YaCTh OCTBIBAIOIIETO HATLJIABJECHHOTO Me-
tasia. Ilpu aToM pacxon a3oTa, 1mMojaBaeMoro B 30HY
JIeNICTBHS JTA3€PHOTO U3JIYYEHHS W B XBOCTOBYIO YaCTh,

HY0,05, MIla

7000 -

000 -

3000 L ! 1 1 1 1 L
¢ 62 04 06 08 1,0 1,2 1,4
Pacerosie o1 LOBCPXHOCTH, MM

Puc. 3. Pacupeenenne MUKPOTBEPOCTH 1O TJIyOHUHE a30THPOBAH-
HOTO CJIOst
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cocrasiyister 7—15 n/mMun u go 30 a1,/MUH COOTBET-
CTBEHHO.

UccaenoBanne MUKPOTBEPJIOCTH a30THPOBAHHOTO
cJ0g TpoBoAM M Ha MukporBepaomepe I[IMT-3 mox
Harpyskoii 50 r. B o6pasue Ne 1 (¢M. Tabmiy) moBbI-
mennas (6ospime 5000 MIIa) TBepAOCTh paciiaBieH-
HOTO CJIOS MeTaJlJIa HabJTio1aeTcs 10 TayO6unst 0,75 MM,
Ne 2 — 100,62 MM, Ne 4 — 10 0,87 MM, Ne 5 — 110
0,9 mm (puc. 3), Ne 10 — g0 0,59 mm. B apyrux
o6pasiax ray6GuHa CJI0SI ¢ TIOBBIIIEHHON TBEPOCTHIO
cocrasJisiia meree 0,5 MM.

B npumoBepXHOCTHOM CJIO€ MPAKTUYECKH BCEX HC-
CJIETOBAaHHBIX 00PasloB HaOMIOJAETCs JAeHAPUTHAS
crpykrypa. Ciiefyer OTMETHTh, YTO MPHUIIOBEPXHOCT-
HBII cJiolt Bcex 06pasios raybunoit mo 0,05 MM xa-
paKTepu3yeTcsl o4eHb BbICOKON TBepaocthio (ot 6000
10 10000 MIIa u BbImIEe), 4TO IIOATBEPK AT 06Pa3oBa-
Hue HUTpuAoB. OHAKO OTPe/iesuTh /1eiCTBUTEIbHYIO
TBEPAOCTb TIOBEPXHOCTHOIO TLIACTA HETOCPEICTBEHHO
BOJIN3Y TTOBEPXHOCTH OKA3aJ0Ch 3aTPYIHUTENBHO HM3-
3a Pe3KOro rpaaumenTta TBepaocTu. HyKHO OTMETHTB,
4TO CTPYKTYpa 06pasiioB, a30TUPOBAHHBIX 110 He 3a4H-
MIEHHOH OT OKAJINHBI TIOBEPXHOCTH METAJIA, OTIMUAETCS
60JIblIIell OJJHOPOJHOCTHIO, YeM CTPYKTYpa 06pasIioB C
MpeIBAPUTETHHO 3aUNIIEHHON MTOBEPXHOCTHIO.

BbiBo b1

1. JIazepHOe a30THPOBaHNE TUTAHOBBIX CILJIABOB TIOBBI-
IIaeT UX TBEPAOCTHb B 1,5—3 pasza m MOXKET UCIIOJIb30-
BaTbCA I/ YIIPOYHEHUS JleTajieil MallliH U MeXaHW3-
MOB, a TakXe OPOHEBBIX HJIEMEHTOB.

2. dddexTuBHOCTD TIPOIECCA JTA3EPHOTO a30TUPO-
BaHUS TPSIMO MPOTIOPIIMOHAIbHA TIOTJIONIAIONIEN CTIO-
coOHOCTH 06pabaThIBaeMO MOBEPXHOCTH, [JIsI TOBbI-
MIeHUsT KOTOPOH MPe/JIO’KEHO a30TUPOBATh TUTAHOBbBIE
CILJIaBBI 110 TIOBEPXHOCTH HETIOCPEACTBEHHO TIOCJIE TIPO-
katky (¢ okaauHOiT). B 9TOM caiydae 110 cpaBHEHUIO ¢
JIA3€PHBIM a30THPOBAHUEM 3aYHIIIEHHON TOBEPXHOCTH
riy6rHa  yIIPOYHEHHBIX /IOPOKEK  YBEJIUYUBAETCS
sasoe (ot 0,5-0,6 1o 1,0—1,2 MM), a TBEpPAOCTh — Ha
20-25 %.

3. Ha turanoBom cmmase T110 momydyera MuKpo-
TBEP/IOCTh MOBepXHOCTHBIX cJyoeB 6000—7000 MlIla
Ipu Tiy6mHEe YIPOYHEHHOTo caos 1 Mm.

4. TexHONOTHS JTA3€PHOTO A30TUPOBAHMS MOJKET
HaWTW TPUMEHEHHUE [IJI YITPOYHEHUS TUTAHOBOW OPOHNI
CPEe/ICTB WHAWBUIYAJbHON 3alHUThI, MOBBIMIEHUS 9KC-
IJIyaTaIllMOHHBIX XaPAKTEPUCTUK JIeTaIell MAIIUH U Me-
MUIIMHCKAX WMILJIAHTATOB, CHIDKEHWS BSI3KOCTH TI0-
BEPXHOCTEW TOTOBOTO U3/IEJUsT HETIOCPEICTBEHHO Iie-
pen ux QUHUITHON MeXaHUYeCKOH 06pabOTKOIA.
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PA3SPABOTKA TEXHOJIOTHU 1 OBOPY/IOBAHUA
JIJIS1 JIABEPHOM U JIABEPHO-/IYTOBOI CBAPKU
AJTIOMHNHUEBDBIX CIIJIABOB

I.A. TYPHYHH, U.A. IUBYJbCKHUIA, E.B. 3EMJIIKOB, E.A. BAJJIAMIIEBA, M.B. KY3HEIIOB
Cankr-Ilerep6yprekuii rocy1apcTBeHHbII HOUTEXHUYECKHI YHUBEPCHUTET,
WHcruTyT nasepHbIX u cBapouHbix texuosiornii, Cankr-IlerepOypr, Poccus

HpI/I HaBepIIOfI CBapke C F]IyéOKI/IM TIPOIJIABJIEHUEM HaCTO IIaéJIIOL[aeTCH HOpOOépaSOBaIII/Ie B IIBaX, IMpuynHa KOTOPOTO
3aKJIIOYa€TCA B PA3BUTUN aBTOKOJIeGaHU I 1Iapora3oBoro KaHaJia " CBapO‘-IHOIL/'I BaHHDbI. HpOBe[[eHHbIE BbIYUC/IUTEIbHbIE
OKCIEPUMEHTDI IMOKa3aJil HECTAIIlMOHAPHOCTD IIpoIecca FﬂépHﬂHOﬁ CBapKu, HecTaOGUJIbHOCTD l'Il)I/IK()pHeBOI‘/’I JacTu TI1a-
POra3oBOro KaHasa U KaHaJa NPOIlJIaBJIEHUA. PeSyJII)TaTI)I aHaJIn3a HOpOOépaBOBaHI/IH 1 IMMOJIyYE€HHDIX IKCIEPUMEHTAJIbHDIX
JAAHHBIX II03BOJIAIOT PEKOMEH/I0BATb IIPUMEHEHUE KPYIrOBOI'O CKaHWPOBAHUS JIa3€PHOI'O Jiy4da /Ui HPpeJoTBpalleHust 3TUX

HE)KeJIATeJIbHBIX SIBJICHMIT.

Boicokasi KOHIIEHTpAIsT HEPTUN JAa3ePHOTO M3JIyve-
HUS TIpeonpe/essieT 3HAYUTENbHYI0 MHTeHCU(pUKa-
ITUIO TIPOTIeccoB 06paGoTKN MaTepuasoB. KoHieHTpu-
POBaHHBIN BBOJI SHEPTHH JaeT BO3MOKHOCTh oO6paba-
THIBATh MATePHUAJbI ¢ G0Jiee BBICOKUMU CKOPOCTSIMU U
MEHBIINMH OCTATOYHBIMU TETJIOBBIMU J1e(DOPMAITHSIMH.
JlocTrXeHnst NOCTIeHNUX JIeT B 001aCcTH (PU3UKY U TEX-
HUKM [103BOJINJIN CO3/IaTh HOBbIE UCTOUHUKHU JIa3€PHOTO
U3JTy4YeHUsI ¢ CYIEeCTBEHHO 0oJiee BBICOKOW dHEpPreTH-
Yeckoil 3(h(HEKTHBHOCTHIO.

[Ipu cBapke CI1aBOB, OCOGEHHO JIETKMX HA OCHOBE
aJIOMUHNS, Tpo6JeMa pacuyeTa mapaMeTpOB CBAPHOTO
COeJIMHEHNS, IIPe/ICKa3aHnus ero XUMUUECKOTO CocTaBa
U MEXaHWYEeCKMX CBOICTB [TOCTATOYHO CJIOKHA WM3-32
HeOOXOMMOCTH YYUTBIBATD YJaJIeHNe TAKUX JIETKOJIe-
Tyuux J0OABOK, KaK MarHuif, JUTHI WJIH IIUHK, KOTO-
pble BO MHOTOM OIIPEJIEJISTIOT BECh KOMILJIEKC MeXaHu-
yeckux cBoiicTB. [Ipn cBapke yacTh 3THX 106aBOK HC-
napsieTcs, B pe3yJbTare 4ero XUMUYECKUil COCTaB W
MeXaHWYecKie CBOICTBA MeTaJlla IMiBa MOTYT OTJINYATh-
CsI OT cOCTaBa M CBOWCTB OCHOBHOTO MaTepHaJa.

Cucrema Al-Mg sBisiercst OJIHON U3 CaMbIX Iep-
CIIEKTUBHBIX TPU pa3paboTKe CBAPUBAEMBIX CIIJIABOB.
Mexanuyeckue CBOHCTBA Kak CBAapHBIX COeAMHEHUII,
TaK U OCHOBHOTO MeTAJjIa 3aBUCAT OT COAEpXKaHUS
MarHus B cnsaBe. C yBeJMYeHHEM €T0 COZepXKaHus
BO3pacTaeT MPOYHOCTHb ciiyiaBa. JIuTuii 3HAYUTESBHO
BJIMSIET Ha CBOICTBA aJIOMIUHHUEBBIX CILJIABOB, a U3Me-
HEHWE ero KOHIEHTPAIMU CKa3bIBAaeTCsd KaK Ha MeXa-
HUYECKUX CBOMCTBAX CILJIABOB, TaK M HA MX CKJIOHHOCTH
K TPEeIUHO06PA30BAHNIO.

[t oBbitenust addexTUBHOCTH Pa3pabOTKU TeX-
HOJIOTHU JIa3epHO-IyTOBOH CBAapKM M 060DYAOBAHUS
Obljla TTPUMEHEHA KOMIBIOTEPHAs MOJIENb, TTOCTPOEH-
Hag Ha OCHOBE TEXHOJIOTMYECKHU IIPUMEHUMBIX MaTeMa-
TUYECKUX OIMCAHWI IPOIECCOB, MPOTEKAONINX MPH
JIa3epHO-AyTOBO# cBapke [1].

OnHUM U3 Pe3yJIbTaTOB MHOTOJIETHEN palGoOThI SIB-
JsieTcs pazpaborannas B VIHCTHTyTe Jla3epHbIX U CBa-
pounbIx TexHojoruit CankT-IletepOyprckoro rocynap-
CTBEHHOTO TIOJIUTEXHUYECKOTO YHUBEPCUTETA KOMITBIO-
tepHast nporpamma LaserCad muis MmogesnpoBamus jia-
3€PHO¥i, AYroBO# U T’MOPUIHON CBAPKH, TIO3BOJISIIONIAS
PacCYUTHIBATH TEOMETPUYECKHE XaPAKTEPUCTUKHU CBap-
HOTO 111Ba, TePMUYeCKHe IIUKJbI B MeTaswe mBa u 3TB,
a TaKyKe KOJIMYECTBO JETUPYIONIUX 3JIeMEHTOB B METaJI-
Jie 1IBa.

[na anaau3a MPUYMH BO3HUKHOBEHMS XaMITHUHT-
apdexra nmpu rubpUIHON cBapKe U BbIGOPaA MyTEH €To
peayIpeskIeHust HauboJsiee 1eeco06Pa3HBIM SBJISIET-
cs1 MaTEeMATHUECKOe MOJIEJMPOBaHKE IIPoIlecca Ha OC-
HOBe (PU3NYECKN aJIeKBATHOH MOJeJsHd, MO3BOJISIolIee
MIPOAHAIN3NPOBATD CBA3b PA3JIUIHBIX (PUMUECKUX SB-
JIeHWH, OTBETCTBEHHDIX 3a Pa3BUTHE HEYCTOHYMBOCTHU
CcBapOYHOI BaHHBI. BooO6Ie mpotiecchl THOPUIHON Jia-
3epHO-ZIyTOBOIl CBApKHU € TJIYOGOKUM IPOILIABIEHUEM,
KaK ¥ POICTBEHHbIE ITPOIIECCHI JIA3ePHOI CBAPKH, YACTO
COTTPOBOXK/IAIOTCS TIOSIBJIEHUEM MOPUCTOCTU U (hOpMU-
pOBaHUEeM KOPHEBBIX IHMKOB B CBapHbIX mBax [2]. B
COOTBETCTBUM C COBPEMEHHBIMU TIPEJCTABIEHUSMU O
¢usnvyeckoil MpPUpPOIe TIPOIECCOB JIA3EPHOW CBApKU
MIPUYUHONA 3TOTO SIBJISIETCS PAa3BUTHE aBTOKOJeGaHUI
Mapora30BOTr0 KaHAaJa ¥ BAHHBI IIPU CBapKe € TJIYO0KUM
nporiasienueM [3].

MHuorouucieHHble 3KCIepUMeHTaIbHble Pe3yJbTa-
TBI MTOJATBEPIKAAIOT, UTO TIPOIIECC CBAPKHU C TJIYOOKUM
MIPOILJIABJIEHUEM He SIBJISIETCS CTAITMOHAPHBIM JIaKe TPI
CTabMIN3aINN BCeX BHENIHNX (PAKTOPOB, BJIUSIONIUX
Ha CBAapOdYHyIO BaHHY [4]. B wacTHOCTH, BBICOKOCKO-
POCTHAsI KHHOChEMKA JIa3ePHOI CBAPKU COCTABHBIX 06-
Pa3IoB M3 MeTasjia M OINTUYECKU TPO3PAYHOTO Mate-
puaja [5] mokaszaJia HelpepbIBHOE N3MeHEHHEe (HOPMBI
KaHaJa, KBa3uleproJAnYecKoe BUKEHUE 30HbI C MaK-
CHIMaJIbHOHI SIPKOCTBIO 1O TUIyOWMHe KaHama, a TakxKe
HaJIMune TaKUX 30H Ha 3a/iHel cTeHke KaHata. CbeMKka

© IA. TYPUUUH, V.A. IMBYJIbCKUM, E.B. 3EMJIIKOB, E.A. BAJIJIAVIIEBA, M.B. KY3HEIIOB, 2011
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Puc. 1. Ontuuecknii 6ok cucrempr «Perncrpatop» (@), undposas BbicokockopoctHas kamepa CENTURIO C100 (6) w mH30BbBII

cnekrporpad SL100M (6)

MIJIAa3MEeHHOTO (paKesa TakKe TIOKA3bIBAeT HAJMINE €TO
KBasumnepuoamuecknx duaykryamuii [6].
CpaBHUTEIbHbIE NCCIEOBAHNS IBIKEHUS SKUIKO-
IO MEeTaJjljia Ha TIOBEPXHOCTU CBAPOYHON BAHHBI U TIPO-
1ecca 06pa3oBaHMST KOPHEBLIX NMUKOB MOATBEPXKAAIOT
COOTBETCTBUE MEXX/Y MUKOOOPA30BAHNEM U BBITIIIECKHU-
BaHNEM DACIJIaBJIEHHOTO MeTasljla M3 CBAapOYHOIl BaH-
Hbl. Takue >xe pe3ysabTaTbl GBLIN TOJIYYEHDI MTO3/IHEE
TIPH PEHTTEHOBCKOU cheMKe [7].
IKcnepuMeHTaTbHasl YCTAaHOBKA JIJIs1 MCCJIe/I0Ba-
HHUSI TE€XHOJOTHYECKOTO INPOIECCA JAa3epPHO-IyTOBOM
cBapku. B akcmepuMenTax 6blia MCHOJIb30BaHA THO-
pUIHAS Jla3epHO-AYroBas CBAapoOYHas YCTaHOBKA,
paspaboTannast u co6panHas B VIHCTHTYTe Jla3epHBIX
u cBapouHbIX TexHoJoruit CankT-Ilerep6yprckoro ro-
CYZITapCTBEHHOTO MOJUTEXHUYECKOTO YHUBEpCcUTeTa. B
KadyecTBe MCTOYHNKA JIa3ePHOTO M3JIYIeHHS UCTIO0Ib30-
BaJICs UTTepOUEBbIN BOJIOKOHHBIN Jazep JIC-15 ¢ mak-
CUMAaJIBHO BBIXO/THOI MOIITHOCTBIO 15 KBT. M3myuenue
TPAHCIOPTUPOBAJIOCH TI0 BOJOKOHHOMY KaGesio K OIl-
TUYECKON CBApOYHOW TOJIOBKE JIa3€PHO-yTOBOTO MO-
nyas. [nsg GOoKyCHpPOBKYM M3JIy4eHHS UCIIOTIb30BAIN

lr]'. L

cBapounyio rosioBky YW50 ZK dupmbr «Precitec» c
doxrycubiM paccrosgareM 400 MM U POKAJIBHBIM /TUA-
MerpoM 0,4 MM, OCHAIIIEHHYIO OJTHOKOOPJMHATHBIM CKa-
natopoM DC-Scanner ¢ makcumasibHolt yactoroit 600 Iy
n amnutysoi go 10 MM. DkcnepuMenTabHasg ycra-
HOBKA TaKe YKOMILJIEKTOBaHA NCTOYHUKAMU ITUTAHUS
ayru B/IY-15001C u EWM Phoenix 520 RC PULS.
[l moziaun npucagouHoro MaTepualia uCIoJb30BasIl
MexaHu3Mbl mojaun mposoJioku [1/ITO-511 u PHOE-
NIX DRIVE 4 ROB 2.

B xo71e aKCIIeprMeHTOB TIPOILIABJISIN U CBAPUBAIN
BCTHIK ILJIOCKKe o6pasiibl pasmepoMm 100x50 MM u3
ciaBoB AMr6 tosmmnoit 10 mm u 1424 (Al—4,5 %
Mg—1,7 % Li—0,6 % Zn) toammuoii 4 mm. CBapky
OCYIIECTBJISIJIN PSMOJIMHEHHBIME CTBIKOBBIMU IIIBAMU
B HIDKHEM T10JI0KeHW . J{J1s1 3a1Thl CBApOYHON BaHHDI
1 MeTaJlJia 1Ba WCTOJb30BAM aproOH M CMeCh aproHa
¢ resmeM. B kadecTBe NpHCAZOUHOrO MaTepuaja B
IKCIIEPUMEHTAX MCIOIb30BAIN TPOBOJIOKY AIMg6.Zr.

KauecTBo Bcex cBapHBIX 1IIBOB OLIEHUBAJIN BU3Y AJIb-
HO TT0 WX BHEITHEMY BU/Y U Pe3yJIbTaTaM MeTaJIoTpa-
(puyecknx uccaenoBanuii monepednsix mrdos. Omn-

i

&

Puc. 2. PesyJ/ibTarbl pacyeToB 110 AMHaMU4ecKoil Mojean depes 1 mc (@) u nonepeunsiii Makpoutud csapHoro msa (6), BbIIOJHEHHOTO

mpu N = 15 kBr u v, = 10 cM /¢

T
L]

0.62

=
T
L]

Puc. 3. PesysibTaThl pacueToB 4epes 3 Mc IIpH BBITOJHEHUN Kpyrosoro ckanuposanus (N = 12 kBr, o, = 10 cm/¢)
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Puc. 4. YacrorHblil crieKTp KoJie6aHuii paciiaBa

penessiy ray6uHy MPOIIaBIeHns M [pyTHe IapaMer-
PbI TEOMETPUH ITIBA.

[l onpesieieHNss BpeMEHHBIX XapaKTePUCTHK [IH-
HAMUYECKUX IMPOIECCOB B 30HE TMOPUIHOTO PA3psiga
HaJl TIOBEPXHOCTDIO U3/IEJUS TPUMEHSITH CUCTEMY PETH-
crpaiuu Tasmennoro daxena (puc. 1), BKiouaio-
nryio GJIOK ONTHYECKON pPerucTparu ¢ 00beKTHBOM,
KacceTot /151 cBeToduabtpoB 1 CCD-Marputieii s
PETUCTPAIINU CUTHAJIA 1 MOJTYJIb I POBOiT 06paGOTKH
CHTHAJIA, a TAaK)Xe BBICOKOCKOPOCTHYIO BH/IEOKAMEPY
CENTURIO C100, 1103B0JISIONIyT0 TIPOU3BOAUTD ChEM-
Ky co ckopoctbio 0 100 000 xagpoB B cekynmy. [luas
UCCJIEIOBAHUS CIIEKTPA OIITUYECKOU IMUCCHUU T1JIa3MeH-
HOro (hakesa TIPUMEHSJIN JIMH30BBIH crieKTporpad c
KomireHcanueil acrurmarusma SL100M (cm. puc. 1).

Pe3ybTaThl 3KCIEPUMEHTOB M MO/I€JIUPOBAHUSI.
Pe3ynbraTbl KOMITBIOTEPHOTO MOJEJUPOBAHUS, TIOJY-
YeHHbIe ¢ MOMOWIBIO AMHAMUYECKOH Momemn (pmc. 2,
@), TIOKAa3bIBAIOT, YTO, HECMOTPS Ha CTaOUJIU3AIINIO
BCEX TTAPAMETPOB TEXHOJOTMUECKOTO PEKUMA, TTPOIIECC

Li, %

1,6 |

1,2}

0,8 1

0,4

1 2 3
6

4 5 6

BBICOKOCKOPOCTHO!N CBapKH MeTaJJIOB GOJBIION TOJI-
IIMHBI SBJSETCS HecTalMoHapHbIM. [Ipu aToM Hanbo-
Jiee HeCTaGHUJIbHA TIPUKOPHEBAS YacCTb IapOTa30BOTO
KaHaJla W KaHaJa mporuiaBienus. Ha puc. 2, 6 npu-
Be/IcH CHUMOK IOTIEPEYHOTO CEYEHUS] CBAPHOTO IITBAa,
BBITIOJTHEHHOTO JIA3€PHOI CBAPKOI HA TAKOM JKe PesKU-
Me. Ha ¢oTo BUIHO XapaKTepHOe Cy>KeHue 11Ba, KO-
TOPOE MOXKET IpuBecTu K o6pasoBanuio nedekra. Cra-
OMIM3NPOBATH CBAPOYHYTIO BAaHHY BO3MOXKHO BBEJICHU-
€M KPYTOBOTO CKAaHMPOBAHMS JA3€pPHOTO Jydya C He-
6osbrmmu (10 0,5 MM) pajiycamMu 1 BBICOKOH (CBbIIe
300 I'm) uwacroroil ckanuposanus (puc. 3). Ilpu or-
CYTCTBUU TaKOIi cTaGUIM3AIMY B Pe3YJIbTaTe KOJLIAICca
Mapora3oBOro KaHaJa BO3MOXKHO (DOPMUPOBaHUE TIOP
6OJIBIIIOTO JMAMeTPa U KOPHEBBIX MUKOB.

IKCIIEPUMEHTAIBHO JIOKA3aHO, YTO JMHAMUYECKOE
MOBe/IeHNe SIPKOCTU U3JTyYeHHs PACIliaBa XapaKTepH-
3yeTcsl HaIWYMeM HU3KOYAaCTOTHBIX KoJebaHmii. 3Ha-
YEeHUST YaCTOTHI ONPEIEJISIN C MOMOIIBIO KOMIBIOTEP-
HOTO MOJICJTMPOBAHUS € MCIIOJIb30BAaHUEM JMHAMUYEC-
KO MOJIeJIN, a TaKyKe IKCIEPUMEHTAJNBHO C PUMeHe-
HueM (poTOANO/I0B, HATIPABJIEHHBIX HA CBAPOYHYIO BaH-
Hy. XapaKTepHbIIl YaCTOTHBIN CIIEKTP CUTHAJa ¢ (POTO-
JIMOJIOB TIPE/ICTAaBJECH Ha pHUC. 4.

CKOpOCTb BHUIEOCHEMKHU OTIPEAESETCS YacTOTOM
KoJIe6aHui paciaBa. AHATI3 AUHAMUYIECKOTO MOBeJIe-
HUS SKUIKOW BaHHBI TIOKA3aJ, YTO B PacIlJiaBe OTCYT-
CTBYIOT KoJiebGanust ¢ yactotamu 6oJiee 500 I, Takum
06pa3oM, MOKHO CJIETATD BBIBOJL, YTO /IJIsI BU3YAJIbHOTO
MCCJIE/IOBAHNS MTOBEPXHOCTH CBAPOYHOI BaHHBI HEOO-
XO/JIIMO TIPOBOJIUTH CHEMKY CO CKOPOCTBIO He MeHee
1000 xagpoB B CeKyHY.

Pacyer xosmvecTBa JIETNPYIONMX 3JEMEHTOB TIPO-
BoauJcs B iporpamme LaserCAD. Pesysbratel, mosy-
YeHHbIE JIJIS PA3JUYHBIX TOJIIMH O6pAa3IoB CILIABA

Mg, %

2

1 2 3 4 5
2

6 vuy, M/ C

Puc. 5. Pacuer namenenusi cojepskanue JUTHS U MarHUs B MeTaJljle IBa MPH JIa3epHOll cBapke 06PaslloB allOMUHMEBOrO ciyasa 1424
rommuuoit 4 (1) u 10 (2) mm npu d = 0,3 MM, N = 3500 (a, 6, 2) u 3000 (6) Br
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q, I/ mm 125 250

300 375

B, MM 3 6

10 10

Puc. 6. Ilpomniasyenne miacTusbl ciiaBa AMr6 npu npuMeHeHNN JIa3epHOIl CBAPKU € NPHCA/0YHON NTPOBOJIOKON ¢ v, , = 19 M/ MuH

1424 w mapaMeTpoB peXuUMa CBApKH, PUBEIEHDBI Ha
puc. J.

CHIKeHne CKOPOCTH CBAPKH IIPUBOJUT K YBeJIIUe-
HUIO TIOTEPH JIETKOJETYUUX JIETHPYIONINX 3JIEMEHTOB,
KOTOpPbIe 06ECIIeYNBAIOT BBICOKUE IKCILIYaTAIMOHHbIE
XapaKTepUCTUKN CILIaBOB, YTO W TIPUBOANT K pas-
VIPOUHeHHuIo cBapHoro mBa. CopepskaHue IpuMeceit
B MeTaJIJIe IIBa TPH CBapKe Ha MOHIKEHHBIX CKOPOCTSIX
M3-32 UCIIAPEHUS CYIIECTBEHHO OTJMYAETCS OT UX CO-
JIlep>KaHusl B OCHOBHOM MeTajljle, B OCOOEHHOCTH B
BEPXHEIl YaCTH PACILIaBJIE€HHOI 30HbI, I/le PAANYC Ka-
Hasja MaxcuMmaseH. IIocKkobKy BepxXHss 4acTb Mapo-
Ta30BOTO KaHAJA SIBJISETCS OIpelessioniell s mpo-

11ecca MHOTOKPATHBIX TIEPEOTPaKeHNH B KaHAJIe, MCIa-
peHue TpuMeceil MPUBOANT K 3HAUUTEJbHOMY U3MeEHe-
HUI0 (DOPMBI 1 Pa3MEPOB 30HbBI ITPOILIaBaeHUs. [IpuMep
TAKOTO YIIUPEHUsI MOJKHO YBHIETh HA puc. 6. YBemu-
YeHHe TOTOHHOM SHEPTUU MPUBEJIO K 3HAYNTEJIBHOMY
YBEJIWUIEHITO ITMPUHBI 30HBI TPOTLIABJICHUS TIPH Ja3ep-
HOIi CBapKe C MPUCAJOYHBIM MATEPUAJIOM.

Ananmm3 KaJpoB CKOPOCTHOHM BHU/IEOCHEMKH TTO3BO-
JIVLJT OTIPE/IETUTD TOJIOXKEHHE 3JIEKTPO/Ia OTHOCUTETHHO
JlazepHoro Jjyda. [ToMuMo 3TOTO TTPOBOIMIN PacUYeTh
TEPMUYECKUX IIMKJIOB W M3MEPEHUsT MHUKPOTBEPAOCTH
B 30HE JIa3epPHOro Bo3JeicTBuA. PesyJbTarhl IpeicTas-
JIEeHbI Ha puc. 7.

w, MM

———-
sakHLBE4RED

da

e
cedeean

wanden
nenabimmelun i

10

N .
b
=
[ ]

w, MM

o N 1
e
susambanal

Puc. 7. PesysbraTsl pacuera popMbI IIONEPEYHOTO CEYEHNS U TEPMUYECKUX IIUKJIOB U N3MEPEHNST MUKPOTBEPAOCTH 06PA3I0B, BHINOTHEHHBIX
nazepHO-AyroBoil cBapkoil mpu ¢ = 100 [k /MM 1 PaCCTOSHUN MEXK/y JasepHbIM JydoM u asektpogom 15 (a) u 2 (6) mm
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Puc. 8. PesyJibTaThl pacuera MONEPEUHOTO cedeHus 30HbI poriasienus (a), pacnpejenenus Marauii no riay6use usa (6) u TepMUYECKOro

mmkaa (¢) ans rMOpUAHOI CBapKM aTlOMUHHEBOTO critaBa AMr6

MK
PEC I RS A

lnmenam nomepxnecTe

Cpapmn wsem,

624

3274

Kopesns mia

5,710

.59

Chemosmod) e

2,648

Iipircagomiimn
EIMHECL I

B.25 mew, Y My

Puc. 9. Pacnpesiesiene Maruust 1o riayGune msa npu JasepHoil (1), ru6puanoii aszepro-ayrosoii (2) n nasepuo-gyrosoit (3) csapke

AJIOMHMHHEBBIX CILJIaBOB

[Tpu mpnMeHeHNN THOPHUIHON CBapKH HAOTIOaeTCsT
OJTHOpPO/IHAS TI0 BCEMY CEYEHMIO IIBa CTPYKTypa, CO-
cTosAIIas U3 MEJKUX IeHAPUTOB. B ciyyae yBesudyenus
PACCTOSTHUS MEK/y TEIJIOBBIMH MCTOUHUKAMU METAJLIT
IIBa AOJIbIIEC HAaXOAUTCA 110/ BO3I[€fICTBI/I€M IIOBBIIIIECH-
HBIX TEMIIEPATYP ¥, KaK CJeJICTBUE, HAGI0JaeTcs Or-
pyOJieHre JIeHIPUTOB B BepXHeil yacTu mBa. MUKpo-
TBEPOCTb MeTaJslIa MIBa HAXOAUTCI Ha yPOBHE 3Haue-
HUI /IS OCHOBHOTO MeTaJljla, YTO OOYCJIOBJIEHO KaK
€TO MEeJIKOJICH/IPUTHOI CTPYKTYpOil, Tak U 6oJiee BbI-
COKHUM cofiep:kaHneM Maruug. [lajgpHeiinme sxcrepu-
MEHTbI IIPOBOJAUJN IIPU MaKCUMaJIbHBIX CKOPOCTSIX
CBApKHM C PACCTOSHUEM MEX/Y Ja3epHbIM JIy4OoM U

3JIEKTPOJIoM 2 MM. PesysbTaThl pacuera /s THOPUI-
HOIi cBapku cniaBa AMr6 npuBe/ieHbl Ha puc. 8. Pe-
3yJIbTATBl MUKPOPEHTTeHOCIEKTPAJbHOTO AaHAJIN3a,
Mpe/iCTaBJeHHbIE HA pUC. 9, TOATBEPANIN PACUETHDBIE
nanapie. OUYeBUIHO, YTO TMPUMEHEHWE TMPHCAIOYHOTO
MaTrepraJa MO3BOJIIET KOMIIEHCHPOBATh MOTEpU JIeTH-
pyfonux ajemMenToB. Ha puc. 10 mpezicraBjieHbl CHUM-
KU TIOTIEPEYHBIX NLTHQOB CTHIKOBBIX COEJAWHEHUI CO
CKBO3HDBIM TIPOTLJIABJIEHUEM, BBITOJHEHHBIX U3 CILIaBa
AMT6 toamnunoit 10 MM, 1424 tommmuoit 4 MM u Al—
Mg3 ToImuHOoIl 5 MM.

PaspaGotka 06opy/oBaHus /IS Ja3epHO-Iyro-
BoOii cBapku. B xoze pa6oTh! 6blT pa3paboTaH 1 U3ro-

Puc. 10. ITonepeunoe ceyenne (@) n Mukpoctpykrypa (6) 1mBa CTBIKOBOrO coeuHeHus ciiaBa AMr6, BbIIOJTHEHHOTO JIa3ePHO-/yTOBOM
cBapkoii npu ¢ = 175 JIx /MM, a Takxke morepeutbie ceuenus coeaunennii crasa 1424 (¢) u Al-Mg3 (3), nosnyuennbix 1upu g =
=100 /Tx /MM
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Puc. 11. O6uwmii Buzg JIJATK

TOBJIEH JIa3ePHO-AYIOBO TEXHOJOIMYECKUN KOMILIEKC
(JIATK) (puc. 11), B cocTaB KOTOPOrO BXOJIUT JIa3ep-
Has yctaHoBKa (BOJIOKOHHbII 1azep), KOMILIEKC Jyro-
BOrO 060PYIOBAHNUS, MOLYJIb JJa3epHO-AyroBoii (pa6o-
YUii HHCTPYMEHT), MAHUITYJIATOP, GJOK MOJATOTOBKH 1
pacrpe/ieieHus ra3oB, MOJCUCTEMA MOHUTOPHHTA CBa-
puBaeMoro crbika (HaBeJeHUsT Ha CTHIK), MOACUCTEMA
MOHHTOPHUHTA TEXHOJOTHYECKOTO IIPOIecca U CHCTEMA
ABTOMATUYECKOTO YIPABJICHUS.

JIATK ocHalieH cucteMoil HaBeleHUs JJa3ePHO-/1y-
TOBOTO MOJYJISI HA CBAPMBAEMBI CTBHIK HA OCHOBE TPH-
AHTYJISIIIMOHHOTO JIA3ePHOTO JaTYNKa, KOTopast OcyIile-
CTBJIIET KOHTPOJIb T'€OMETPUYECKUX XaPAKTEPUCTUK
CTBIKA, CJIEXKEHHE 32 KOOPAMHATAMU CTBHIKA TPU CKO-
pocTu cBapku 10 6 M/ MuH ¢ napamerpamu £0,5 MM B
MOTIEPEYHOM HATIPABJIEHUU K CTBHIKY U 10,2 MM B Bep-
TUKAJIbHOM HaITpaBJICHUH.

PesysbraThl ucciefoBaHUl IUHAMUKY TIOBEIEHUS
CBapOYHOI BaHHBI 1 TAPOIIJIA3MEHHOTO (haKesa Mo3Bo-
Juu pazpaboraTb 060py/I0BaHUE JJII KOHTPOJS TeX-

HOJIOTHYECKOTO IPOoIlecca, HHTETPUPOBAHHOE B CHCTE-
My MOHUTOPHMHTA TIAPAMETPOB IIPOIIECCA CBAPKHU.

BbiBo/1bI

B pa6ote nokaszaHa BO3MOKHOCTD ITOBBITIEHNST KadecT-
Ba CBApHBIX IIIBOB C MOMOIIBIO CKAHUPOBAHUS U yCTa-
HOBJIEHBI TpeGyeMble 4acTOTbl CKAHMPOBAHMS, COOTBET-
cTByIOIIE QIYKTyalsIM cBapoyHoil BaHHbI. [lokasa-
Ha 3aBHCHMOCTD XapakTepa IIPOIJIABJIEHUS U CBOWCTB
MeTaJIIa IIBa OT PACCTOSHUS MEXKIY Ja3ePHBIM JIyYOM
1 Iyroil. Y CTaHOBJIEHO, YTO COJlepsKaHue JeTHPYIONUX
3JIEeMEHTOB B MeTaJsljle IIBa YMEHbIIAeTCs TP CHIDKe-
HUU CKOPOCTH CBApPKH, a IPUCAIOYHBIN MaTepuaJl pu
JIa3epHO-AYTOBOI cBapke KoMmeHcupyeT motepu. Ilo-
JIy4eHbl CBapHbIE COeIMHEHUS ATIOMUHUEBBIX CIIJIABOB
C BBICOKHM OTHOIICHHEM FJIyéI/IHbI K mupuHe, OTJIn-
YaloIIecss BBICOKMM KayeCTBOM M MAaJbIMU Jedop-
MalusaAMN.
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TEXHOJIOTII IPUCKOPEHOTIO
CEJEKTUBHOTIO JIABEPHOTI'O CIIIKAHHY BUPOBIB
3 IIOPOINIKOBUX CYMIIIEN

K.I. XMEJIbHUIIbKA', A.B. KPUBOIIES?, O.4. HIKITIH'
) 'HTTY «Kuisebkuii nomitexmivmmii incruryr», Knis, Ykpaina
ZIHCTI/ITyT Haareepanx Marepianis im. B.H. Bakyma HAHY, Kuis, Yxpaina

Description of laser sintering of powder mixtures by equipment Vanquard SI2 SLS is presented, the main feature of
which consists in superficial layer with abrasive particles formed a honeycomb-like structure. It helps to minimize
damage of the item during processing and to use cooling liquids.

O6’€KTOM [IOCJIi/PKEHD € TeHepaTHBHA TEXHOJIOTIS ce-
JIEKTUBHOTO JIA3€PHOTO CIiKaHHs (QyHKITIOHATHHNX Jle-
Tasieil 3 MOPOIIKOBUX CyMilliell 3a MeToioM rapid pro-
totyping (RP), a mpeaMeTOM — TEXHOJIOTiSE BUTOTOB-
genns anmasnosiMepaux (AIT) KOMIO3UTIB iHCTPY-
MEHTaJIbHOIO IPU3HAYeHHs i3 3acTocyBaHHAM RP-Tex-
HoJsorii. MeTofo J0CJi/IKeHb € TIPUCKOPEHEe BUTOTOB-
JIEHHST MaJiuX cepiii ckyiagHonpodinbaux All incTpy-
MeHTiB HOBOI gkocTi. RP-texnosioria depe3 3nauny
BapTicTh MOsKe 6yTu ebeKTUBHA TPU HEOOXiTHOCTI IIPU-
CKOPEHOTO BHUTOTOBJIEHHST CKJIATHOTPOMIIBHIX BUPO-
6iB a6o BUPOGIB 3 moJinmmeHNMI (PyHKI[IOHATbHUME
nokasHukamu. [IpukaagaMu Takux CKJIaIHIX BUPOGiB
€ All sy6uacri xouu ais (iHinmHOT 06po6KU 3y6UacThX
KOJIIC i CIeliajbHi anaMasni iHCTpyMeHTH J71s1 06pO6OKHU
KyJIb eHI0TIpoTe3iB. B pesysbraTi BUKOHAHHS PO6OTH
BCTAQHOBJIEHO, 1[0 HA CYYacHOMY eTalli BUTOTOBJIEHHS
dynxuionanbuux AlIl koMnosutiB Ha ycraHosui Van-
quard SI2 SLS i3 3acrocyBanusam RP-texnosorii Mox-
JINBO HAaHECEHHS HA BUPOIIEHWI 3 TYMOHAIIOBHEHOTO
nosriamity ckJagHOonpodiapHuilt Kopmyc mapy 3 All
KOMTIO3WTiB TIEBHOT TJIMOWHY Ta X 3aKpilJieHHs 32 BU-
KOPHCTAHHSIM KalliJIIpHOTO edeKTy a60 BUPOIITYyBaHHS
3 CKJIOHAIIOBHEHOT'O I10JIiaMily cOT 3 po3MipoM ocepes-
Ky 1—2 MM i MOoJa/IbIIOro 1HKAIICYTI0OBAHHS B COTH Pi3-
nux All crpyxryp.

TpaauiiiitHi TEXHOJIOTIT BKe HE MOXKYTb 3a0e3Ieuy-
BaTU OTPUMAHHS IPUHIIMIIOBO HOBOT'O PiBHS BJIACTHBO-
cteii BUpoG6iB. BurotoBseHHss BUpoG6iB 3a TpaJauIliiitHu-
MU TEXHOJIOTisIMM TaKOK He B 3M0O3i CBOEUACHO peary-
BaTW Ha MIBUKi 3MiHM BUMOT PUHKY B YaCTHHi OCBOEH-
HS BUILYCKY HOBOTO IIPOAYKTY. AHaJIi3 IUKJIY CTBOPEH-
HS HOBOTO BUPOOY CBiYUTH TIPO Te, IO y BCiX HOTO
¢asax — Bijl BUHUKHEHHS i/1€1 10 BUXO/ly HA PUHOK —
HeoOXifHi mpoTtoTun a6o Mozesb. Ha ix npoektyBanHS
i BUTOTOBJIEHHS ¥i/le B CEPETHBOMY 10 25 % 3araJbHOTO
vacy, 10 60 % TPOTOTHINIB BUMATAIOTh TPHBAJIOTO —
KiJIbKa MicAIliB — Yacy BUTOTOBJIEHHS. TaKuM YNHOM,
B CUCTEMI ITi/IFOTOBKU BUPOGHUIITBA MPOTOTUITIOBAHHS
i CTBOpPEeHHS NOCJiHUX 3pa3KiB BUPOOUM BUMATralOTh
JIOCUTD BIIYYTHOIO YACTKU BUTPAT PECYPCIB i, TOJIOBHE,
yacy. 3po3yMmijo, 1o 3apa3 06 €KTUBHO HeOOXiTHUI
nepexiJi B iHIy TEXHOJOTriuHy 06J1acTh — iHTerpoBa-

© K.I. XMEJIbHUIbKA, A.B. KPUBOIIESA, O.4. HIKITIH, 2011

HUX KOMIT' IOTEPU30BAHUX TEXHOJIOTIH, 1110 6a3yi0ThCs
Ha OCTaHHIX [OCATHEHHSIX Marepiajio3HaBCcTBa, iH(op-
MaIliflHUX, Ja3ePHUX, iIOHHO-TIJIA3MOBUX Ta iHIINX Ha-
YKOEMHUX TEXHOJIOTiH, Teopii yIpaBJIiHHS Ta ONTHMi-
3amii, CyJacHWX TEXHOJOTil JINTTS, TperusiiiHoi i
YIBTPATOUHOI O6POOKIN.

Hwni MoxHA BUIIIUTH TPU HANIPSIMKH CTBOPEHHS
iHTerpoBaHUX TEXHOJIOTi# BUTOTOBJIEHHS JleTaJieil, aki
6a3yI0ThCs Ha:

e TeHepaTUBHUX MeTO/laX BUTOTOBJIEHHS,;

® [IPUHIIUIIOBO BJIOCKOHAJIEHUX TPAJUIIHHUX MeTo-
JlaX BUTOTOBJIEHHS, 1110 3a6€311€4yIOTh Pi3Ke 3HIKEHHS
co6iBapTOCTi TIPOEKTYBAHHS, BUTOTOBJIEHHS, €KCILIYa-
Talii, peMOHTy Ta yTuJisaitii BuUpo6iB, a TAKOXK IiIBU-
meHHsd X (YHKIIOHAJbHUX, SKICHUX i €KOJOTiuHuX
IOKA3HUKIiB;

e KOMGIHOBAaHHX MeToJaX, TOOTO IO MOEAHYIOTH
TIepHINiA i APYTUN HATIPSIMKU.

[lo TeHepaTUBHUX TEXHOJIOTIH BiTHOCATHCSA TEXHO-
JIOTii TPUCKOPEHOTO TIOIIAPOBOr0 Ja3ePHOTO IPOTOTH-
nyBanusi (RP-texHostorii). B ganuii yac 11 TeXHOJIOTis
€ JIOporomo i Moke 6yTH €KOHOMIYHO OOTPYHTOBAHOIO
MIPU ONTUMAJBHOMY TPOEKTYBaHHI CKJAIHOTPO]iJIb-
HUX aJIMa3HUX IHCTPYMEHTIB HOBOI AKOCTi, HAIIPUKJIAJ,
JUIST 9UCTOBOI i (piHimHOT 06po6KU CKJIAHOPOMiIb-
HUX 3y6UacTUX KOJIC, a TAKOXK KYJIbOK €H/IOTPOTESiB.

[IpoBeneni gocsiiskeHHST MOPONIKOBUX CYyMIilIleit,
sIKi BUKOpPUCTOBYIOTbCSA B RP-Texnosorii, Ha ycranosIii
Vanquard SI2 SLS 103BoJIM/IM BCTAHOBKTH, 1[0 HA Hill
He BAAETHCSI BUTOTOBUTH Gesmocepenubo All kommosu-
TH 3epHUCTIiCTIO 6ibIie 10 /7 3-32 HU3BbKOT MOTYKHOCTI
aasepa (100 Br), a nmpu uucrosiit o6pobui gk 3y6-
YyacTux KOJIic, Tak i jerajeii eHjonpore3iB HeoOXiHO
3aCTOCOBYBATH i GiJIbII BEJIUKi a7IMa3U 3€PHUCTICTIO /10
100,/80. Tomy Gysiu 3ampOTIOHOBAHI KOHCTPYKTUBHI i
TEXHOJIOTiIUHI TPUUOMHY 3 ypaxyBaHHIM TOCTIIPOIIECIB,
M GiJsbiie, 10 B RP-TexHoJiorii BOHN icHYIOTD i X
MO>KHA BUKOPHUCTOBYBaTHu 751 HaHeceHHs All xommo-
3UTIB Ha CKJIAAHOTPODITHHOMY KOPITYCi, BHKOPHUCTO-
BYIOUU KaTiasapHuil eeKT, T. 5. ClieyeHNi KOPIyC Mae
[iBULIEHY IIOPUCTICTh i pO3IlJIaB I0JiMepy, IIPOHU-
Kaloyu B IIOPU 3aBJASKM KalliJigpaMm, MIilHO 3aKpillise
AJIMAa30HOCHHUI IIap Ha CKJIAHOMY KOPITyci 3y64acToro
xona. [Iporec B3aemosii Mosieky1 a60 aTOMIB pianHU
i TBepAOro TiJla Ha MeXi PO3AiAy [ABOX CEPELOBUIL
MIPUBOJUTD 10 e(DEKTY 3MOUYBAHHS TIOBEPXHi.

140



LTWMP']

Oy

Puc. 1. Cxema anmMasHoi 06pOGKH KepaMidHOI TOJIOBKU

3MouyBaHHS — 1ie gBUIE, [P IKOMY CUJIU TS-
JKIHHA MK MOJIEKYJIaMH PO3ILJIABJICHOTO I0JiMepy i
CIIEYEHOI I0JIIMEPHOI MaTpulli BUIE, HiXXK BHYTPIiLIHi
CUJIN TIPUTSDKIHHS Mi’K MOJIEKYJaMHM PO3IJIABJIEHOTO
moJiiMepy, TOOTO PifinHA <«MPOCOYYE» IIAp HA TEBHY
ranbuny. YuM TOHIE KamiJsgp, TUM CUJIbHIillle BHpAa-
JKeHull ganuii edekt. K BU3HAYEHO B HAIIMX JIOCJIi/I-
JKCHHAX, IIPU JIA3€PHOMY CIIiKaHHi MaTpHUILi 3 NoJiaMi-
JliB YTBOPIOETBHCA ITOPUCTA CTPYKTYypa i IIpN HaHECeHH
aJIMa30HOCHOTO IIIapy Ha MaTPUIIO BiH CKJIA/Ia€ PiIKUI
nostimMep i anMa3s, SSKUi MiITHO 3aKpIIlJIIOeTbCS B ITOPax
Matpuili. /lannit edpeKT 103BOJISIE TIOJMIMEPY PiBHOMIp-
HO HACWUYYyBaTH TIOBEPXHIO MATPHIli Ha IEBHY TTHONHY.

Ipyruii crioci6 BuroroBsiennst All incTpymeHty —
1Ie Jla3epHe BUPOILYBaHHS KOPITYCY iHCTPYMEHTY 3 COTO-
BHMU OTBOpaMU y CiueHHi i inkancyJoBanug B cotu All
KOMITO3UTIB 3 GY/Ib-IKOIO 3epHUCTICTIO anMasiB. Excre-
PUMEHTAIBHO BCTAaHOBJIEHO, IO BEJIMYWHA COT MTOBUHHA
6yt B Meskax 1—2 mm. Ilicia nHaneceHHsT a6o iHKarCy-
JioBaHHsl B cotu All KOMITO3UTIB BOHM ITi/[IalOTHCS
noJiiMepu3aitii B neui ipu temmepatypi 100 °C.

CydacHa TeXHOJIOTiSl aJMa3HOrO /I0BEe/IeHHS JleTa-
Jieil TUITY «yciueHa KyJist» BiJIbHUM mpuTupanusam [1]
3aCHOBaHa Ha B3AEMHOMY 3HOCI IOBEPXOHbB IBOX TiJI —
JleTaJii i MPUTHPY, sIKi KOHTAKTYIOThb OJIMH 3 O/IHUM
6e3nocepeIHbO a60 uepe3 aOPasWBHUI TPOIIAPOK
(puc. 1). Tyt oxHe 3 Tij, AK npaBuiIo BUPi6, 06ep-
TAETHCS, TOOTO € TIPOBITHOIO JIAHKOIO B PO3TJISAHYTIi
KiHeMaTW4YHIH mapi, a iHme Tijlo — KiJbleBUH mpu-
TUP — IPUTHUCKAETHCA J0 HbOTO CHJIOIO0 IIPUTUCKY Ye-
pe3 KyJiboBuli mapHip. Take mapHipHe KpilJieHHs J10-
3BOJISIE€ IPUTHPY BiJIbHO CAMOBCTAHOBJIIOBATUCS Ha Jie-
TaJi foro yBirHyToo po60o4oio mosepxueio. OHOUACHO
IIPUTHUP, IO € BiJIOMOIO JIAHKOIO, 3aXOILJIIOETHCS B MU-
MOBiJIbHE 06epTaHHS i/ Ii€EI0 CUJI 3YeTlieHHs 3 06ep-
TOBOIO ZieTaJumio. [Ipu 11boMy Bich 06epTaHHS IPUTUPY
IIPOXO/IUTH Yepe3 KyJAbOBUH IapHip i EHTP 3araJbHol
chepu noBepxHi, 10 npuTUpaeThes. Ilpu obepranni
IUX TiJ i nepeMillleHHi TPUTUPY B3J0BXK Horo oci B
6iK JieTasTi BHACJIIJOK B3AEMHOTO 3HOCY OY/Ib-5IKa TOUKA
IIOBEPXHi [IPUTUPY BUPi3ac B JeTajli IIOBEPXHIO, BCi
TOUYKH SKOT JIe3KaTh Ha KOJIi, M0 yTBOpEHWIl o6epTaH-
HAM IPUTUPY, I OJHOYACHO Ti K TOUKU yTBOPIOIOTb
TijIo o6epTaHHs 1010 oci aerasi. [laniit reoMmeTpuyHini
MOBEPXHi 32/10BOJIbHSE cepa.

DininmHy 06po6Ky rOJOBKH BUKOHYIOTH Y TaKiif To-
CJIL/TOBHOCTI:

s—

Puc. 2. Ilpuctpiii A1 anmMasHol JOBOAKHM KePaMiuHOI TOJTOBKI

¢ IIJIaBAJIbHY ONPABKY 3aKPillJIIOIOTh Ha LIMUH/IEI]
Bepcrara, a TeXHOJOriuHy onpaBKy (CymyTHUK i3 3a-
KPITJIEHUM Ha Hiii KyJIe0) — B [AHTOBi 3aTHCKY IJIa-
BaJIbHOI onpasku (puc. 2);

® KOHTPOJIIOETHCA TOJIOKEHHS FOJIOBKY B ILJIaBAJIb-
Hili ompaBii MU(GPOBUM iHIUKATOPOM, 3a TOTIOMOTOTO
SKOTO JIOMaraloThCs MiHIMAJIbHOTO PalialbHOTO GUTTS
TOJIOBKU TIpU OGepTaHHI MIMTUH/ES BEPCTaTa;

® IPUCTOCYBAaHHA /I IPUTHPY BCTAHOBJIOIOTH HA
CYTIOPT BEPCTATa;

® 32 JIOIIOMOIOI0 IT03/I0BKHbOI 1 ITOIIepevHoi noaaui
cymnopra 3iHCHIOITb NPY>XHUN NPUTUCK MPUTUPY 10
Ky.JIi;

® PeryJIoloun KyT ITOBOPOTY NPUCTOCYBAHHS Ha CY-
opTi Bepcrara, 3a6e31edyioTb HeoOXi/[He TePEKPUTTS
06pO06TIOBAHOT TIOBEPXHI TOJIOBKU TTPUTHPOM;

e 06pO6KY BeyTh, IOCJIOBHO 3MEHIIYIOYN 3€p-
HUCTIiCTh aJIMA3HOI IACTU i PETYJAPHO KOHTPOJIOIOUN
JliaMeTp TOJIOBKH JI0 IOCATHEHHS HeOOXi/THOTO pajiiycy.

OnruMaabHUM MPU IIbOMY € 06pOOKa 3 BHKOPU-
CTaHHAM /I KOKHOI 3€pPHUCTOCTI aJMas3HoOl IIacTu
BJIACHOTO IIPUTHUDY.

Bucuosku

1. IIpoBeneno anasi3 0oco6JUBOCTEN iCHYIOUNX reHepa-
TUBHUX TEXHOJIOTiil BUTOTOBJIEHHS (DYHKIIOHAJIHLHUX
JleTaseil i BCTAaHOBJIEHO, IO /IS BUPIilIEHHST TPO6JIeMn
IIPUCKOPEHOTo BUTOTOBJeHHs All iHCTpyMeHTiB HOBOT
SIKOCTi HaltGiJ/IbIII TIEPCTIEKTUBHIIM € 3aCTOCYBAHHS TeX-
HOJIOTiT ITPUCKOPEHOTO CEJEKTUBHOIO JIA3€PHOIO CIli-
KaHHS IIOPOUIKOBUX CyMilllei.

2. Po3po6sieH0 HOBi KOHCTPYKIII CKJIQHONPO-
dimpaux All iHCTPYMEHTIB i3 COTOBOIO CTPYKTYPOIO
JIMa30HOCHOTO Iapy.

3. 3anporoHOBaHO TPU pallioOHAJIbHUX BapiaHTH
TeXHOJIOTi] BUTOTOBJIEHHS cKIafHonpodimpanx All in-
CTPYMeHTiB i3 3actocyBanHsiM RP-texnoJiorii: 3 nane-
cernsM All kommosuTy Ha cKaIagHONPOMINbHUI ITO-
PUCTUI KOPILyC, BUPOILEHHH 3 e1acTooMiMepHIX 110~
POLIKIB, i 3aKPIIJIEHHAM KOMIIO3UTY 3 BUKOPUCTAHHAM
KamiJaspHOro edeKTy; 3 BUPOIYBAHHSIM i3 CKJIOHATIOB-
HEHOTO TI0JiaMily COTOBUX CTPYKTYp Aiamerpom 1,0—
2,0 MM; 3 iHkancyJsoBanugaM B cotu All cTpykTyp 3
Pi3HMMU 32 CKJIQ/IOM 3B’SI3KaMU i 3ePHHUCTICTIO aIMas-
HUX [TOPOMUIKiB.

a6ue1—mo A.H. O tpex _}/ OBHSIX T€HEPATHBHBIX TEXHOJIOTHI
/;0 IIEgIK 1'[8 — Bun. 13. — KipoBorpaxa:
K[[Ty 200 65*
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NCCIEJOBAHUE ®AREJIA IIP CBAPRE
MOIIIHbIMHU BOJIOKOHHbBIMU JIASEPAMUA

IL.I0. HIELJIOB" 2, A.B. TYMEHIOK', M. PETMAIEP', C.A. YCIEHCKUI1?, B.H. HETPOBCKUI1
"BAM Federal Institute for Materials Research and Testing, Berlin, Germany
2 . . .
Hanuonanbublii uccnenosarebekuii saepublii ynusepcuter « MU @I », Mocksa, Poccus

TIpoBesieHo nccaenoBatKe cBapouHOro dakesa, o6pasyoiierocst B npoiecce csapku MouHbiM (10 20 KBT) BOIOKOHHBIM
JIa3ePOM HU3KOJIETHPOBAHHDIX YTJIEPOANCTDIX crasteil. /st usyuenns cTpykrypa, GopMbl i ARHAMUKH (haKe/ia IPIMEHSLIACH
cKopocTHAs BujeocbeMKa. Ompe/esieHo COCTOSIHIE CBAPOYHOI 11J1a3Mbl U ee BJIMsIHUE Ha JlagepHoe u3iydenue. [lokasano,
4yro ocjabJeHre JIa3epHOro U3JydeHHusi O00JAKOM KOH/EHCHPOBAHHBIX METAJJIMYECKUX YaCTHI[ [OMUHHUPYET HaJ
MOTJIONEHNEM B CBAPOYHON IJIa3M€ M MOXKET MPUBOJAUTD K 00Pa30BaHMIO /1e(DEKTOB B CBAPHOM IIIBE.

Moriitible TBEPAOTEIbHBIE JIA3€Phl B KAYECTBE HCTOY-
HUKOB 9HEPIHH JIJISI CBAPKHU METAJLIOB 00J1a/1aI0T PSIIOM
MPEUMYIIECTB TIepe/l TPAAUIMOHHO HCI0JIb3yEeMbIMU
COy-nazepamu [1]. VIx npuHIMNIUAJBHBIM OTJIMYUEM,
MO3BOJISTIOIIUM YBEIMYUBATD MOIIHOCTD JIA3EPHOTO U3-
JIyUeHUs ¥ TJIyOUHY TPOILIABJIEHUS, SIBJsIeTCsT GoJiee
KOpOTKasl JinHa BoJHbl uaaydenns (1,07 MrM), 1pu
KOTOPOil OHO IPaKTUYECKH He IIOrJIOIAeTcss B oOpa-
3YIOIIEMCST TPH CBAPKE CJIAGOMOHU30BAHHOM ITapPOTa30-
BoM notoke. OHAKO [TPH 9TOM 3HAYMTEIBHOE BJIUSHUE
MOTYT OKasbiBaTh audpakimonnubie adgdextnr (Ha Te-
IIJIOBOM T'PaIMEHTE MTOKA3aTe sl TPEJTOMJICHUS, KATLISIX
JKUJIKOTO METAJJIA W MEJKUX CYOMHKPOHHBIX YaCTH-
1ax), yCUJMBAIOMINECS MPU YMEHBIIEHUN JITUHBI BOJI-
Hbl. [leficTBrue aTuX (GaKTOPOB HE TPUBOAUT K CYIIE-
CTBEHHOMY YMEHBIIIEHUIO CPeIHEN MOIHOCTH JIa3ePHO-
rO U3JIyYeHHs, HO MOKET 3HAYMTEJIbHO yXY/ANIATh Ka-
4ecTBO (POKYCUPOBKU MydyKa W CTAGHIBHOCTH IPO-
CTPaHCTBEHHOTO paclpeie/IeHUsl ero SHepruu, 4To B

FAITUAM TAA sadel W00 1

Puc. 1. Crpyxrypa cBapodHoro ¢axesa

KOHEYHOM CYEeTe HETaTMBHO CKAa3bIBAETCS HA CTAGUIIb-
HOCTH (POPMUPOBAHUS CBAPHOTO TITBA, 0COGEHHO B MPO-
1ecce cBapku 6e3 IIpUMeHeHusT 3alUTHBIX Ta3oB. [lo-
ITOMY [JiA ONITUMHU3AIIAN TEXHOJIOTMIECKOTO MPpUMEHE-
HUA MOIIHBIX TBEPAOTEJTbHBIX JIa3€pOB HOBOI'O IOKO-
JIEHUS aKTYaJIbHbIM SABJISIETCA MCCJAE€J0BaHUE CBApPOY-
Horo hakesa, onpe/eseHrue COCTOSTHUS CPeIbl HAJl Ta-
pPOra3oBbIM KAHAJIOM, a TAK)KE U3YUEHUE €€ BJIMSHUS
Ha pacrpocTpaHsionieecs JazepHoe naayuenne. Ilpen-
MEeTOM JIAHHOTO UCCJIeIOBaHus aBJsieTcs: pakesi, o6pa-
3YIOIIHIICS B TIPOIlecce CBAPKU WJIU TIPOTLIaBIeHNS HI3-
KOJIETUPOBAHHBIX CTaJeil NTTePOHEBbIM BOJOKOHHBIM
JIa3epOM.

Crpykrypa cBapouHoro akena. 13 pe3yibraTos
BBICOKOCKOPOCTHOTO BueoHabmogenns (puc. 1) cae-
JIyET, 4TO CBAPOYHBIN (DaKeJ COCTOUT U3 JIBYX Pa3Jn-
HBIX YacTel, OTJIMYAIONINXCS TI0 IUHAMUKE, TeMIepa-
Type, SPKOCTH W reoMeTpuueckoil ¢opme. Hinxuss
YacTb BBICOTOI OKOJIO 5 MM 06J1a/1aeT SIPKUM CBeYeHUEM
U coBepIiaeT OBICTPbIE, C YaCTOTAMU /10 HECKOJbKUX
KHUJIOTEPI] OTKJOHEHNS B IJIOCKOCTH CBAPKM KaK B TIe-
pemHion, Tak M B 33/HIOI0 CTOPOHY. Bepxwuss, cia6o
cBeTamnasicss o6jactb ¢arena, gocturaer SO MM B
BBICOTY M COB€pLIaeT 60.]186 Me/JJIeHHOe [IBUKEHUe
BBEPX OT IMOBEPXHOCTU MeETaJjlja, IIPpHU 3TOM T€OMETPH-
YecKue pasMepbl CBETSIIeicss 061acTH COOTBETCTBYIOT
KayCTHKe TIyYKa BOJOKOHHOTO Jia3epa.

[L71s1 oTpesiesieHnsT COCTOSTHUS CBAPOYHOTO (hakesia
6bLJIO TIPOBE/IEHO U3MEPEHNUE CIIEKTPA er0 AMUCCHU TIPU
cBapke B atMocdepe Bo3/iyxa, a TaKyKe 3allUTHBIX Ta-
308 (aprona, renmsi). XapakTepHbI BH CIEKTPOB
AMUCCUN HIDKHEN YacTW cBapoyHOro (pakesa moKasaH
Ha puc. 2, a—6. Ha Bcex criekTpax ImoMuMO HETPEPHIB-
HOTO U3JIy4YeHUSI TPUCYTCTBYIOT TaKKe JOCTATOYHO SIp-
KIe CTIeKTPaJIbHbIe JIUHUN, COOTBETCTBYIOIINE ITEPEXO-
JlaM ¢ BO30Y>K/IEHHBIX yPOBHEH HEHTPATbHBIX aTOMOB
Keseza. Takske 3aMETHO pe3Koe yMeHbIleHne WHTEH-
CUBHOCTH CBEYEHUsI TIPU I10/[aue 3AI[UTHBIX razoB. B
aproH€ MHTEHCHUBHOCTb YMEHbHIAETCA B CPEIHEM B 20
pa3 Mo CPaBHEHUIO CO CBAPKOi B arMocdepe BO3ayxa
u npubausuresbio B 80 pa3 npu nojpaue resaus. Oji-

© ILIO. IIETJIOB, A.B. TYMEHIOK, M. PETMAMEP, C.A. YVCIIEHCKUI, B.H. IETPOBCKUI, 2011
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Puc. 2. XapakrepHble CIIEKTPbl SMUCCUN HUKHEH yacTu cBapouHoro (akesa npu cBapke B atMocdepe Bosayxa (@), aprona (6) u resust
(6) u 1OCTPOEHHDIE 110 JAHHBIM CIIEKTPaM GOJIbIIMAHOBCKUE Auarpammbl (2)

HOBPEMEHHO C 3TUM IMPOUCXOJUT YMEHBIIEHUE KOJIU-
YyecTBa HAGJIOAEMBIX CHEKTPAIbHBIX JIHUMA.

ITapameTtpsl cBapouHoii maa3mel. Ha puc. 3 moka-
3aHa 3aBUCUMOCTH OT MOIITHOCTH MA/IAIOIIETO JTA3EPHOTO
U3JTy4eHust TEMIIEPATYPbI IJ1a3MeHHOro (hakesa, onpe-
JIeJIEHHO MeTOZIOM GOJIBIIMAHOBCKUX JArpaMM, a TaK-
Ke OT 3JIEKTPOHHOMU TIJIOTHOCTHU, PACCUUTAHHOU JIJISI T10-
JIyY4eHHBIX TeMneparyp u3 ypasuenus: Caxa (¢ yuerom
OIHOKPATHOI MOHM3AIMK Ta3a) U YPABHEHUS COCTOSI-
HUS WeaJbHOTO Tasza. BuaHo, 4TO naske Mpu MaKCu-
MaJIbHOH wucmoJsb3yemMoii MomuaocTH 20 kBT Temre-
paTtypa cBapoyHOl 1ma3mMbl He TipeBbinaet 4500 K, a
3JIEKTPOHHAsI [JIOTHOCTh OCTAeTcsT He 6oJiee 105 e 3.
MakcuMasbHast CTelleHb HOHU3AINK Ta3a TP 3TOM CO-
crasister 0kos10 1070, TaxuM 06pasoM, gaske HIDKHSIS
YacTb CBApOYHOTO haKesa mpeacTaBseT coboii caabo-
MOHU30BAHHBII ra3 ¢ HAMHOTO 60Jiee HU3KOH TeMIepa-
Typoi, yeM ipu cBapke MotHbiMu CO,-nazepamu. [1o
MIPUBEIEHHBIM TIapaMeTPaM COCTOSTHUSI CBApOYHOI
IJIA3MbI MOKHO BBIYUCTHUTD KO3(DPUIIMEHT 06PATHOTO
TOPMO3HOTO ITOTJIOIIEHUST /IS U3JIYyYeHUST BOJIOKOHHOTO
Jlazepa ¢ JuinHo# BoJinbl 1,07 MM [2]:

2 2
Vv, ne i Ne _
ky~— —— 3,310 =~ 0,6 m ',
i T3,/2
e
raie v, — 4YaCToTa CTOJKHOBEHUN SJIEKTPOHOB; C
CKOPOCTb CBE€Ta B BAKYYM€; ® — HYaCTOTa JIa3€pHOTO

uanydenus. V13 mosydeHHOTO 3HaUeHUs K03 uiine-

Ta MOTJIOTIEHUST MOKHO C/IeJIaTh BBIBOJI, YTO ITPU CBApKe
METaJJIOB TBEPAOTEJbHBIMHU Jia3epaMH CBapodHas
TJIa3Ma He OKa3bIBaeT MPAKTUYeCKN HUKAKOTO BIANSTHUS
Ha Jla3epHOEe M3JyueHWe W Ha IMPOIECC CBAPKH Jaxe
IIpY MOLIHOCTU u3Jaydenud nopsazaxa 20 kBr.
Pacnpenesenne temneparypsi cBapouHoro ¢axe-
Ja no BbeicoTe. Ha puc. 4 mpeacTaBieHbl 3aBUCUMOCTH
TeMIlepaTypbl CBAPOYHOTO (pakesa OT BBICOTBI, U3Me-
pemible pa3auyHbIMU crioco6amu. Temreparypa HIK-
Helt wactu (2 < 7 MM) M3MepsIach METOJOM IOCTPOE-
HUs1 60IbIIMAHOBCKUX quarpamm. [1pencraBiensl 3aBu-
CUMOCTH JIJISI CBapKu 6e3 MoJ[ayy 3aIMUTHOTO Ta3a U C
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Puc. 3. 3asucumoctb Temmeparypbl (1) M 2J€KTPOHHON TJIOTHOCTH
(2) mwxneii yactu cBapodHoro (haxkena OT MOIIHOCTH JIa3€PHOTO
N3JIydeHs
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Puc. 4. Pacnpeziesienns TeMepaTypbl CBAPOYHOTO (hakesia o BbICO-
Te, IIOJIyYeHHble MeTOJOM OOJIbIIMAHOBCKUX JUarpaMM U CIIeKT-
pabHOI MTHPOMETPUN

nojaveil aprona. B janHOM ciyvae Takske BUJHO, 4TO
mojlada aproHa yMEHbLIAET TeMIIepaTypy CBapOYHOI
IIJIA3Mbl B IIPUIIOBEPXHOCTHOW 30HE, OJTHAKO HauMHAs
c h ~ 5 MM TeMIIepaTypa yCTaHABJIMBAETCS HA HEKOTO-
POM 3HAUEHWH, PABHOM U JIJIS BO3/IyXa, W JIJIsI aproHa.
HecMmotpst Ha TO, 4TO 3TO 3HAUEHUE OCTAECTCS JOCTATOY-
Ho BeicokuM (T = 2500 K), usMepenue teMiepaTypbl
B 6oJiee BBICOKMX O6JIACTSAX TIO0 METOMY PerucTpaIui
CTIEKTPAJIHbHBIX JIUHWI HEBO3MOKHO, T. K. UX HHTEHCUB-
HOCTb CTQHOBUTCS MeHbIIe MHTEHCUBHOCTH KOHTHHY-
ymMa. ITo aToii mpuunHe A7 onpeiesieHust TeMIepaTypbl
BepxHeil yactu akesa ObLIT IIPHIMEHEH METOJ CIIET-
pabHOU TTMPOMeTpUM, 3aKJIOYAIONIUNCSI B PETUCTpa-
U aMuccuu hakesa B MUPOKOW CIEKTPAJIbHON TIO-
Joce. CrieKTpasibHasi MHTEHCUBHOCTb AMUCCHUH OTTpejie-
astercst hopmyJtoii [Tnanka:

8C1)\,75

_ 1)
exp (Cy/AT) — 1

I T) =

rae Cy = 37418 Br-mkm? /ev?; Cy = 14388 mxm-K; & —
KoapdumenT u3aydeHus.

B o6aactu Buna (Cy /AT >> 1) Boipaxkenue (1)
mocJie MpeoOPa3oBaHMs TPUHUMAET BU/L:

-C,

AT

(2)

In W) — In (eCy)

300

cn 2

Br

200

10"

100

HHTeHC HBHOCTD,

100 GO0 800 b, 1M

a

IIpn ¢ = const yuacTok cmekTpa B 3Toil 06sacTu
CIIpsIMJIIeTCA B KoopAuHaTHol miockoctu (X, Y), rae
X =1In (7»5[), Y = Cy/\, IpuueM HAKJIOH TPSMOii
OTIPE/IENIETCS TEeMIIEPATyPON M3JTyYeHUSI.

[TepecTpoeHnble B BUHOBCKHE KOOPAWHATHI CIIEKT-
paJibHble KPUBBIE MPEJCTABJIEHDI HA PUC. S. 34 UCKJIIO-
YeHHEM HEKOTOPBIX 06JacTell, COOTBETCTBYIONIMX W3-
JIY4EHUIO CIIEKTPAJbHBIX JUHUN, HA KPUBBIX MPHCYT-
CTBYIOT TIPSIMBIE YYACTKU, MO KOTOPBIM BO3MOKHO OII-
penenenue Temreparypbl. V3 puc. 4 (ipu i > 5 mMm)
BH/THO, YTO W B BepxXHel yacTu hakesa TeMmmeparypa
He CHIDKAETCS 10 HYJIsI, @ OCTAETCS Ha TOCTATOYHO BBI-
COKOM TOCTOSIHHOM ypoBue 10 i ~ 30—40 mm.

N3 moJsydeHHBIX [MaHHBIX, a TaK)Ke Pe3yJbTaToB
CKOPOCTHOTO BU/I€OHAGJIIO/IEHNs BHENTHETO BU/A CBa-
pouHoro (akesa GbLT c/ieJIaH BBIBOJ], YTO €TI0 HIDKHSIS
YyacTb c)OPMUPOBAHA HPO3UOHHBIM TIOTOKOM BBLIETAIO-
IIEero W3 Mapora3oBOro KaHaja MeTAJIMYeCKOro mapa,
OJTHAKO CBeYeHHe BepXHeNl 06JacTH MPOMCXOINT IO
npyroil npuunHe. 13BecTHO, 4TO BCJEACTBUE HU3KON
TeMIiepaTypbl hakesa B MpoIiecce CBAPKH TBEPIOTEb-
HBIMU JIa3ePaMi BO3MOXKHA KOH/IEHCAIVS TIePECDINEH-
HOTO METAJITMYECKOTO Mapa, BBIJIETAIONIETO U3 KaHaa
[3—5]. B arom cay4ae Has HOBEPXHOCTHIO MeTasLIa 06-
pasyercst 00J1aKO KOHJEHCUPOBAHHBIX YACTHIL, KOTO-
pbIe MOTYT TIOTJIOIIATD MTPOXO/ISIIee Yepe3 Hero Jasep-
HOe u3JaydeHue. [Ipy MOTJIONIEHNN YacTUITbI pa3orpe-
BAlOTCS U HAYMHAIOT WCITYCKAaThb M3Jy4YeHue, KOTOpoe
o6pasyeT cBeTsIIyIocs 06J1aCTb B BepXHeil uactu dake-
JIa, COBIMAJAIONIYI0 ¢ (OpPMON KayCTUKH JIa3epHOTO
myuyka. Takum o6pas3oM, MPOUCXOIUT MOTJIONIEHNe U
paccesiHue YacTH SHEPru¥ JIA3epHOTO W3JIyYeHUs,
KOTOPOE, €CJIU Y4YeCcTb HEeCTAIIMOHAPHOCTDb IIPOIecca
KOH/ICHCAIIUU, TPUBOIUT K MOMAYJISAIUUA MOIIHOCTH
U3JIyYeHHs, TOXO/SIIEr0 0 TIOBEPXHOCTU MeTaJLa.

Nsmepenne ocaaGaeHusi MPOGHOrO HU3IydYeHHs
cBapoyHbiM (dakesoM. [[J1s1 KOJMYECTBEHHOTO OIHCA-
HUSL OCJA0JIEHUS JIa3ePHOr0 U3JIyYeHHs YaCTUIIAMU
KOH/IeHcaTa OBl MTPOBe/IEH KCIEPUMEHT IO u3Mepe-
HUIO MIPOITyCKaHus cpefibl dhaxena s mpobHoro MK-
n3aydeHns MomHocTeio 1 MBT ¢ gomHON  BoJIHBI
1,3 MM. [IpoO6HBIil Ty TIPU 3TOM KOJJIUMUPOBAJICS B

40000
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20000

1
A -3 In 2/ 1)

1]

%]

3

Puc. 5. Imuccus Bepxueil yactu cBapounoro dakesa (@) u BUHOBCKHUe criekrpabibie Kpusbie (6) mus csapku B atMocdepe Bosayxa (1),

aprona (2) u reqms (3) npu ¢ = 100, 500 u 1000 MC COOTBETCTBEHHO
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Puc. 6. XapakrepHblil Bi/{ TPOGHOTO CHUTHAJIA NTPH M3MEPEHHUHN MPOIYCKAHMSI CBAPOYHOro (haxesia

My4OK JMAMETPOM OK0Jio 0,5 MM M TIPOXOMJI MapaJi-
JIEJIbHO TIOBEPXHOCTH MeTaJjljla. XapaKTepHbI BUJ
MpoOHOTO CHUTHAJA MOKa3aH Ha puc. 6, U3 KOTOPOTO
BU/IHO, YTO C MOMEHTA BKJIIOUEHUS JIA3€PHOTO U3JIyye-
auga (¢ = 0 ¢) mporycKaHue yMEHbINAETC B CPEJHEM
Ha 6 % U KoJe6JieTcs B IIPOIlecce CBapKy B IIpeje/iax
MOJIOCHI CPEIHEKBAIPATUYHOTO OTKJIOHeHusT +3 %.
CrekTp 4acToT KoJebanuii curHaiga ocjaabjeHus: He
npesbiniaet 2—3 KI'11, 4To COOTBETCTBYET TMHAMUKE BbI-
6poca mapora3oBoil a3pl IPU CKOPOCTHOM BH/IEOHA-
OJTIO/ICHUN U PETUCTPAITNY 3JTyYeHIS CBAPOYHOI T171a3-
Mbl. /{7151 grcieHHOTo onucanus ocaabaeHus IpoGHOTO
u3siyueHus ObLaa BBeJeHa BeJUYnHa OcJaabJIeHust

rne Ip —
U3JTyYEeHHs.

[Tyrem nepeMenenns 06JaCT CBAPKHU OTHOCUTEb-
HO IMPOGHOTO JIyYa M M3MEeHEHUS HATIPABJICHUS CBAPKU
ObLIM M3MEPEHbl [POCTPAHCTBEHHBIE PACIIPE/e/IeHUs
ocabnenns sroab (puc. 7, a) u nonepex (puc. 7, 6)
CBApHOIO 1BAa Ha Pa3JMYHBIX BbICOTAX IIPOXO3KCHUS
MPOGHOTO JIyYa.

W3 puc. 7 BUAHO, 9TO 06,1aCTh 0CIa0IeHHS PACIIH-
PSAETCS ¢ yBENMYEeHNeM BBICOTBI M CMENIAETCS B CTO-
POHY, IPOTUBOIOJIOKHYIO HATIPaBJIeHNIO cBapKu. Kpo-

Ha4daJibHad HWHTEHCHUBHOCTD HpOéHOFO

Me TOrO, TI0 Mepe yJaJeHusl OT TIOBEPXHOCTU HapyIa-
€TCsl CUMMETPUYHOCTD PACIIPe/IeIeHNsT OTHOCUTEIBbHO
ocu dakesa. Tem He MeHee, AJ YIPOIIEHUS MOCJTe-
JYIOIIell MHTEPIIPETAIlnN PE3YJIbTaTOB U OIIEHKU Pac-
npezneserns Koaddumenta ocaabieHus Kak IMpo-
[IOJIbHOE, TAK U [ONEPEeYHOe paciipesieienne ObLIN all-
MIPOKCUMHUPOBAHBI OCECUMMETPUUYHBIMEI TayCCOBBIMU
GyHRINIMU

Q(y, /’l) = A(h)eﬁi/z/wz(h) _
(3)

rdr

=2 J' Kext(ry h) my

Yy

rae r = \UCZ + yZ, a ITpaBadA 4aCTb HallMCaHa C y‘IeTOM
3akoHa JlamGepTa—bBapa 1pu ycoBun Maaoro koaddu-
muenTta ocaabaenns K, << 1:

L L
I=lyexp|- | Ko di|~1,|1 -] K, ai] @

0 0

B sToM ciyuae HemsBecTHast (DYHKIHSI TIPOCTPAH-
CTBEHHOTO pacmpe/iesieHns Koadduimenra ocaadie-
HESI MOKeT ObITb TOJIyYeHa TPH HOMOIIU OGPATHOTO
npeo6pa3oBarus AGeJis:

Hanpasenne czapxi
s - -
6| L
o - 3
2 5t L
J
=
g 4r L
=
< , A
Sap 2 -
o
2k 1 L
1 - -
0 1 1 L 1 1 1 1 1
-20 -15 -10 -5 0 5 1J0 1{5 X, MM —20 —-15 -—10 -5 0 5 10 15

a

Y, MM

6

Puc. 7. IIpocrpancTBeHHOE pacnpejesenne ocaabaenus B npogoabtoM (@) u nonepedrom (6) HarpaBJIeHUI IPU TPOXOKAEHUH IIPOGHOTO

ayda na soicore 9 (1), 15 (2) u 5 (3) M
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Puc. 8. Bepudukanus napamerpos pacupejenenns ociaabienns (@) u paccuuTaHHOE IPOCTPAHCTBEHHOE pacipesesienue KoadduimenTa
ocaabnenus (6): 1 — sKcuepumeHTajbHble 3HaueHus w; 2 — annpokcumaiua @(h); 3 — sKcnepuMeHTasbHble 3HaueHus A; 4 —

armpokcumarys A(h)

1700w, h
Kealr, ) = —H%ﬁ=
r yr2 )
_ LA
\r w@(h) '

[l aTOoro HEO6XOAMMO 33/1aTh KOHKPETHBIN BH[
sapucumocteit amranTy bl A(2) u mmupunnt w (k) rayc-
COBOW (DYHKIINHU pacmpezesieHnss ocaabJeHnsT OT BBI-
cotbl akesa k. /laHHBIE 3aBUCUMOCTH GBLIN COOTBET-
CTBEHHO aIMIPOKCHMUPOBAHB!l 3KCIOHEHIINAJIbHOH U
JITHENHOH (PYHKIIMSAMU W OTHOPMHUPOBAHBI 110 JKCIIE-
PHUMEHTAJbHBIM 3HaueHusM. [losryaeHHoe B pe3yJbTare
MPOCTpPaHCTBEHHOE pactpeesenne Koaddummenta oc-
sabJienus npeacTaBieHo Ha puc. 8. OK0JI0 TOBEPXHO-
CTU MeTaJI1a 3HaueHne KoaddunuenTa ocaabaeHns 10-
cruraer 8 M, uTo HaMHOro GoJibie KoadduIMenTa
MOTJIONIEHNS B IJIa3Me 110 MEeXaHU3MYy 0OpaTHOTO TOp-
MO3HOTO TIOTJIOIIEHHUS.

Pacuer ociabiennsi BOJIOKOHHOTO Jjasepa. [list
orpeieIeHNs oc1abIeHHsT U3JTyYeHUsT MOIITHOTO BOJIO-
KOHHOTO Jia3epa, Jiyd KOTOPOTO PaCIIPOCTPAHSIETCS
BJIOJIb och (pakesia, HeOOXOAUMO TIEPECUUTATh KOIP-
dunuent ocyabenust, Oy Y€HHbBIHN 1JIST ITUHbBI BOJTHDI
npo6Horo M3sydeHus 1,3 MKM, Ha IJUHY BOJHBI BO-
sokonHoro Jazepa 1,07 mxm. I1o Teoperndeckum oren-
Kam [3, 5] pa3Mep KOHJEHCUPOBAHHBIX YACTUIl B CBa-
poutoM pakese He npesbimaer S0—100 HM, MOsTOMY
JUUIST OTIMCAHMS B3AaMMO/IeHICTBIST TAKUX YACTHII C JTa3ep-
HBIM W3JydeHHeM MOKHO II0JIb30BaThCs TPHUOJIILKE-
HueM Pajies, cOrJiacHO KOTOPOMY ceueHue ocaabIeH st
3aBHCUT OT JIJIMHBI BOJHBI CJIEAYIOMNM 06pa3oM:

m*(n) — 1
A

. (6
m*(\) + 2

-1
Gext= Oubs + Oscat ® Oaps~ A |

[IpuHsaB, 4TO YaCTUIIBI KOH/IEHCATA COCTOSAT U3 YUC-
TOTO Kenesa, A1 kKotoporo m(h = 1,07 mrm) = 3,25 +

+ 4,381, m(hy = 1,3 Mmrm) = 3,41 + 5,197, MOKHO pac-
cuntath 3HaveHne K, mpu A = 1,07 MM, a Tak:Ke
HUHTErpajbHOe ocabeHne

Oyy=1—exp|) Koo (r=0, ydn|~0,12. @D
5

IIpu aTOM MHTErpUpPOBaHME TMTPOBOANUIN TOJIHKO 1O
BepxHeil JacTu cBapoyHoro (akemra ¢ 2 > 5 MM, B
KOTOPOII TIPUCYTCTBYIOT YACTUI[BI KOHAEHCHPOBAHHOTO
Metasia. Takum 06pa3oM, TPOBe/IeHHbIE OIEHKHU MTOKa-
3BIBAIOT, YTO B MIPOIECCE CBAPKH B (haKesie MOKeT I0-
ruomarbes U paccenBarbes 6osee 10 % nepBoHavaib-
HOIl MOIIIHOCTY Ta/IAI0NIero Ja3epHOro u3JaydeHusi. Ec-
JIU K€ YYeCTb BPEMEHHYIO AMHAMUKY HaOI0ZaeMOro
curuasia ocaabenus, TO MOKHO 3aKJIIOUUTh, 4TO da-
KeJl OCYIIECTBJISIET MOJIYJISIIMIO MOIIHOCTHU JIa3ePHOTO
U3JIy4YeHUsI, JOCTUTAIONIETO TMOBEPXHOCTH METaJljia, B
JINATla30He YacTOT TIOPSIIKA HECKOJIBKUX KHUIoTepIl. B
pa6orax [6, 7] mokaszano, uTo Jaxke HeGOJbIINE IO
aMILIUTy/Ie KOJeGaHusi MOIIHOCTH IAJIAI0NIero Ha Me-
TaJLT JIA3€PHOTO M3JIyYE€HHs B JAaHHOM YaCTOTHOM JIHa-
Ma30He CIIOCOGHBI BbI3bIBATD PE3OHAHCHOE BO3OY:K/Ie-
HUe KoJieGaHUi BCell BAHHBI PacIljiaBa W IPUBOJAUTD K
morepe CTaOUJIBHOCTU TIPOTLIABJIEHUsI, pa30OpbI3THBA-
HUIO JKUKOTO MeTaJlja 1 00pa3oBaHMIO CBAPOYHBIX Jle-
dekroB. Ilosatomy addekT ocmabieHuss U3AyIEHUS
TBEPAOTENbHBIX JA3€POB YACTUIIAMU KOHIEHCHUPOBAH-
HOTO MEeTaJLJIa B CBAPOYHOM (haKeie MOKET UTPATh BasK-
HYIO POJIb B T€XHOJIOTHM CBAPKU MOIIHBIMU KOPOTKO-
BOJTHOBBIMU JIa3€PHBIMU HCTOYHIKAME METAJLJIOB C TJIy-
60KMM MporiiaBienueM. Crenyer OTMETUTD, 4TO B ITPO-
BeJIEHHOM pacyere He YYUTHIBAJIACH BO3MOMKHOCTD HC-
MapeHust YacTHIl o] AEHCTBUEM TIOTJIONAEMOTO UMHU
JIA3epPHOTO u3JayueHus. /[yis ydaera BausHus atoro ad-
dekra Ha ocsabieHue HeOOXOAUMO 3HATH HE TOJBKO
¢usnveckue CBOUCTBA CAMUX KOH/IEHCUPOBAHHbBIX Yac-
THI[, HO W ITIapaMeTpPhI Ipoliecca KoHmeHcarmu (CKo-
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POCTh POCTa YACTHIL), a TaKKe ANHAMUKY pasJiera ra-
porasoBoil ($asbl HaJi HOBEPXHOCTHIO METAJLIA.

BbiBo1b1

ITpoBeneHo nccrenoBanme akesa, 06pa3ymonierocs B
MpoIlecce CBApKHM HU3KOJIETUPOBAHHOI YTI€POAUCTOI
CTaJI BOJIOKOHHBIM JIa3€POM MOMIHOCTBIO /10 20 kBT.

[Tokazano, 4TO CBapOYHbBII (haKes COCTOUT U3 ABYX
pas/uunbIX yacTeil. HuskHAg yacTh UMeeT BbICOTY OKO-
JIO 5 MM U TpEACTaBJseT co60i dPO3MOHHBIN MOTOK
c1a60MOHN30BaHHOrO (CTereHb MOHU3AIMK TIOPSIIKA
107%) MeTa/IMIecKOro napa ¢ TeMIepaTypoil He BbIIIe
4500 K. BceaenctBue HU3KOH TeMIlepaTypbl U MaJioif
KOHIIEHTPAITIH CBOGOAHBIX 31ekTporoB (< 10" em?)
HIDKHSS YAaCTh He OKA3bIBAET BIMSIHUS HA TIPOXO/ISIIee
naseproe ussaydenue (koadduiment o6paTHOro TOp-
Mo3Horo norsomtennst < 0,6 M ). Bepxusst uactsb da-
Kesa MoxeT jgocturatb S0—60 MM B BBICOTY WM TIpel-
CTBJIZeT cOGOI CBeueHNe KOHAEHCUPOBAHHBIX METaJl-
JINYECKUX YACTHUI[, PA3OTPEBAIOIINXCS U MCHAPSIONIX-
cs1 IO AeTiCTBIEM Jla3epHOro naJydeHnsi. dopMa Bepx-
Hell 4acTH COOTBETCTBYET KAyCTHUKE ITyYyKa BOJIOKOHHO-
ro Jasepa. TemmepaTypa cpezibl OcTaeTcs B IeJIOM TO-
crostauoi (1500+2000 K) 1o Bceil Bepxueii wactu da-
KeJla. JKCIEePUMEHTAIbHO N3MePEeHHbIH K03 PUIIEeHT
ocsabyennst MPOOHOTO U3JTyYeHUs MPH JIJITHE BOJHBI
1,3 MKM cOCTaBJIsIeT HECKOJIBKO €IHUI] Ha METP.

[To m3MepeHHOMY TPOCTPAaHCTBEHHOMY pacIpese-
Jernio koadduimenta ocaabieHns pacCUUTaHoO ocaab-
JIeHNe JTyYa MOIITHOTO BOJIOKOHHOTO JIa3epa, pacipocT-

paHAIOIIerocs B/10JIb OCH cCBapo4YHOTo dakesa. bes yue-
Ta MCHAPEHHs YacTUI] KOHJeHcaTa ocaalIeHne cocTa-
BUJIO OKOJIO 12 % BBIXO/IHO# MOIIHOCTH JIA3€PHOTO HC-
TOYHMKA. VI3MeHeHNe aMILIUTY /bl OCIabJeHUs TIPOUC-
xXoauT B crekTpe ydactoT g0 2—3 kl1. Bceaenctsue
pe3oHaHcHBIX 3 (DEKTOB B XKUIKOI BaHHE 3TOT 3D deKT
crioco6eH PUBOINTD K 06Pa30BaHNIO MaKPOCKOIIITIEC-
KHUX /Ie()eKTOB B MeTaJlje MIBa, TI03TOMY JUJIS OIITHMU-
3aIMU TEXHOJIOTUH JIA3ePHOH CBApKH € TJIYOOKUM IIPO-
IJTABJICHUEM 11eJ1ecO06Pa3Ho JasbHelilee HM3y4eHne
Iporiecca KOHAEHCAIINT MeTaTHIecKOTo mapa B ake-
Jie, olpe/ieIeHIe XUMIYECKOTO COCTaBa U ONTHYECKHIX
CBOIICTB KOH/IEHCPOBAHHBIX YACTHUIL, & TAKXKe y4eT UX
UCTIApeHUs MO/ JeHCTBUEM JIa3ePHOTO M3JIyUeHNUS.
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