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When you create a small spacecraft there is the problem of redressing the imbalance of the rotor-flywheel of the
small engine flywheel with the selection of weights, while the mechanical contact method leads to elastic deformation in
the supports of rotation, which has a negative impact on their work especially at high speeds of rotation of the flywheel.

From this perspective, there is a need to study other ways of balancing of rotors, flywheels, namely contactless bal-
ancing of rotor of flywheels with the help of concentrated energy fluxes of laser and electron-beam evaporation of the
metal.

The technology of balancing with an electron beam has a number of advantages over the laser technology of bal-
ancing for the realization of balancing of rotors of flywheels. For example, it is possible to implement the process
of redressing of imbalance in the vacuum that brings the balancing conditions to real operating conditions. Also the
reflectance of energy in the processing of electron beam is much lower than during laser processing, which demon-
strates the efficiency of the process.

The dependences of the intensity of evaporation from the settings of the laser and electron beam are defined.

Contactless balancing of rotors of flywheels with the help of concentrated energy fluxes evaporation of metal is cur-
rently possible, but it is necessary to have special equipment with the required capacity of operation.
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Ipu co30anuu Mablx KOCMUYECKUX Annapamos 603HUKAem npobiema ycmpanenus Ouchaianca pomopa-maxosuka
6 ManopamepHom oguzcamene-maxoguxe. Mcnonvzosanue noobopa 2py308 0ZpaHuYeno ux MAccol, a MeXaHuuyecKkuil
KOHMAKMHbIll CNOcob (8bicepausanie omeepcmuii) npugooum K 603HUKHOBEHUIO Ynpy2ou degpopmayuu 8 onopax epa-
WeHUsl, YMO OMPUYAMENbHO CKA3bI8AEMC s HA UX pabome (0CODeHHO Ha DONLULUX YACMOMAX 6PAUeHUs MAXOBUKA).

Hcxoos uz smozo, neobxooumo ucciedogams opyaue CHocobwl, 8 YacmHuocmu, OeCKOHMAKMHYIO OalaHCUPOBKY
POMOPOB-MAXOBUKOE C NOMOUBIO KOHYEHMPUPOBAHHBIX NOMOKOG IHEP2UU, TA3EPHOE U INEKMPOHHO-TYHEB0e UCNAPEHUe
Memania.

Texnonoeus 6anaHCUPoOBKYU 1EKMPOHHBIM IYHOM 001a0aem psoom npeumyuecms nepeo 1a3epHou. Kodg@uyuenm
ompasicenus dHepeuu npu 06pabomKe INeKMPOHHBIM JYUOM 3HAYUMENbHO HUdICe, YeM npu oopabomke 1azepom, snep-
209(hghexmuenocmov npoyecca eviuie, ycmpanenue OUCOANIAHCA GbINOIHACMC 8 AKYYMeE, YMO NPUOTUICAem YCIO6Us
OanaHCUPOBKU K PeanbHbLM padoduM.

Yemanoenenv 3aucumocmu UHMeHCUSHOCMU UCHAPEHUSL O NAPAMEMPO8 PEANCUMA 1A3ePA U DNIEKMPOHHO20 TYYA.

Beckonmaxmuas 6anancuposra pomopoe-maxo8uKos ¢ NOMOWbIO0 KOHYEHMPUPOSAHHBIX HOMOKOE IHEP2UL UChApe-
HUSL MEMaia 8 Hacmosiujee 8pemsi 603MOACHA, HO HEOOXOOUMO uMemsb cneyuarbHoe 0b6opyodosanue ¢ mpebyemor Mous-
HOCIbIO pabomul.

Knioueswvie crosa: OGMZCZmEJZb-MCIXOGMK, 6aﬂchup06Ka, Jasep, 3Jl€Kmp0HHblljl JIy.

Introduction. A number of problems arises during fig. 1, @) and selection of weights — balancing screws
manufacturing of an engine-flywheel. One of them is im-  (adding of mass, fig. 1, b).
balance of a rotor of a flywheel that leads to vibrations. During the process of metal removing mechanical
There are 2 methods of redressing of imbalance in  pressure on the bearing unit appears through a flywheel
instrument engineering: the mechanical one (metal removal, rim and arms. Under emerging stress elastic deformation
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occurs in the bearing unit that causes displacement of the
rolling elements (balls) from their raceways. When ex-
ceeding the admissible load elastic deformation moves to
the stage of irrecoverable deformation that leads to hidden
defects in the bearing unit.

While balancing the rotor of the flywheel with screws
they make several bores equidistantly located on the girth
of the rotor rim, where they place screws of certain mass.
However, this method of balancing has some problems
caused by small size of the rim itself and is limited with
technological capabilities to produce screws and screw
holes. Those screw holes in the rim of the flywheel reduce
its total mass that leads to increase of mass in the other
places of the rotor system that makes the required mo-
ment of inertia secure kinetic moment of the flywheel. In
designing the structure of the engine-flywheel that in-
creases its weight and size [1-3].

Both methods of implementation of above-mentioned
balancing are labour-intensive, demand high skills of per-
former and expensive cutting tools and equipment and
special arming for each appliance.

While using small engines-flywheels the problem
of balance correction of the rotor of the flywheel because
of its small measures and other peculiar features.

Due to this fact the need to study different methods of
balancing of rotors of flywheels appeared, namely the
method of contactless balancing with the help of concen-
trated energy flows in laser and cathode-ray metal evapo-
ration [4].

The cathode-ray balancing technology has several
advantages over the laser one. For example, the process of
imbalance redressing takes place in vacuum that creates
almost-real life operating conditions of engine-flywheels.
The energy reflection coefficient when the electronic
beam is used is much lower than when we use lasers. So
the former technology appears to be more energy efficient
than the latter one. The cathode-ray technology has an
advantage of lower price as well, for example, having the
power of 12 kW it is the third of a price of laser technol-
ogy complex. The other drawback of laser technology is
that the material of flywheel rotors would react with gases
of air during heating and melting. Consequently, we have
to create protective atmosphere in a work volume [5; 6].

To balance the flywheel rotor using concentrated
energy flows the following tasks were set up:

— the study of dependence of evaporation on charac-
teristics of laser and electronic beam action;

— receiving data of changes in metal structure in the
area of local weld penetration;

— defining the possibility of balancing flywheel rotors
by means of concentrated energy flows.

Defining the optimal regime through experiments.
The process of evaporation was carried out with a fine-
focused electronic beam and a laser on samples, made of
steel 30X13H2CM, that is used in production of fly-
wheels.

During the experiment the distance between samples
and focusing system, the beam current, the number and
duration of impulses were modified [7-9].

Before the experiment the samples were weighed up
on laboratory scales with a precision of 1 mg. After each
stage of the process they were weighed up again, this way
an amount of removed material was determined.

Necessary characteristics were calculated according
the following formulas:

— power flow density

where P, is beam power; S is beam area on the surface
of the sample;
— evaporation rate

Vo =15
where m is mass of evaporated material; ¢ is impulse dura-
tion.

The experiment studied the influence of the distance
between the irradiated sample and focusing system of
electronic beam. Concentration of electrons in the beam
depends on a focus distance. If the distance is long while
vacuum is not deep enough (less than 10™' Pa) than elec-
trons would lose energy and change direction of move-
ment because of dispersion in particles of environment,
therefore, the impact on the material surface would be less
efficient (fig. 2).

>

Fig. 1. Balancing the rotor-flywheel:
a —removing the metal on the rim of the flywheel; b — balancing with screws

Puc. 1. banancupoBka poTopa-MaxoBHKa:
a — yaleHue MeTajlia Ha 000/1e MaXOBHKa; 0 — 6aJaHCHPOBKA BUHTAMHU
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The maximum evaporation occurs when the distance
is 20-25 sm. If to increase or to decrease the distance to
the focusing system then the beam diameter increases and
it becomes less concentrated as well as the process of
treatment becomes less efficient. The higher the concentra-
tion of electrons is, the more intense the metal removal is.

All the further experiments were carried out at the
estimated distance of 20-21 cm to the focusing system.
It corresponds the beam diameter of 250 um under 50 mA
and accelerating voltage of 30 kV.

To define the possibility of evaporation it is needed
to set the laser and electronic beam at minimum power.

Due to the studies it is known that the minimal current
value of the beam allowing evaporation is 35 mA, while
the maximal one is 52 mA. There is no reason to use cur-
rent of greater power because of unfavorable effects, such
as explosive melt ejection, overheat of processed material.

12

The duration of impulses also had limits (fig. 3, 4).
The maximal was 1000 ms for it is a threshold value for
the used installation. The minimal is 100 ms, because at
lower values the energy of electrons is spent on their run-
away as a result of surface reflection, the sample warms
up slightly, but the material removal does not happen [10].

Fig. 4 shows us that the mass of the metal evaporated
from the surface of the sample with laser is very small.
That is why we take the cathode-ray method as the basis
of studying possibilities of balancing rotors of flywheels.

When metal is treated with electronic beam, the proc-
ess of evaporation depends greatly on the impulse dura-
tion. The longer duration is, the more metal is removed,
because much more energy affects the sample. In this case
energy spreads far beyond the processed area due to its
thermal conductivity. It makes structural changes of the
metal. The long impulse duration leads to appearance of
vapours of processed material over the sample surface
that causes waste of the beam energy [11; 12].
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Fig. 2. Dependence of the mass of the vaporized metal
on the distance to the focusing system at a beam current / = 52 mA
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Fig. 3. Dependence of the mass of the material removed on the electron beam
power density (with a diameter of D = 250 um and a voltage U =28 kV)

Puc. 3. 3aBucumocThs Macchl yAaasieMoro MaTepualia ot INIOTHOCTH MOILIHOCTH
3JIEKTPOHHOTO Jiy4a (mpu quameTpe D = 250 MM u HanpspkeHnu U = 28 kB)
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The short impulse duration (250 ms) makes the evapo-
ration process unstable. One can see that at this duration
and power density of about 1.4-10° W/em® 1,5 mg
of material is removed, whereas at power density
of 1.45:10° W/cm® only 1 mg of material is removed. The
graph is periodical that can be accounted for auto wave
processes that are present when the electronic beam
treatment is carried out.

We studied evaporation rate at different values of cur-
rent of electronic beams (fig. 5).

At initial energy U = 28 keV (the output of secondary
emissions is very small) and power density of 10° W/cm®
(there is no expansion of the metal due to the powerful
waves of compression and unloading) almost all energy is
spent on warming up the sample. It can be seen (fig. 5)
that the maximum rate of material removal appears at a

2285 1

pulse duration of 0.15-0.3 s. Then the process of evapora-
tion passes stably regardless of the fact that the pulse
duration increases [13]. This can be explained by the fact
that as the pulse duration is increased, the energy of the
electrons is mainly spent on heating the processed material
and is carried away as a result of its thermal conductivity.

Experimental results. During the experiment the mi-
crostructure of area melted at different impulse duration
of the electronic beam was changed (fig. 6-8).

Presented photos show us that the depth of passage of
the electron beam depends strongly on the pulse duration.
The zone of thermal action at the maximum pulse dura-
tion (1 s) is 6.7 mm wide and 4.4 mm deep, which should
be taken into account when designing the flywheel rim
in the balancing zone [14; 15].
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Fig. 4. Dependence of the mass of the material removed
on the laser power density (at time # =20 ms)

Puc. 4. 3aBucUMOCTH MacCHl yIaiusieMoro MaTepuaia
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Fig. 5. Dependence of the evaporation rate on the duration of the electron beam pulse
(L=21cm, U=28kV)
Puc. 5. 3aBHCHMOCTB CKOPOCTH UCHAPEHUSI OT AJIUTEIBHOCTH UMITYJIbCA DIIEKTPOHHOTO JIyda
(L=21cMm, U=28xB)
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Hardness of samples, measured by the Vickers
method, is distributed depending on the zone (fig. 7).

In the process of research work, a significant shortage
of the equipment on which the experiments were per-
formed was revealed: the low power of the electron beam
device, and, accordingly, the low accelerating voltage.
Consequently, the energy of the beam necessary for
evaporation was reached by increasing the current, which

led to a considerable overheating of the samples and an
increase in the lifetime of the liquid phase prior to the
onset of the evaporation process.

The high cooling rate caused by the large temperature
gradient in the body of the sample causes the appearance
of hardening stresses, which leads to the appearance of
cracks (fig. 8).

Fig. 6. Microstructure of the melted zone at different time of exposure:
a—att=0.1s;b—att=065s;c—att=1s

Puc. 6. MukpocTpyKTypa MporiaBIeHHOW 30HBI IPU pa3HOM BPEMEHH BO3ICHCTBHS:
a-mput=0,1c;6-—nput=0,65c;6—mnput=1c
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Fig. 7. The distribution of hardness in sample:
1 — the treatment area; 2 — heat affected zone; 3 — steel

Puc. 7. Pactipenenenue TBepAOCTH O 00pasily:
1 —30Ha 00pabOTKH; 2 — 30HAa TEPMUUECKOTO BIUSHHS; 3 — CTaJb
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Fig. 8. Cracks in the bath of molten metal samples
of steel 30X13H2CM when exposed to the electron beam

Puc. 8. TpemuHs! B BaHHE PacIUIaBICHHOTO MeTallia 00pa3loB
u3 ctamu 30X13H2CM mnipu Bo31€HCTBUM 3JIEKTPOHHOTO JIyda

Conclusion. The process of evaporation of a metal
under the influence of an acute-focused pulsed electron
beam and a laser is studied. The dependence of the evapo-
ration intensity on the parameters of the laser and electron
beam modes is established (fig. 3-5).

In the course of the work it was established that when
the electron beam is exposed to samples of steel
30X13H2CM due to the long existence of molten metal,
recrystallization cracks form at the site of the beam action.

With the use of these parameters and the increase in
the number of pulses, it is possible to remove from 1 to
100 mg of substance per process cycle on materials not
prone to cracking, or where such cracks are not critical.

Contactless balancing of flywheel rotors with the help
of concentrated energy fluxes of laser and electron-beam
evaporation of metal is currently possible, but it is neces-
sary to have special equipment with the required output
power.
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