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The first commercial equipment for additive technology production with 3D-printing was made more than 30 years ago.

In the mid 90-ies 3D-printing was used mainly in research activities. The wide spread of digital technology in the
field of design, modeling, calculations and machining stimulated a rapid development of additive technology.

To evaluate the application of the parts printed on a 3D-printer, there was conducted a research of the design of the
reaction wheels engines. On the basis of the pre-designed 3D-model there were made two housings of powder materials —
alloys AK9Y and AISilOMg were constructed. The analysis of the stability of the geometry of the engine housings
to thermal effects, susceptibility to mechanical loads in the model layout of the engine-flywheel was conducted.
Outgassing in vacuum was defined and the microstructure of additively manufactured materials was researched.

Test results proved the possibility of application of the additively manufactured housing made of selected alloys with
sufficient mechanical strength in the composition of the engine-flywheel.

There is obviously a need to continue the studies on the properties of materials used in additive technologies in
order to compile a list of materials with their properties and application characteristics in the design of the engine-
flywheel.
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Ilepsvle kommepueckue paspabomxu 060py006ans, NO3EONAIOULE20 U2OMABIUBAMb U30ENUS NO A0OUMUBHOU MmeX-
nonocuu memooamu 3D-nevamu, nossunucey bonee 30 1em naszao.

Ewe 6 cepeoune 90-x 20006 mpexmephas newamsv UCHONb30BANACH 2NABHBIM 0OPA30M 6 HAYYHO-UCCLE008AMENbCKOU
Odesmenvrhocmu. Lllupoxoe pacnpocmpanenue yughpogvix mexnonro2uil ¢ 06IACMU NPOEKMUPOBAHUSL, MOOETUPOBAHUS
Pacuemos u MexanooopabomKu CrmumMyIupo8ao 63pbleHOU XApaKmep pazeumus d0OUMUGHOU MeXHOI02UU.

s oyenxu npumenenus demanei, Haneyamanuvlx Ha 3D-npunmepe, 6 KOHCMPYKYUU 08USAMENEU-MAXOBUKOE NPO-
6edena uccredosamenvckas paboma. Ilo npedsapumensro cnpoekmuposannou 3D-modenu uzeomosnensv 08a Kopnyca
u3 nopowkogvix mamepuanos — cniaeoe AK9Y u AlSilOMg. Ilposeden ananuz cmouxocmu eeomempuu KOpnycos
K MeMRepamypHbiM 8030€UCMEUsIM, 60CHPUUMYUBOCTIU K MEXAHUYECKUM HASPY3KAM 8 COCMAse MAKemd O8u2ameis-
MAX0BUKA, ONPEOeNeHO 2a306bl0eIeHUe 8 YCI08USX BAKYYMA, UCCIEO08AHA MUKPOCMPYKIYPA AOOUMUGHO NOLYYEHHbIX
Mamepuaos.

o pezyrbmamam ucnvlmanutl cOelaHO 3aKIIOYEHUE O B03MOdICHOCIU npumenenusi 3D-kopnycog uz evlopaHHbIX
CNNaBo8 ¢ 00CMAMOYHOU MEXAHUYECKOU NpouYHoCcmbio 8 cocmase npubopa. Coenran 6bl800 0 HE0OXOOUMOCMU OdANb-
Heliuie20 U3yueHust CeOUCME Mamepuaios, NPUMEHAEMbIX 6 AO0OUMUGHOL MEXHOL02UlU, O COCMAGLEHUsl NepeyHs
MAMepuanos ¢ yKazamuem ux c6oUCme u 0cobeHHocmerl npuUMeHeHUs 8 KOHCIMPYKYUU 08U2ameneti-maxosukos.

Kmouesvie cnosa: aooumuesnast mexHoJl02cusl, nocm06pa60m1<a, ()emaﬂb, OG‘MZGWleﬂb-MQXOG‘uK, Mexanuveckas Hacpys-
Ka, 2azoevloeneHue.

Introduction. The object of the study is an additive  spacecrafts. The subject of research is additively manu-

technology, used in the manufacture of engine-flywheels  factured engine housings made of Russian powder mate-
parts for the systems of orientation and stabilization of rial AK9Y and its foreign counterpart AlISilOMg [1-4].
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Work description. On the basis of pre-designed 3D-
model two housings were made on 3-D printer of alloys
AKO9Y and AlSil10Mg (fig. 1). Casual housing is made of
aluminium rolling brand AMg6 GOST 21488-97.

To evaluate the performance of the studied housings
the following program of works was composed:

— mechanical processing on accordance to the drawing;

— control of dimensions according to the drawing;

—check of gassing in accordance with the require-
ments of the materials used in engine-flywheels, GOST
R 50109-92;

— the impact of temperature of +60 and —60 °C;

— control dimensional stability on accordance to the
drawing;

— analysis of the microstructure of the alloys;

— testing the mechanical strength of the housing with
the installed load, simulating the weight of the electronics
and the electric motor.

The results of the tests should show whether the hous-
ings possess the sufficient mechanical strength, resistance

a

to temperature changes; the value of outgassing in vacuum
also must be determined.

It should be noted that the housings were printed at
different angles to the main setting surface adjacent to the
spacecraft (fig. 2). This is reflected in the amount of
required technological support (the support surface for
forming planes that are in suspended state), and subse-
quently on the post-processing of the case.

Support of the housing of the alloy AlSi10Mg was in-
significant; it was removed using the special machining
tool (fig. 3) [5; 6]. Then the body was subjected to sand-
blast treatment, which completed the process of rough
post-processing, and then machined using universal
equipment to conform to the drawing.

Due to the massive support of the housing from the
alloy AK9Y from the beginning were used the universal
machines for removal. This made it possible to combine
the removal of the support (fig. 4) and machining of sur-
faces to meet the requirements of the drawing, which
ultimately reduced the production cycle of the housing.

Fig. 1. 3D model of engine housing (), printed housings made of alloys AK9Y (b) and AlSi10Mg (c)

Puc. 1. 3D-monens xopmyca (a), HaneyaTaHHble Kopiyca u3 ciaBoB AK9Y (6) u AlSi10Mg (8)

b

Fig. 2. 3D model of engine housing made of alloys AK9U (a) and AlSi10Mg (b) with the support surface

Puc. 2. 3D-mozens koprycos u3 ciiaBoB AlSil0OMg () u AK9Y (6) ¢ noanepskkoit

Fig. 3. Special machining tool for removing the support of the housing made of the alloy AlSil0Mg

Puc. 3. MHCTpyMeHT aiIsl yoaieHus IoJIepKK1 Kopiyca u3 ciiasa AlSil0Mg
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Fig. 4. Housing from the alloy AK9Y at the stage of support removal

Puc. 4. Kopmyc u3 cimasa AK9Y B mporiecce CHATHS TOAICPKKH

After removing the support and monitoring of the ge-
ometry of housings for compliance with the drawing the
surfaces not subjected to post-processing were measured.
All dimensions meet the drawing, which indicates repeat-
ability of the geometry of engine housings in 3D printing.

Thus, we can conclude: the manufacture of details of
precision mechanics by means of additive technologies
requires a minimal of finishing post-processing. There-
fore, when creating 3D models in CAD, you must set
allowances taking into account the subsequent mechanical
surface treatment to the required dimensions and choose
the optimal variant of the support when printing on a 3D
printer [7; 8].

To reduce the impact of increased gassing in vacuum
conditions from the materials that are sensitive to the
influence of its own external atmosphere, in the design
of engines-flywheels must be used the materials that in
accordance with GOST R 50109-92 have total mass loss
of not more than 1 % and the content of volatile condens-
able substances is not more than 0.1 %, and the residual
outgassing in the vacuum pressure chamber of engine-
flywheel, where the low pressure is supported.

The residual outgassing in vacuum chamber was
defined at the low pressure 1.33:10"'-1.33-10 Pa (10°—
10* mmHg) and the temperature (80 + 3) °C during 48
hours and in accordance with GOST R 50109-92.

The residual outgassing in vacuum chamber is calcu-
lated:

AP=P,- P,
where P, — is the pressure in a loaded chamber, Pa; P, — is

the pressure in an unloaded chamber, Pa.
Then it comes to the volume /, =1 | using the formula:

P 2= AP V]/ V2 5
where P, — given volume in the finished item, Pa; V; —

chamber volume, 1; ¥, — volume of the finished item, 1.
The results of outgassing are supplied at tab. 1 and 2.

Table 1
The residual outgassing in vacuum chamber
Housing material data
AMgb6 0.25
AK9Y 0.48
AlSilOMg 0.90

Housings made by additive technology meet the
requirements for outgassing for the materials used in the

construction of engines-flywheels of non-hermetic char-
acter in the construction of the spacecraft.

Table 2
Outgassing in accordance with GOST R 50109-92
Housing material | Mass loss, % | Condensing volatiles, %
AMg6 0.0 0.0
AK9Y 0.0 0.0
AlSil0Mg 0.0 0.0

After the control of outgassing the housings were sub-
jected to temperature exposure +60 and —60 °C (three
cycles). The dwell time at each temperature was 2 hours,
excluding the time of its setting.

Control of the geometry of the housings after these
exposures showed no deviation relative to initial values.
Consequently, the housings have sufficient vitality to
temperature effects and can be recommended for the
usage in the construction of the engines-flywheels of the
spacecrafts.

Analysis of the microstructure of the alloys showed
that it is mainly a mixture of aluminium and silicon.
However, on the photographs of the microstructure the
grains of primary aluminum, crystallizing in the first
hypoeutectic alloys are not clearly observed [9]. While
the silicon inclusions have predominantly spherical shape
in comparison with the conventional lamellar cast struc-
ture (fig. 5). The hardness of the housings made of alloys
system Al-Si has the extremely high value (HB 110 in the
initial state and HB 107 after annealing at temperature
320 °C). Possible reasons for these differences lie in non-
equilibrium conditions of crystallization and cooling,
which are the feature of additive technologies.

The results of the preliminary calculation. Before
the full-scale tests of the layout model of the engine-
flywheel on a vibration stand the model with the defined
parameters of the studied housings with mounted loads,
simulating the weight of the electric motor / and control-
ling electronics 2 for mechanical calculation was prepared
(fig. 6) [10; 11].

When designing the mathematical model the mechani-
cal properties of the materials of the housings were taken
the same as the alloys AlISi10Mg and AK9Y are inter-
changeable.

As the joints of details was selected the global contact,
in the result while constructing the final elemental model
we obtained a joint mesh (fig. 7) [12; 13]. Mount housing
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set by the parameter “fixed geometry” for main setting
surface.

The results of a modal analysis of the housings con-
firmed the absence of resonant frequencies below 100 Hz,
which meets the general requirements for the design
of engine-flywheels. The first resonant frequency of the
model is 476.64 Hz.

Analysis of the response of housings to random
broadband vibration (RBV) conducted to determine their
resistance to external influence and identify areas of
maximum stress concentration. The study was performed
along three mutually perpendicular axes: in the direction

perpendicular to the setting plane (along axis OZ) and
in directions parallel to it (along the axes OX and OY).

The loads were selected from the condition of passing
the preliminary and qualification of the engine-flywheels.

For comparison, tab. 3 shows the safety factors of the
housings made of AK9Y and AlSi10Mg alloys and a stan-
dard housing of AMg6 alloy.

The results of full-scale tests. After performing the
preliminary calculations of the layout model we produced
simulators of the electric motors and service electronics
(fig. 8) for installation on a 3D body.

Fig. 5. Microstructure of alloys system Al-Si made by 3D-printing

Puc. 5. Mukpoctpyktypa cruaBoB cuctembl Al-Si, monydennsix 3D-neyatsio

Fig. 6. Analyzed 3D-model

Puc. 6. Pacuernas 3D-momenb

Fig. 7. Finite-element 3D-model

Puc. 7. Koneuno-anementnas 3D-monens
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Table 3
The calculated values of the safety factors
. The reserve coefficient K,
The mean quadr.atlc value of The direction of action Material . L.
acceleration, g on yield stress on strength limit

R 1.27 1.25

along axis OZ ! £
AMg6 2.49 3.32
A%Iff(;ll\z 1.01 0.99

17 along axis OX £
AMr6 2.0 2.68

AK9Y/

. 0.99 0.97

along axis OY AlSi10Mg
AMg6 1.98 2.64
AiASK19(;lI\£I 1.89 1.85

along axis OZ ! &
AMg6 3.51 4.7
A{%SK19(;II\;I 1.58 1.55

12 along axis OX ! g
AMr6 3.12 4.15
AiASIf19(;II\£I 1.4 1.37

along axis OY g
AMg6 3.03 4.04

b
Fig. 8. 3D-model (a) and layout model for mechanical testing (b)
Puc. 8. 3D-mozens (@) 1 MakeT LI MEXaHHYEeCKHX UCIIBITaHUH (6)
W\ BMIn1 ~ ng: 8)\5’/'_ BIAM2 B2 hoes 07
| 3 BN e e .
| — -H-“"-I | ) Mpucnocofnenue
e Qee QX -
J B 0es0Y/
-

Fig. 9. The scheme of installed on the layout sensors

Puc. 9. Cxema ycTaHOBKHU JaTYMKOB Ha MakeTe
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Fig. 13. Damages of housings made of AK9Y (a) and AlSi10Mg alloys (b)

Puc. 13. TloBpexaenus xopmycos u3 ciiaBoB AK9U (a) u AlSil0Mg (6)

The full-scale tests on the response of housings
to random broadband vibration (RBV) were carried out in
two stages according to the requirements for acceptance
and qualification testing.

The tests were carried out alternately in each of three
mutually perpendicular directions with the installed on the
model sensors (fig. 9) in the following order [14; 15]:

— search for resonant frequencies of structural elements;

— loading of random broadband vibration (RBV);

— search for resonant frequencies of structural elements.

The results of full-scale tests on the axes of the model
at the stage of preliminary tests are presented on graphs
(fig. 10-12).

The full-scale tests on the response of housings to ran-
dom broadband vibration (RBV) during the qualification
tests confirmed the results of the preliminary mechanical
analysis of the mathematical model: housings made of
AKO9Y and AlSi10Mg alloys are unstable to the selected load
values, and will deform in the most loaded areas (fig. 13).

The check of the full-scale model on a vibration stand
not only showed the adequacy of the preliminary analysis
of a mathematical model but also proved the correctness
of the choice of properties of additively manufactured
materials that is proved by the nature of the deformation
on the housings.

Conclusion. The porosity between the printed layers
is higher than in one layer of rolling. This should be con-
sidered when choosing the location of the workpiece
in the print chamber. The content of pores is less than 1 %
in the transverse and longitudinal directions and the pores
are about the same size and geometry, which demon-
strates the high quality of the sintering.

Housings made of AK9Y and AISilOMg alloys by
means of additive technology can be recommended for
use in the construction of the engine-flywheels of unpres-
surized form while reducing the demands of the suscepti-
bility of the structure to mechanical loads.

However, having chosen an alloy that meets the re-
quirements for materials used in the design of the engine-
flywheels; it is possible to use additive technology for
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manufacturing the parts without the reduction of these
requirements. So, when adding titanium carbide in the
alloys of the studied housings, the reserve coefficient
is increased in 1.5-2 times.

Thus, the samples obtained by laser sintering can be
used for the manufacture of parts while maintaining prop-
erties similar to the properties of their prototypes, made
by means of traditional technology.

There is obviously a need to continue the studies
on the properties of materials used in additive technolo-
gies in order to compile a list of materials with their prop-
erties and application characteristics in the design of the
engine-flywheel construction.
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