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MODELING OF THE STRESS-STRAIN STATE OF ROCKET-SPACE TECHNOLOGY STRUCTURAL
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One of the promising areas for improving the methods of manufacturing structural elements of rocket and space
technology is the use of selective laser melting technology which represents a unique opportunity to manufacture metal
products by melting powder and producing a one-piece solid phase structure. However, pores and other structural de-
fects can appear in the formed element during laser sintering which causes a decrease in the strength characteristics of
the parts produced. An important step in the additive technologies introduction is the development of methodology for
the preliminary prediction of the strength characteristics of manufactured structural elements under the influence of
mechanical loads with the help of mathematical modeling. The methodology for estimating the material strength reduc-
tion of a rocket-space technology element obtained using additive technologies by simulating a porous structure and
calculating the characteristics of the stress-strain state is presented.

The proposed mathematical model and the methodology for calculating the specimen loading on the basis of the dis-
tortion energy theory allow calculating the stress-strain state in the process of numerical simulation for different values
of the pore diameter. The reduction in yield strength due to the material porosity of the part is estimated using a coeffi-
cient equal to the ratio of equivalent stresses arising when a load is applied to a specimen manufactured using tradi-
tional and additive technologies. The value of the introduced coefficient characterizes the structure of the grown prod-
uct and is considered as a function of the random arrangement of pores in the specimen under study. The appearance of
pores is the result of a combination of factors: the composition and dispersion of the original metal powder, feed rate,
removal distance and laser power during sintering, part orientation and sintering direction, the height of the level of
powder deposited on a special base before sintering, etc.

The paper evaluates the reduction in strength for the working part of a series of tensile test specimens grown from
metal powder of different dispersity. The non-linear nature of the dependence of the yield strength on the particle di-
ameter of the original metal powder is established. The maximum value of the yield strength corresponds to the speci-
men with the minimum value of the total surface area of the pores.

Keywords: additive technologies, liquid rocket engine, combustion chamber, porosity, stress-strain state, yield
strength.
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OOHUM U3 NepCneKmuBHbIX HANpPAagIeHUll COBEPUIEHCMBOBAHUS MeMOO08 U320MOGAeHUSL KOHCHPYKMUBHBIX J/1eMeH-
M08 paKemHO-KOCMUYECKOU MEeXHUKU ABNAEeMC s NPUMeHeHUe MeXHOL02UU CeNeKMUBHO20 IA3ePHO20 NAAGLeHUs, KOMO-
pas 0aem YHUKATIbHYIO B03MOMCHOCNb U320MABIUBAMb U30ENU U3 MEMAId NOCPeOCm8oM PACHIAIeHUs NOPOWKA U
nonydenus: CRAOWHOU meepoodasnoii cmpykmypbsl. OOHAKO NPU TAZEPHOM CREKAHUU 8 (DOPMUPYEMOM ITNEMEHME MO2YM
00pa306b16aMbCSL NOPLL U NPOHUE OeheKmbl CIPYKMYPbl, YMO Gbl3blEAC CHUNICEHUE NPOYHOCIMHBIX XAPAKMEPUCTUK
uzeomasnueaemvix demanei. Bajcnvim smanom npu 6HeopeHuu a0OUMuEHbIX MeXHOA02Ull AGIAEMCs pa3spabomKka me-
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mMo008 NpedsapumenbHo20 NPOSHO3UPOSAHUS NPOUHOCHHBIX XAPAKMEPUCIUK U320MABNIUBAEMbIX INEMEHMO8 KOHCM-
DYKYUU 6 YCIIOGUAX 8030€UCBUA MEXAHUYECKUX HASPY30K C NOMOUbL MameMamuiecko2o mooenuposaus. Ilpeocmas-
JIeHA MemOOUKA OYEHKU CHUNCEHUS NPOYHOCIU MAMEPUANA STIEMEHMA KOHCMPYKYUU PAKeMHO-KOCMUYECKOU eXHUKU,
NONYYEHHO20 € UCNOb30BAHUEM AOOUMUBHBIX MEXHOL02UU ¢ NOMOWBIO MOOETUPOBAHU NOPUCMOL CMPYKMYPLL U PAC-
uema XapaKmepucmuK HanPAXCeHHo-0ehoOpMUPOSAHHOLO COCIOAHUSL.

Ilpeodnoocennvle Mamemamuueckas MoOelb U MEMoOUuKa paciema HazpysxceHus oopasyd, OCHOBAHHAA HA MeopuU
IHepaul hopMouUIMeHeHUsA, NO3BOTAIOM NPOBECU PACHEM HANPAHCEHHO-0ePOPMUPOSAHHOL0 COCTNOAHUA 6 npoyecce
YUCTIEHHO20 MOOETUPOSAHUA 0I5l PASHBIX 3HAYeHuti ouamempa nop. CHudceHue npedena mekyyecmu 6 C8a3u ¢ Nopuc-
MOCMbl0 Mamepuana 0emaiu OYeHUusaemes: ¢ NOMOWbIo Kodguyuenma, pagHo2o OMHOWEHUIO IKEUBATEHMHBIX HA-
npANCEHUll, 8O3HUKAIOWUX NPU NPUTOHCEHUU HASPY3KU K 00pasyy, U3e0moOeIeHHOMy NOCPeOCmEOM MpadUyUOHHbIX
U a0OUMuUGHLIX MmexnHono2uil. 3navenue 86e0eHH020 KOdpPuyuenma xapakmepusyem CmMpyKmypy 6blpaujeHHo2o usoe-
U U paccMampueaemcs Kak QYHKYus cIydaino20 pacnoiodicenus nop 6 ucciedyemom obpasye, nosgienue Komopuix
ABNACMCA pe3YIbMAMOM GIUAHUA COBOKYNHOCIU (DAKMOPO8: cOCMA8 U OUCNEPCHOCMb UCXOOH020 MEMANIUYecKo20
NOPOUIKA, CKOPOCMb NOOAYU, PACCMOAHUE GbI6EOEHUs U MOWHOCMb 1A3epa NP CNeKaHUuY, OpueHmayus 0emanu u Ha-
npagneHue CNeKaHus, 8blcOMa YPosHs NOPOUKA, HAHECEHHO20 HA CNeYUATbHOe OCHOBAHUe neped CNeKanuem u op.

B pabome nposedena oyenxa crudicenus npouHocmu 015 pabouel yacmu cepuu o6pasyo8 Ois UCNbIMAHUL HA pac-
MAHCEHUe, GbIPAUWEHHBIX U3 MEMALIULECKO20 NOPOWKA PA3TUYHOU OUCNEPCHOCIU. YCmAaHo8IeH HeluHel bl Xapak-
mep 3a8UCUMOCU npedend meKy4ecmu om ouamempa Yacmuy UCXOOH020 MEMAIIUYecKko2o nopowxa. Maxcumanvroe
3HAUeHUe npedena meKyuecmu coomeemcmsyem oopasyy ¢ MUHUMATLHIM 3HAYEHUEeM CYMMAPHOU NAOWAOU NOBEPXHO-

cmiu nop.

Kniouegvie cnosa: adoumuenvle mexmono2uu, HCUOKOCMHOU PAKEeMHbLL 08Ucamelb, Kamepa Cc2opanus, Nopuc-
MOCMb, HANPANCEHHO-0eDOPMUPOBAHHOE COCMOSIHUE, NPeOel MeKyHecmu

Introduction. Currently, improving manufacturability
and reducing the cost of manufacturing rocket-space
technology (RST) structural elements are important scien-
tific and technical challenges. The disadvantage of tradi-
tional methods of manufacturing the most heavily loaded
units of a liquid-propellant rocket engine (LRE) — com-
bustion chambers (CCs) — is the problem of ensuring the
reliability of structures and controlling their quality due
to the use of a large number of soldered joints in manu-
facturing as well as the need to manufacture expensive
tooling. For example, only the process of electroerosive
deposition of the “artificial” roughness creating turbu-
lence in the coolant flow on the bottom of the cooling
tract channels of the CC inner shell lasts 900 n/ h [1].

One of the promising directions of improving the
methods of manufacturing the rocket-space technology
structural elements is the use of additive technologies
(AT) [2]. Their main advantages include: manufacturing
objects of complex shape with high accuracy, optimizing
time spent on manufacturing, using a combination of
metal powders (for example, BrHO8 + stainless steel) in
order to obtain strength characteristics corresponding to
the operating conditions of the grown product [3].

The development of additive technologies, in particu-
lar, the technology of selective laser melting (SLM),
represents a unique opportunity to manufacture metal
products by melting powder and obtaining a one-piece
solid phase structure [4]. The use of SLM technology
allows increasing the material utilization rate to almost
99 % and, thereby, reducing the cost of production [5].
However, during SLM pores and other structural defects
(non-melts, cracks, inclusions, etc.) may appear in the
formed element, which causes a decrease in the strength
characteristics of the parts produced. One of the objects of
RST where the introduction of AT seems to be promising
is the LRE chamber.

Since the working process in the LRE is characterized
by relatively large values of pressure and temperature in
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the CC [6], an important step in the introduction of AT is
the development of methods for preliminary prediction of
the strength characteristics of manufactured structural
elements under the influence of mechanical loads using
mathematical modeling.

The purpose of this work is to develop a methodology
for evaluating the strength reduction of the material ob-
tained using additive technologies by modeling the porous
structure and calculating the characteristics of the stress-
strain state (SSS).

Mathematical model. The methodology for assessing
the strength reduction of parts manufactured using addi-
tive technologies on the basis of the SSS determination in
the process of numerical simulation using the distortion
energy theory (Mises-Huber-Genki theory) [7] has been
developed. According to this methodology it is assumed
that the specimen begins to break (or to become unac-
ceptably deformed) under the condition 6., > G,;.,s, Where
G, 18 von Mises equivalent stress arising in the part under
the action of a given load, 6,4 is the yield strength of the
material of the part.

A safety factor — the ratio of yield strength to equiva-
lent stress ;s determined, for example, according to
Mises [7] — can be used as a characteristic of the strength
reliability of a RST product:

K = S yield
=
Gy
The reduction of the yield strength 6,;0.44s of the RST
structural element material grown from metal powder

is taken into account using the coefficient n (<1):
Syicld.add = " O yield -

Then the safety factor for parts made using additive
technology will be determined by the formula:

G, n-oc.
vield .add vield
Ks.add == = . (1)

Geq Geq
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In this formulation, the value of the coefficient n char-
acterizes the structure of the grown product and is consid-
ered as a function of the random arrangement of pores in
the specimen under study. The appearance of pores is the
result of the influence of a combination of factors: the
composition and dispersion of the original metal powder,
feed rate, removal distance and laser power during sinter-
ing, part orientation and sintering direction, the height of
the level of the powder deposited on a special base before
sintering, etc. [8—12].

Pores (as well as cracks, non-melts, etc.) in the struc-
ture of any material are local sharp changes in the uni-
formity of shape and rigidity of the product structure and
lead to local increase in the value of internal stresses.
Consequently, the value of the equivalent stress Geqpore
caused by a given load for a part with pores will be higher
than the value for a monolithic part 6., made of material
with the same physical and mechanical properties. The
safety factors for the cases considered are determined by
the formulas:

O..
_ _ T yield
Ks.So[id - Ks - >
O,y

_ o yield 2
s.pore > ( )
eq.pore

>K

s.pore*

K

s.solid

By presenting a part grown from metal powder
as a monolithic one with the presence of local inhomoge-
neities in the material structure it is possible to consider
the values of safety factors from formulas (1) and (2):
Ksada = K pore to be equal. Then, in accordance with the
idea of the physical meaning of the coefficient #, its value
will be equal to the ratio of equivalent voltages:

n'cyield _ Gyield .

>

cqu Geq, pore

Geq

n=

S eq.pore

Consequently, the decrease in the tensile strength of a
metal part made by the method of SLM is due to increase
in the value of equivalent stresses as compared to a metal
part made using traditional methods.

The porosity of the part material is determined by the
formula:

where: k= 1—% is the packing factor, V' is part
volume, V), is the pore volume in the part material.

Calculation model of the specimen loading. Struc-
tural cryogenic steel AISI 316L the mechanical properties
[13] of which are listed in Table 1 is considered as a ma-
terial of the structural RST element.

The porous structure of the specimen created by the
method of selective laser sintering from ASIS 316L steel
was studied in [14]. The relationship between the struc-
ture of the grown material and the sintering and the dis-
persion modes of the original metal powder was experi-
mentally established in this work. A complex configura-
tion of pores can be approximated by a set of spherical
surfaces on the basis of a number of images obtained on
the surface of thin sections of material specimens. In the
first approximation we will consider the diameter and
distance between pores commensurate with the diameter
of a metal particle d, (fig. 1):

dppe =2+d,,

pore

pore ~2- dpore'

In this paper it is expedient to evaluate the reduction
in strength for a specimen of a material and not for the
design of a LRE chamber as a whole. For this purpose a
series of specimens for tensile test were modeled accord-
ing to GOST 1497-84 [15]. The dimensions the speci-
mens correspond to type 3, number 9 (fig. 2).

The results of the stress-strain state calculations.
Assuming that the applied load is evenly distributed over
the cross section the strength calculation was carried out
directly for a cylindrical fragment of the specimen work-
ing part (2 = 0.5 mm, ¥ = 3.534 mm’, fig. 2) grown from
AISI 316L powder of the following series of diameters:
dy; = 60; 90; 120; 150; 180; 210; 240; 270; 300 microns
(fig. 3). The calculated values of the packing factors &,
for each element are presented in tab. 2 A fragment of the
working part was fixed on the surface of the rear end; a
tensile load was applied along the normal to the surface of
the front end. An example of a finite-element model of a
calculation object with d, = 60 um in the form of a com-
putational grid using tetrahedral elements with a total
number of ~ 6 - 10* is shown in fig. 4. Verification of the
calculated diagram of porous specimens tension (fig. 5)
was carried out using an experimental diagram for steel
[15]. Comparison of dependences shows satisfactory co-
incidence of the qualitative nature of the calculated and
experimental diagrams for elastic and the beginning of

€pore =1~ higy» plastic deformations.
Table 1
Steel AISI 316L. mechanical properties at T = 20 °C
Density Yield strength Tensile strength Young’s modulus Poisson’s ratio

k
p, = S iea» MPa [Gens |- MPa E,GPa m

m
7860 300 570 200 0,26
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) _

- bfm "

Fig. 1. Scheme of distribution (a) and geometrical characteristics (b)
of pores in the object under study

Puc. 1. Cxema pacnpenencHus (@) ¥ FreOMETPUICCKUE XapaKTEPUCTHKH mop (b)
B 00BEKTE UCCIICIOBAHHS

25

Fig. 2. 3D-model of the object under study

Puc. 2. 3D-mMoaenb 00bEKTa HCCIIENOBAHUS
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1 2 3 4
5 6 7 8

Fig. 3. 3-D models of porous specimens grown from metal powder with d,;:
60 pum (7), 90 um (2), 150 um (3), 180 um (4), 210 pm (35), 240 um (6), 270 um (7), 300 pum (8)

Puc. 3. 3-D mMozenu nopucThiX 06pasoB BEIPAILEHHBIX U3 METATMYECKOTO MOPOLIKA C d;:
60 MxM (7), 90 MxMm (2), 150 mxm (3), 180 mxm (4), 210 MM (5), 240 MxM (6), 270 mxMm (7), 300 mxMm (8)

Fig. 4. A finite-element model in the form of a structured grid
of the calculation object at d, = 60 pm

Puc. 4. Koneuno-aneMeHTHast MOJIEIb B BUJIE CTPYKTYpPHPOBaHHOI
CeTKH 00beKTa pacieTa pu dy, = 60 MKkM
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The value of the equivalent stress Gegpoi (tab. 2)
arising from the application of tensile load equal to
F =2000 N is obtained as a result of a series of calcula-
tions for each specimen. The values of the coefficient n;
and the yield strength Gy pore; are presented in tab. 2.
The dependence of the value of the yield strength on the
particle diameter (hence, on the pore diameter) is non-
linear (fig. 6). The existence of an extremum can be ex-
plained by the opposite influence of geometrical parame-
ters on the value of the surface area of the pores in the
entire volume of the specimen. The total area of spherical
surfaces is proportional to the number of pores in the

400

specimen and at the same time to the diameter of each
pore dp,.;. The smaller the specified diameter of the initial
metal powder particle is, the smaller the diameter and
surface area of the pore formed in the SLM are, but the
smaller the distance between the pores (fpore = 2:dpore) 18,
the greater their number is, and, therefore, the larger the
total surface area of pores is.

The maximum value of the yield strength (Gyjeidp.max =
=291.9 MPa) corresponds to the specimen with the high-
est value of the packing coefficient (ki max = 0.956), that
is, the specimen with the minimum total surface area of
pores.

300

200

o, MPa

100

0
0.01 0.01 0.02 0.02 0.02
g, mm
Fig. 5. The calculated diagram of the specimen stress-strain state with:
1-d,=0pum;2—-d,=180 pm; 3 —d, =300 pm
Puc. 5. Pacuetnas quarpaMma HanpshKEHHO-1€(OPMUPOBAHHOTO COCTOSIHHS 00pasia mpu:
1 -d,=0mkwm; 2 —d, = 180 MKM; 3 — d, = 300 MkM
Table 2
The results of the yield strength calculation for porous specimens
Ne d pi Geq. porei n; ) yield . porei klayi
mkm MPa - MPa -
1 60 254.4 0917 275.0 0.929
2 90 251.3 0.928 278.4 0.929
3 150 240.8 0.968 290.4 0.955
4 180 239.6 0.973 291.9 0.956
5 210 240.7 0.969 290.7 0.944
6 240 244.5 0.954 286.2 0.939
7 270 249.1 0.936 280.9 0.929
8 300 255.1 0914 274.2 0.914
0 (monolithic) 233.2 1 300.0 1
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qweld,porei 5 MPa
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0 50 100 150

d

200 250 300 350

. [um

Fig. 6. The dependence of the specimen yield strength value
on the metal powder particle diameter

Puc. 6. 3aBHCHMOCTB 3HAYCHHUS MPEIeNa TeKy4eCTH 00pasia
OT IMaMeTpa YacTHI METAJUIMYECKOT0 MOPOLIKa

Conclusion. The paper considers the methodology of
evaluating the reduction of the strength of the RST struc-
tural element material obtained by the SLM method by
modeling the porous structure and calculating the charac-
teristics of the stress-strain state. During the calculation it
was found that the value of the total surface area of the
pores in the material due to the size of the original metal
powder particles is directly proportional to the value of
the equivalent stress Ge,por; arising in the object under
study when tensile load is applied.

The dispersion value of the metal powder d, is deter-
mined using tensile testing of a series of metal specimens.
The value determined provides the minimum total surface
area of pores in the material structure resulting from laser
beam sintering, thereby causing greater value of the yield
strength Gy,eiapore Of the part. The optimum value of the
powder dispersion for steel AISI 316L in the preparation
of specimens for tensile is d), o = 150...200 microns.
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