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Ilpu npoexmuposanuu u ompabomre pakemuozo ogueamens marou mazsu (PIMT) oownoti uz sadxcreli-
WX 3a0a4 a615emcs obecneyerue Kauecmea Mamepuaios, Ymo, 8 C80i0 o4epeddb, GuUsem HA HAOENCHOCTNb
uzdenus. B nacmoswee epems aKmugHO pasguEalomcs a0OumueHsle MexXHoN02UY U320MOBIEHUs Oemanell
u3 mMemanio8. Omo HAnpagieHue aKmydibHO O U30eNUll PaAKeMmHO-KOCMUHECKOU MEeXHUKU C Yeavio
VMEHbUEeHUe MACChl U NOSbIUEHUS HaoedcHOCmu uzdenut. B cmamve npedcmasnenvl pe3yibmamol uccie-
006aHULL XUMUYECKO20 COCMABA U MEXAHUYECKUX XAPAKMepUCMUK Mamepuanla Kamepvl-0eMOHCMpamopa
PAaKemHo2o Osucamens Maiou msazu, U320mogNeHHOU MemoooM BblOOPOUHO20 NA3EPHO20 CNIAGNEHU U3
Memanauieckozo nopouika. Mccnedosanucey ceoticmea uzoenuti uz nopowika memanna mapku Huxonens
718. Bvinu uzeomoenenvi 0opasysl, y KOMOPLIX UCCIEO08ANUCH XUMUYECKUE, MEXAHUYeCKUe U CHpYKmyp-
Hble Xxapaxmepucmuxu mamepuana. Ilo pesyromamam ucnvimarnuil Haneuamarwvt 08a oopaszya PIIMT. Ka-
mepwl PIIMT ucnvimosiganucy Ha 6ubpoHazpy3Ku, HPOYHOCMb U 2epMmemudHocmy. bvina ommeuena nogwvi-
WleHHAs NOPUCMOCMb U WEPOX08AMOCHb UCCAE0YeM020 Mamepuana kamepvl ogueamens. Ilpu ananuse
pA0a napamempos mexHoN02Ul bl00POUHO20 NA3EPHO20 CNIABNEHUS, NPOBEOEH IKCHEPUMEHMNANbHBIU NOO-
Oop napamempos newamu U 8vlA6/eHbl HAUOOIEe 3HAUUMbIE (PAKMOPb, BIUAIWUE HA KAYeCMB0 nevamu
(wepoxosamocms u nopucmocms nosepxnocmu). Ilo pezynomamam npogedeHHvIx pabom 6blOeneHsl He-
mouipe 2pynnvl YNpaeisieMuiX Napamempos neyamu, GIUAIOWUX HA CGOUCMBA NOIYYAeMO20 Mamepuand.
Takoice 6 pabome npusedenvl peKOMEeHOAYUYU NO PEHCUMAM U XAPAKMEPUCIUKAM hedamy OJis NOTYyYeHUs
Haubonee kavecmeeHHblx 0emarell.

Krouegvie crosa: SLM-neuams, Inconel 718, ucnvimanus, mexanuueckue ceotcmea mamepuand, ana-
JIU3 NApamempos neuamu.
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When designing and testing a low-thrust rocket engine (LTRE), one of the most important tasks is to en-
sure the quality of materials, which, in turn, affects the reliability of the product. Currently, additive tech-
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nologies for manufacturing parts from metals are actively developing. This direction is relevant for rocket
and space technology products to reduce weight and increase the reliability of products. The article pre-
sents the results of studies of the chemical composition and mechanical characteristics of the material of
the low-thrust rocket engine demonstrator chamber, manufactured by selective laser melting from metal
powder. The properties of products made from Inconel 718 metal powder were studied. Samples were made
and the chemical, mechanical and structural characteristics of the material were studied. Based on the test
results, two LTRE samples were printed. LTRE chambers were tested for vibration loads, strength and
tightness. Increased porosity and roughness of the test material of the engine chamber were noted. When
analyzing a number of parameters of the selective laser melting technology, an experimental selection of
printing parameters was carried out and the most significant factors affecting the print quality (surface
roughness and porosity) were identified. Based on the results of the work carried out, four groups of con-
trolled printing parameters were identified that affect the properties of the resulting material. The work
also provides recommendations on printing modes and characteristics to obtain the highest quality parts.

Keywords: SLM-printing, Inconel 718, testing, analysis, mechanical properties of the material, analysis
of printing parameters.

Introduction

High quality requirements are imposed on the products of the rocket and space industry. At all
stages of aircraft engines (AE) development, parameters are evaluated based on the efficiency of de-
sign solutions, the quality of materials used, design development of prototypes, and the results of
product tests during production and operation [1].

The development of additive technologies (AT) in comparison with traditional production in the fu-
ture will significantly reduce the time and cost of manufacturing products as a result of improving ma-
nufacturability, reducing the number of parts of assemblies, obtaining structural materials with im-
proved properties [2]. The differences in the material properties of parts produced using additive tech-
nologies and those produced by traditional molding methods have already been revealed. Currently,
the use of 3D printing in the production of rocket engines is constrained by insufficient development
of technology parameters.

The purpose of the research is to study the properties of the material obtained by SLM printing me-
thod, experimental development of printing modes and identification of controllable parameters affect-
ing the physical and mechanical characteristics of products operating at high temperatures.

Description of selective laser metal melting technology

The Reshetnev Siberian State University of Science and Technology together with industrial part-
ner LLC "Polychrome" are conducting research on the development of technology for the production
of low thrust rocket engine chamber by selective laser melting (SLM) of Inconel 718 material.

Inconel 718 is a heat-resistant, high-quality alloy that was developed for the reliable operation of
products at temperatures up to 980 °C. Almost immediately after its creation, it became highly de-
manded and already in the 70s of the last century it accounted for more than 50% of the total gross
production of industrial heat-resistant alloys in the USA. Inconel 718 is now considered one of the
most sought-after materials in the Inconel group.

This alloy has high impact toughness and strength up to a temperature of 900 °C, and at low tem-
perature (—78 °C) Inconel has no sensitivity to notching. Inconel alloys are resistant to oxidation and
corrosion. When heated, Inconel forms a thin stable passivating oxide film protecting the surface from
further destruction. Inconel maintains its strength over a wide temperature range and is therefore a
universal material used in many industries.

Initially, experiments were conducted to identify controllable laser parameters and to work out
printing modes of the printer from Inconel 718 powder of PRO8-HN53BMTU grade. Then experimen-
tal samples were printed to determine the porosity, chemical composition, mechanical properties of the
obtained material (Fig. 1).
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Puc. 1. O6pa3siipl is MEXaHUYECKUX MCIIBITAHUH

Fig. 1. Samples for mechanical testing

A part of samples was manufactured without heat treatment. A part of the samples was heat-treated
according to the following regime: hardening at 980 £ 10 °C, holding for 1 hour, cooling in air (ar-
gon), aging at 720 £ 10 °C, holding for 8 hours, cooling in the furnace to 620 °C for 2 hours, then
holding for 8 hours at 620 + 10 °C, cooling in air (argon). The obtained samples were subjected to stu-
dies to determine the chemical composition, structure, and mechanical properties of the material. The
density of Inconel 718 alloy is 8.19 g/cm’.

According to the content of alloying elements, the material of samples corresponds to Inconel 718
grade. According to the structure, the material of the samples has increased porosity [3; 4]. The surface
of the samples has increased roughness.

To investigate the mechanical characteristics, the material of standard samples of the chamber-
demonstrator was tested for tensile properties and microhardness was determined by the Vickers me-
thod. As a result of the studies, the values of yield strength, strength, tensile strain and hardness of the
material were obtained [5].

After processing the test results, the values of residual material deformations and elastic moduli for
heat-treated samples and samples without heat treatment were obtained (Table 1).

Table 1
Inconel 718 alloy test results at room temperature
Sample number Modulus of elasticity (E), MPa Permanent strain at break (8,), %
1. With heat treatment 0,214-10° 527
2. With heat treatment 0,209-10° 5,38
3. With heat treatment 0,176-10° 5,95
4. With heat treatment 0,156-10° 6,95
5. Without heat treatment 0,139-10° 6,51
6. Without heat treatment 0,139-10° 6,43
7. Without heat treatment 0,116:10° 8,7
8. Without heat treatment 0,113-10° 523

Heat treatment of the samples led to an increase in their strength characteristics, hardness, and a
decrease in elasticity and plasticity. The obtained stress characteristics are close to the results of [6],
while the strain characteristics are significantly lower (Table 2).
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Table 2
Mechanical properties of Inconel 718 alloy at room temperature
.. Inconel 718 (after heat treatment)
Characteristics - -
With heat treatment Without heat treatment
Tensile strength 6,, MPa 1400 1380
Yield strength o,,, MPa 1150 1240
Relative elongation 6, % 15 18

3arem ObUIH HarevYaTaHbl JIBE KAaMEPhl H CMECUTEIBHBIC TOJIOBKH PAKETHOTO JBUraTels (puc. 2).
The two chambers and mixing heads of the rocket engine were then printed (Fig. 2).

a 6
Puc. 2. HaneuaranHubie kamepa (¢) 1 CMECHTENbHAS TOJIOBKA PAKETHOTO JABUTATENs (6)

Fig. 2. Printed rocket engine chamber («) and mixing head ()

To confirm their performance, a whole range of tests was carried out. First, vibration tests of the
chambers were successfully carried out. Then strength and tightness tests using a special device were
carried out.

According to the technological requirements for test devices, the test device must ensure tightness,
simulate and withstand the loads that the product experiences in real operation. For testing the strength
and tightness of the engine chamber, a special device was designed (Fig. 3). It was manufactured by
the company Variant-999 Ltd.

Puc. 3. IIpucnocoGiieHus At UCTIBITAHUH

Fig. 3. Test devices

According to OST 92-4291-75 the following types of tests were chosen: for strength by pressure
test (using distilled water), for tightness by «aquarium» method (using air). Tightness test is performed
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immediately after the strength test using the same special device. Test modes were developed
(Table 3).

Table 3
Parameters of tightness test modes
Parameter Strength Tightness
Pressurization pressure, kg/sm” 11,2 12,65
Pressurization duration, min 5 5
Test pressure, kg/sm2 12,75 11,5
Test duration, min 5 3

The main requirement for test devices is that they must ensure tightness and withstand the loads
that the product is subjected to in actual operation. Therefore, all elements of the device operating un-
der loads were designed on the basis of calculations carried out under the condition of strength. The
scheme of the test fixture is shown in Fig. 4.
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Puc. 4. Cxema npucnocoOeHus Ui UCIIbITAHHUHI:
1 — kamepa; 2 — KOJIbLIO YHOPHOE; 3 — PIKUM; 4, 5, § — YIUIOTHUTENIbHBIE KOJIbLIA;
6 — ToK; 7 — pranen; 9 — mmuneka; /0 — mwryuep

Fig. 5. The scheme of the device for testing:
1 — chamber; 2 — thrust ring; 3 — clamp; 4, 5, § — sealing rings;
6 —rod; 7 — flange; 9 — stud; /0 — fitting

The working body for testing is fed into the cavity «A» through the inlet fitting /0 and removed
through the outlet fitting. The tightness of the cavity is ensured by sealing rings 4, 5, 8. Therefore,
special requirements on roughness and dimensional accuracy are imposed on the mating surfaces of
the chamber-demonstrator /, as well as flange 7 and clamp 3 with rings. For uniform pressing of the
sealing ring & to the surfaces of the flange 7 and the demonstrator chamber I, six studs 9 arranged
evenly around the circumference are used. Pressing of sealing rings 4 and 5 from the side of critical
section is provided by means of rod 6. The strength calculation of the loaded elements of the device
showed the necessary safety margin for the test.

During engine chamber tightness testing, increased porosity and leaking of the chamber material
was found.

Analysis of identified parameters of selective laser melting technology

As a result of working out the technology of printing samples and rocket engine chambers on a par-
ticular printer, the following features were revealed [7]:

— printed products have isotropic mechanical properties;

— low printing speed;
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— internal porosity of the obtained product;

— shrinkage of the product after heat treatment [8];

— possibility of warping of the product after heat treatment;

— necessity of post-processing of the product surface to reduce roughness [9-14];

— limitation of the product size by the dimensions of the space of the printing device;

— high cost of powder.

Further, by changing the printing modes of the engine chambers, satisfactory results were achieved
to improve the quality and reliability of the products in strength and tightness tests.

Based on the results of this work, four groups of controllable SLM printing parameters affecting
the properties of the resulting product material can be identified:

1. laser characteristics F:

— laser power N;;

— print spot temperature 7;

— print spot size d;

F (N,,T,d)).

2. Properties of the melted layer F:
— powder granularity d.;
— height of the melted powder layer £ [15];

— the amount of overlap of the beam edges when printing with the next laser pass in the layer A;;

F(d,,h,A,) .

3. Printing time parameters F,:
— speed of laser movement during printing v;
— laser return time when printing with the next pass in the layer ¢;

Fwv.0).

4. Geometric parameters of the product £,

— transverse dimension of the product b;

— product wall thickness 9;

— angle in the horizontal plane between the product and the laser beam direction a;

F.(b,5,0).

Conclusion

According to the results of the conducted researches the following conclusions can be formulated:

— the technology of selection of printer parameters for SLM printing, which allows to obtain prod-
ucts with the necessary mechanical properties of the material, has been experimentally worked out;

— recommendations on control tests of products manufactured by 3D printing method have been
developed;

— the properties of products manufactured by 3D printing method were investigated and the differ-
ences from the products manufactured by traditional methods were revealed;

— controlled parameters of SLM printing affecting the properties of the product material were sys-
tematized.

To implement new technology in production, it is necessary to study the influence of various fac-
tors on individual physical and mechanical properties of materials in the form of functional or statisti-
cal dependencies F; (F,, F., F,, F,). First of all, this applies to such characteristics of printers as the
ability to control the laser parameters, shape and size of the printed product. This will make it possible
to develop theoretical bases for new production technologies, significantly reducing the experimental
development of the manufacturing technology for each new product [16-18].
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