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Modern aspects of high-quality product creating, made of Inconel 718 alloy,
with the help of additive technologies are analysed. The possibility of manu-
facturing blanks by 3D-printing with heat-resistant Inconel 718 nickel alloy
on the of direct laser sintering ‘EOS M400’ installation is tested. Technolog-
ical indicators of hot isostatic pressing (HIP) operation using the subsequent
heat treatment are given. A comparative analysis of the mechanical and
heat-resistant properties of the Inconel 718 alloy, obtained by the method of
selective laser sintering (SLS) from powders of the company ‘LPW’ (Great
Britain), with the regulatory characteristics of ASM 5662M and TU 14-1-
3905-85 is conducted. The dependence of mechanical properties (ultimate
stress, 0.2% proof stress, relative extension, toughness, Young’s modulus
and Brinell hardness) of Inconel 718 alloy on the growth direction of the part
(horizontal direction XY and vertical direction Z). The state of fractures
after fracture of impact and impact specimens from Inconel 718 alloy,
grown in both horizontal and vertical directions, is studied, and it is found
that their structure is fine-grained. As shown, on the samples grown in the
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XY direction, the structural orientation is traced on the fractures (longitu-
dinal section). The macrostructure of samples grown in both horizontal and
vertical directions by the SLS method from Inconel 718 alloy is analysed. As
shown, after the heat treatment operation it is possible to obtain a dense,
homogeneous macrostructure samples characterized by a fine-grained struc-
ture with the presence of macrograins, which are elongated in the direction
of growth of the sample. Metallographic studies have shown that the opera-
tion of the HIP followed by heat treatment contributes to almost complete
‘healing’ of pores and microdiscontinuities, which are concentrated in the
internal volumes of the metal, while in the ‘healing’ areas the globular and
(or) film oxides are found.

Key words: heat-resistant nickel alloy Inconel 718, selective laser sintering,
additive technologies, mechanical and heat-resistant properties.

IIpoaHasizoBaHO CydYacHi acHeKTU CTBOPEHHA SAKicHUX BUpPOOiB 31 cromy
Inconel 718 3a gomomoromo amuTuBHUX TexHOJorii. IIpoBemeHo mepeBipKy
MOJKJIMBOCTi BUTOTOBJIEHHS 3arOTOBOK MeTonoM 3D-IpyKy Ha yCTAaHOBIIL IIPA-
moro JazepHoro cuikaaaa «EOS M400» 3 :XKapoMiIlHOro HiKeJeBOT'O CTOIYy
Inconel 718. Hagauo TeXHOJOTriUHi MOKA3HMKHU Omepallii rapsdoro isocraTu-
ynoro npecyBauua (I'III) 3 HacTymHOIO TepMO06POOKOI0. BuKoHaHO MOPiBHSA-
JbHUHN aHai3 MeXaHiYHUX Ta KapoOMiITHUX BJacTuUBOcTel cTomy Inconel 718,
OZEeP’KAaHOT0 METOAOM CeJEeKTUBHOTO JiagepHOTo crmikaHHA (SLS) 3 mopoimky
dipmu «LPW» (BenukobpuraHisi), 3 HOPMATUBHUMHU XapaKTePUCTUKAMU
ASM 5662M ta TV 14-1-3905-85. BcraHOBIIEHO 3ajieKHICTh MeXaHiUYHUX
BJIACTHUBOCTEN (rpaHUII MiITHOCTi, YMOBHOI I'PaHUIII HMJIMHHOCTi, BiTHOCHOTO
TIOIOBYKEHHA, BiTHOCHOTO 3BYKEHHA, YIapHOI B’ A3KOCTi, MOAYJIA IPYKHOCTI
Ta TBeppocTi 3a Bpinensem) crony Inconel 718 Bix HanpAMKY 3pocTaHHA [Je-
TaJIi (TOPU30HTAJIBLHOTO HAIPAMKY XY Ta BePTHUKAJIBHOTO HAIPAMKY Z). Bu-
BUEHO CTaH 3JIAMiB ITic/IA PyHHYBaHHsA PO3PUBHUX Ta yAapHUX 3pasKiB 3i cTo-
ny Inconel 718, BupoIeHNX K Y FOPU3OHTAJIBHOMY, TAK i Y BePTUKAJIbHOMY
HampsAMKaXx, Ta BCTAHOBJIEHO, III0 iXHA OymoBa ApioposepenHa. ITokasauo, 1110
Ha 3pasKax, BUPOIIeHUX Y HATIPAMKY XY, Ha 3;1aMaX (II0B3IOBKHIiM IepeTuH)
IIPOCTEXKYETHCA CTPYKTYPHA HaNpAMJIeHicTh. [IpoaHanizoBaHo MakpPOCTPYK-
TYPY 3paskKiB, BUPOIIEHUX AK y T'OPU3OHTAJILHOMY, TaK i Y BePTHUKAJIBHOMY
HanpaMmiax metomoM SLS 3i crony Inconel 718. IToxkasauo, 1110 mmicJisa omepairii
TepMOOOPOOKM MOKJIMBO OTPUMATH HIiJIBHY, OTHOPiIZHY MAKPOCTPYKTYPY
3pasKiB, 110 XapaKTepu3yeThCA APiOHO3epeHHOI0 Oy JOBOIO 3 HAABHICTIO MaK-
posepeH, AKi BUTATHYTI Y HAIPAMKY 3pOCTaHH:A 3paska. MerasorpabiuyHuMu
IOCJiKeHHAMU BCTAHOBJIEHO, IO mpoBeneHHA omeparii I'IIl 3 HacTymHOO
TEePMOOOPOOKOIO CIPUsAE IPAKTUYHO IIOBHOMY «3aJIIKOBYBaHHIO» IIip Ta MiK-
POHeCYIIiIbHOCTEM, AKi 30cepemsKeHi y BHYTPiIIHiX 00’emMax MeTanly, BOIHO-
yac y 30HaX «3aJIiKOBYBaHHS» BUABJIEHO IJIOOYIAPHI Ta (a60) MIiBKOBi OKHMC-
Jau.

KarouoBi croBa: sxapominuuii HikeaeBuit cron Inconel 718, cemekTuBHe Ja-
3epHe CIIiKaHHA, aJUTUBHI TeXHOJOTii, MexXaHiuHi Ta KapoMimHi BjaacTuBOC-
Ti.

(Received March 24, 2021 )
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1.INTRODUCTION

Today, the use of additive technologies is becoming increasingly used
for the needs of the aviation and aerospace industry in the production
and repair of turbine blades, fuel tanks, combustion chamber parts and
other metal structures [1-3].

In particular, selective laser melting (SLM) technology, selective
laser sintering (SLS) technology, and direct laser sintering (DMLS)
technology have been widely used in 3D-printing [4]. 3D-printing of
metal structures and parts using additive technologies, compared to
traditional production processes, reduces the number of operations re-
quired for their manufacture, reduce waste, improve the quality of
parts and reduce their weight [5], allows you to create parts with a ge-
ometry that ensures the ease of construction while maintaining high
strength characteristics [6]. This will lead to significant savings in
time and money [7].

Heat-resistant Inconel 718 alloy has been widely used in gas tur-
bines, jet engines, nuclear reactors, high-pressure vessels due to the
high stability of its mechanical properties at elevated temperatures (up
to 800°C) [8]. Thus, in [9] the application of additive technologies for
the production of a combustion chamber of a rocket engine made of In-
conel 718 alloy is considered.

The possibility of creating high-quality products from Inconel 718
alloy by SLM method at the installation of LLC ‘Additive Laser Tech-
nology of Ukraine’ is considered in [10]. The authors show the rela-
tionship between process parameters and microstructure, which neces-
sitates the development of reasonable modes of SLM process for prod-
ucts for different purposes. In[11], a comprehensive study of the SLM
process of the Inconel 718 alloy is performed. In particular, the results
of the study of the morphology of particle size distribution, structure
and phase composition of the nickel alloy powder, obtained by gas at-
omization of the melt, are represented.

The microstructure of the Inconel 718 alloy fabricated by the SLM
method is also studied in [12]. It is shown that during fabrication mul-
tiple heating and cooling cycles formed a complex microheterogeneous
structure, with chemical analysis showing high homogeneity. The
work [13] is devoted to the study of the effect of laser radiation power
on the microstructure and properties of samples from Inconel 738 alloy
obtained by using SLM. The studies [14], which show the results of a
comparative study of samples made by using the SLM method of pow-
ders of Inconel 718 alloy are of great interest. The powders are ob-
tained by the method of gas automation of the melt with inert gas and
centrifugal plasma spraying of a rapidly rotating rod blank. In [15], a
comparative study of the structure and properties of samples after a
separate hot isostatic pressing, a separate heat treatment, as well as
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after the HIP followed by heat treatment characteristic of the Inconel
718 alloy.

According to the work of [16] it is shown that the optimization of the
modes of layered laser sintering with subsequent heat treatment of
products allows to achieve in the material of the finished product me-
chanical strength comparable to the strength of materials obtained by
traditional technologies (in particular, hot rolling technology). In par-
ticular, the possibility of complex parts manufacturing, a turbine
blade with a given structure of the Inconel 718 alloy, namely, by SLS
by varying the technological parameters of the process is described in
[17]. The study of the structure and phase composition of the alloy In-
conel 718, obtained by 3D-printing with subsequent heat treatment, is
devoted to [18]. The studies of the mechanical properties and structure
of the Inconel 718 alloy, made by the SLS method or argon or nitrogen
gas from pre-alloyed powder, are carried out in [19]. The authors of
[20] paid attention to the comparative analysis of the mechanical prop-
erties of the Inconel 718 alloy with the properties of forged and cast
material, which is obtained by the SLS method. In the work [21], a new
method of forming ‘programmed’ mechanical properties in given parts
of the part by controlling the microstructure of alloys in additive pro-
duction is offered. A gradient material of heat-resistant Inconel 718
alloy with a large elongated grain in the core and a fine-grained micro-
structure in the outer shell, which has higher performance character-
istics than the alloy made by traditional technology, is obtained. The
authors of the work [22] represent the results of experimental and the-
oretical studies of the conditions for the formation of submicrocrystal-
line structure in billets made of Inconel 718 alloy. It is shown that the
crushing of structural elements of alloys while maintaining the integ-
rity of the workpiece is possible in a narrow temperature range.

2. EXPERIMENTAL DETAILS

The possibility of manufacturing blanks by 3D-printing is performed
on the installation ‘EOS M400’ from heat-resistant corrosion-resistant
Inconel 718 nickel alloy (IN718) in the conditions of JSC ‘Motor Sich’.
Powders of the company ‘LPW’ (Great Britain) are used as initial ma-
terials.

The samples received for the study are subjected to hot isostatic
pressing with subsequent heat treatment, in accordance with the re-
quirements of the technical conditions for aerospace materials ASM
5662M.

The HIP process is performed according to the following mode:

—initial pressure—25 (+5) MPa;

— heating at a speed of 8—10°C/min to a temperature of 1040 (£10)°C
(exposure 1 hour), working pressure in a high pressure vessel of 120
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MPa;

—heating at a rate of 3—5 °C/min to a temperature of 1150 (£x10)°C
(exposure 3—4 hours), the working pressure in the high pressure vessel
160 MPa;

—cooling rate to a temperature of 800°C —» 60-100% , further—not
regulated.

Heat treatment after HIP surgery is performed in a dynamic vacu-
um according to the following mode:

—annealing to a solid solution under the influence of temperature
954°C for 1 hour at a thickness of 25 mm — cooling in a stream of ar-
gon;

— aging at a temperature of 718°C for 8 hours — slow cooling in the
furnace to a temperature of 621°C for a total hardening time of 18
hours — cooling in a stream of argon.

The chemical composition of the alloy Inconel 718 is determined by
spectral and chemical analysis.

To determine the mechanical properties, samples of both cylindrical
(J 14 mm) and rectangular (with a cross section of 16 mm) shape are
made.

The mechanical properties of the Inconel 718 alloy determined:

1. In the horizontal direction XY

— No. H1-H3—cylindrical specimens after tensile tests;

—No. H1-H3—rectangular samples after toughness tests;

— No. H4-H6—cylindrical sample after long-term durability tests;

2. In the vertical direction Z:

— No. V1-V3—cylindrical specimens after tensile tests;

— No. V1-V3—rectangular samples after toughness tests;

— No. V4-V6—cylindrical sample after long-term durability tests.

The long-term durability of the samples is determined on an Instron
M3 at temperature of 800°C and constant applied load of 206 MPa.
When tested for long-term durability, the samples are brought to frac-
ture.

The ultimate stress (c,), 0.2% proof stress (c,.), relative extension
(8) and relative narrowing (y) of the samples are tested on a ZDMY30
bursting machine.

The toughness (KCU) is determined on impact samples with a con-
centrator of type U, tested on a pendulum dill Instron SI-1 M. The
Young’s modulus (E) is determined according to GOST 25095-82.
Hardness is determined on a LECO AMH-43 Brinell hardness tester ac-
cording to DSTU EN ISO 6506-1: 2019.

The mechanical properties of Inconel 718 alloy are determined at
room temperature (20°C), and heat-resistant—at a temperature of
650°C and applied load of 687 MPa.

Studies of the macrostructure and microstructure are performed on
undigested sections on a microscope ‘Axio Observer. Dlm”’.
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3. RESULTS AND DISCUSSION

Studies of the chemical composition (Table 1) of the heat-resistant In-
conel 718 alloy, obtained by SLS from powder produced by ‘LPW’
(UK), showed compliance with ASM 5662M for alloy Inconel 718 and
standards TU 14-1-3905-85 for similar Ni—Fe—Cr deformed alloy
EP718-VD (ID) (HN45MVTYUBRY), which is designed for the manufac-
ture of high-load parts of the hot part of gas turbine engines operating
at temperatures up to 700°C.

Analysis of the mechanical properties of the Inconel 718 alloy (Table
2) from the direction of growth of the part (horizontal direction XY

TABLE 1. The chemical composition of the alloy Inconel 718, obtained from
powder produced by the company ‘LPW?’, and according to AMS 5662M.

Inconel The content of the elements, %

M8Alloyl ¢ | or [ Ni | Al T [Mo|No|[Mn|si]| B [s]p
Powder of

th;;om' 0.07 18.7 52.5 0.61 0.90 2.91 5.33 <0.1 <0.1 <0.006 <0.006
‘LPVBS;’

?ggsl.l\z <0.08 1271'?()_ 5;’5?()_ 00'_28_ 05155_ 23'?3_ 4'57.‘;’_ <0.35 <0.35 <0.006 <0.015

TABLE 2. Mechanical properties of samples made of Inconel 718 alloy.

Mechanical properties at 20°C

Directlions of No. of Brinell
sample con- sample | Ow Go,2s 5, y, |KCU,| E, hard- | d;,,,
struction MPa | MPa | % % |kJ/m? GPa | ness, mm

HB

H1 1359 1066 22 32.8 5.0 284.94 401 3.05
Hor;;ntal H2 1364 1156 18 29.5 5.0 309.89 388  3.10
H3 1362 1153 20 29.2 5.0 317.01 388 3.10
Norms of AMS 5662M >1251 >1014 >12 >15,0 — — >331 <3.35

V1 1340 1131 22 29.2 5.1 352.50 388 3.10
Vertical Z V2 1338 1139 18 26.0 6.8 282.72 401 3.05
V3 1339 1129 18 32.5 5.5 294.86 338 3.10
Norms of AMS 5662M >1217 >1014 >10 2>12.0 - - 2331 <3.35

Norms of TU 14-1- 363— 3.20-

3905-85(10ngitudinal)21128 2687 212 214.0 =23.5 196.13 293 3.55
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TABLE 3. Heat-resistant properties of samples from Inconel 718 alloy.

Long-term durability

Directions of sam- No. of sample - -
ple construction . Pl€TemperaturelApplied load,| Time to frac-

testing, °C MPa ture, h

H4 650 687 142.00

Horizontal XY H5 650 687 109.00

H6 650 687 127.75

V4 650 687 87.50

Vertical Z V5 650 687 121.50

V6 650 687 129.00

Norms of AMS 5662M 650 687 >23.00

Norms of TU 14.-1-3905-85 600 785 >60.00
(longitudinal)

and vertical direction Z) with the normative characteristics of ASM
5662M and TU 14-1-3905-85 showed a significant excess of the re-
quirements for rods of deformable alloy EP718-VD (ID). Moreover,
comparing the mechanical properties from the direction of growth of
the part, it is found that for horizontal samples the values of o, are
1.6%, 6 3.5% and y 4.3% higher than vertical samples. The values of
Oy.2, KCU and E for horizontal samples on the contrary are lower than
vertical samples by 0.7%, 16% , and 2%, respectively. It is shown that
for horizontal and vertical samples the Brinell hardness and diameter
of the impression are the same and average 392 HB and 3.08 mm, re-
spectively.

The heat-resistant properties of cylindrical heat-treated samples of
Inconel 718 alloy grown in both the horizontal direction XY and the
vertical direction Z (Table 3) also meet the standards of AMS 5662M:
the time to fracture ~4.5 times higher than the norms of AMS 5662M,
when this value of long-term durability of horizontal samples is *10%
higher than vertical samples.

The state analysis of fractures after the destruction of rupture and
impact samples from the alloy Inconel 718, grown both in the horizon-
tal direction XY and in the vertical direction Z, showed that their
structure is fine-grained (Figs. 1-3). On the samples grown in the XY
direction, the structural orientation is traced at the fractures (longi-
tudinal section) (Fig. 1, b shows a black arrow).

The macrostructure of the samples grown by the SLS method, after
the HIP followed by heat treatment, is dense, homogeneous and char-
acterized by a fine-grained structure. It is established that the macro-
grains in the structure of the samples are elongated in the direction of
growth of the samples (Figs. 4 and 5).
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Fig. 1. Fracture zone (a) and fracture structure (b) of rupture sample No. H1
from Inconel 718 alloy grown in XY direction, after heat treatment, x10.

A
a b

Fig. 2. Fracture zone (a) and fracture structure (b) of rupture sample No. V1
from Inconel 718 alloy grown in the Z direction, after heat treatment, x10.

Fig. 3. The structure of the impact fracture of the alloy Inconel 718, grown by
the SLS method, x6.5: a—sample No. H3; b—sample No. V3.
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a
Fig. 4. The macrostructure of the sample No. H3 grown in the XY direction by
the SLS method from the alloy Inconel 718 (longitudinal section of the impact

Erbntdbidd dddad b b bbbk B8
a b
Fig. 5. The macrostructure of the sample No. V2 grown in the Z direction by
the SLS method from the alloy Inconel 718 (longitudinal section of the impact

sample).

a0 10um]

a b c
i 2 I2
° .
'\__..u

d e f
Fig. 6. Oxides in the ‘healing’ zones in samples No. H2 (a, b, ¢) and No. V3 (d,
e, ) grown by SLS from Inconel 718 alloy (HIP + heat treatment): a—c—
sample No. H2 at magnification x100, x500, x1000, respectively; d—f—
sample No. V3 at magnification x100, x500, x1000, respectively.
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Fig. 6. Oxides in the ‘healing’ zones in samples No. H2 (a, b, ¢) and No. V3 (d,
e, ) grown by SLS from Inconel 718 alloy (HIP + heat treatment): a—c—
sample No. H2 at magnification x100, x500, x1000, respectively; d—f—
sample No. V3 at magnification x100, x500, x1000, respectively.

Fig. 7. Microstructure of samples grown by SLS from Inconel 718 alloy (HIP +
+ heat treatment): a—sample No. H2, x100; b—sample No. H2, x500; ¢c—
sample No. V3, x100; d—sample No. V3, x500.
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Fig. 8. Microstructure of the plate-phase in samples grown by SLS from In-
conel 718 alloy (HIP + heat treatment): a—sample No. H2, x1000; b—sample
No. V3, x1000.

Metallographic studies have shown that the operation of the HIP
followed by heat treatment contributes to almost complete ‘healing’ of
pores and microdiscontinuities, which are concentrated in the internal
volumes of metal, while in the areas of ‘healing’ revealed globular and
(or) film oxides (Fig. 6).

The microstructure of the samples grown in both the horizontal XY
direction and the vertical Z direction is characteristic of the normal
heat-treated state of the Inconel 718 alloy, with no overheating ob-
served (Fig. 7). In the material of the studied samples after HIP with
the subsequent heat treatment there is a release of a lamellar 3-phase
(Fig. 8), thus carbides and carbonitrides are allocated generally in the
form of discrete globular particles.

4. CONCLUSION

1. The mechanical properties of the heat-resistant Inconel 718 alloy,
obtained by the SLS method on the installation ‘EOS M400’ from pow-
ders of ‘LPW’ (Great Britain), both in the horizontal direction XY and
in the vertical direction Z, meet the regulatory characteristics of ASM
5662M for Inconel alloy 718 and exceed the norms of TU 14-1-3905-85
for alloy EP718-VD (ID).

2. The heat-resistant properties of heat-treated samples of Inconel 718
alloy grown in both the horizontal direction XY and the vertical direc-
tion Z meet the standards of ASM 5662M, while the values of long-
term durability of horizontal samples are ~10% higher than vertical
samples.

3. The macrostructure of heat-treated samples of Inconel 718 alloy
grown by SLS from ‘LPW’ powders (along the impact sample) is dense,
homogeneous and characterized by a fine-grained structure.

4. It is established that hot isostatic pressing followed by heat treat-
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ment promotes almost complete ‘healing’ of pores and microdisconti-
nuities, which are concentrated in the internal volumes of metal, while
globular and (or) film oxides are detected in the ‘healing’ zones.

5. The microstructure of the samples grown in both the horizontal di-
rection XY and the vertical direction Z, is characteristic of the normal
heat-treated state of the alloy Inconel 718, with no overheating is ob-
served. In the material of the test samples after hot isostatic pressing
followed by heat treatment there is a selection of lamellar 6-phases,
with carbides and carbonitrides are released mainly in the form of dis-
crete globular particles.
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